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1. INTRODUCTION
1.1 Project background
Fishery and aquatic scientists often assess habitats to understand the distribution, status, stressors, and
relative abundance of aquatic resources. Due to the spatial nature of aquatic habitats and the increasing
scope of management concerns, using traditional analytical methods for assessment is often difficult.
However, advancements in the geographic information systems (GIS) field and related technologies have
enabled scientists and managers to more effectively collate, archive, display, analyze, and model spatial and
temporal data. For example, spatially explicit habitat assessment models allow for a more robust
interpretation of many terrestrial and aquatic datasets, including physical and biological monitoring data,
habitat diversity, watershed characteristics, and socioeconomic parameters.
For this project, Downstream Strategies (DS) was contracted by the United States Fish and Wildlife Service
(USFWS) to create a spatially explicit data analysis and modeling system for assessing fish habitat condition
across the Midwest based on a range of metrics. The data and tools developed as part of the project will be
applicable to watersheds, streams, rivers, and lakes within the boundaries of the USFWS’s Midwest Fish
Habitat Partnership (FHP) and scalable to the national level.
Generally, the models, analyses, and data produced as a result of this project are intended to enable a
unique, broad, and spatially explicit understanding of the links between natural habitat conditions, human
influences on aquatic habitats, and aquatic health. Specifically, the outcomes will be utilized to conduct fish
habitat condition assessments based on a range of stakeholder‐specified metrics and modeling endpoints
that will help determine the natural drivers of aquatic conditions as well as the major stressors at various
spatial scales in specific FHP regions. Additionally, a geospatial decision support tool will be developed to give
users the ability to understand habitat conditions and stressors based on the status and severity of threats at
specified locations. The ultimate goal is to improve understanding of how local and regional processes
influence stream conditions in the region and to provide FHPs with additional knowledge, data, and tools to
help prioritize and drive conservation action in the Midwest.

1.2 Overview of the assessment process
A diagram of the general assessment process is outlined in Figure 1. DS received landscape and aquatic data
specified and provided by the individual FHPs to develop models and tools for use in visualizing expected
current and potential future conditions and prioritizing management actions.
Figure 1: Diagram of the habitat assessment process
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The data provided by FHPs for use in the modeling process can be broken down into two categories:
response variables and predictor variables. The response variables are typically instream measures of
condition, including biological measures such as species abundance, presence, or richness; or instream
physicochemical measures, such as pH, conductivity, or physical habitat scores. Each FHP provided five to
seven individual response variables for use in the assessment. Each response variable represents a separate
model and assessment and each of those models has a summary report. The predictor variables are typically
measures of land use or land cover derived from GIS, such as percent impervious surface area or road
crossing density. Although the response variable is always measured at the same local scale (i.e., individual
sample site on a stream), the predictor variables are compiled at multiple scales (Figure 2), including the local
scale (i.e., single 1:100k National Hydrography Dataset (NHD) stream catchment), the network scale (i.e., all
upstream catchments and the local catchment), or the regional scale (e.g., ecoregion).
Figure 2: Diagram and examples of different scales of data used for predictor variables

The process then employs a statistical modeling approach, called boosted regression trees (BRTs), to relate
the instream response variable to the landscape‐based predictor variables. This process results in a series of
quantitative outcomes, including predictions of expected current conditions to all catchments in the FHP (on
the scale of the response), measures of the accuracy of those predictions, a quantification of each predictor
variable’s relative influence on the predictions (i.e., variable importance), and a series of plots illustrating the
modeled functional relationship between each predictor and the response (e.g., plot of impervious area vs.
presence‐absence).
Predictive accuracy is quantified using an internal cross‐validation (CV) method (Elith et al., 2008). The
method consists of randomly splitting the input dataset into ten equally‐sized subsets, developing a BRT
model on a single subset and testing its performance on the remaining nine, and then repeating that process
for the remaining nine subsets. Thus, the accuracy measures, such as the CV receiver operating characteristic
(ROC) score (for presence‐absence responses) or the CV correlation coefficient, are actually averages of ten
separate ROC or correlation measurements. A standard error for the ten estimates is also given. CV measures
are designed to estimate how well the model will perform using independent data.
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The outcomes of the statistical modeling component are then used to generate the application portion of the
assessment. In this portion, predictions of current conditions and model accuracy can be visualized in a
spatially explicit manner using GIS. Likewise, the statistical outcomes are used to generate the post‐modeling
indices of anthropogenic stress and natural habitat quality. These indices are derived directly from the
measures of variable influence and their functional relationships with the response. Specifically, each
predictor variable in the statistical model is extracted, along with its importance value and functional plot, to
generate an individual metric for use in calculating a cumulative index of stress or natural quality. The
individual predictors that are anthropogenic in nature (e.g., impervious surface cover) are used to generate
anthropogenic stress metrics and the cumulative anthropogenic stress index (CASI), whereas predictors that
are of natural origin (e.g., bedrock geology) are used to generate natural quality metrics and the cumulative
natural quality index (CNQI). These metrics and indices are generated at the 1:100k NHD catchment scale and
can be mapped in GIS. Once developed, CNQI and CASI are used to generate and visualize restoration and
protection priorities. For example, areas of high natural quality (i.e., high CNQI score) and low stress (i.e., low
CASI score) could represent protection priorities, whereas areas of high natural quality and high stress may
represent restoration priorities.
All of the aforementioned outputs will be integrated into a GIS‐based decision support system for use in
visualizing current conditions and for use in forecasting and visualizing scenarios based on expected changes
in anthropogenic stressors or socioeconomic factors.

1.3 Document outline
This report provides a summary of the key outcomes resulting from models developed by DS for use in
assessing aquatic habitats for blacknose shiner on behalf of the Great Lakes Basin (GLB) FHP. The appendices
provide additional maps, charts, and metadata useful for evaluating the results of the models.
This document is divided into nine major sections. This section, Section 1, summarizes the project goals,
structure, and methodology. Section 2‐Section 6 summarize the model input and results for each response
variable. Section 9 summarizes some of the limitations to this modeling effort, and outlines suggestions for
future similar works.
The following are included for each model’s results summary. Subsection one, Modeling inputs, discusses
details of the predictor and response variables used in the analyses. Subsection two, Modeling process,
covers the basic details and outcomes of the statistical modeling process using BRTs, including information on
model certainty. Variable influence and functional relationships between predictor and response variables
are included under corresponding headings as well. Subsection three, Post‐modeling, contains information
resulting from the post‐modeling process, including information on the top stressors and natural habitat
variables and their relative weights in the calculation of the final indices. Subsection four, Mapped results,
contains maps for visualizing conditions at the 1:100k catchment scale and includes maps of expected current
diversity index condition, stress, and natural quality; it also provides an example of how the two post‐
modeling indices (i.e., CNQI and CASI) can be combined to arrive at restoration priorities and how those
priorities can be visualized in a spatially explicit manner.
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2. BROOK TROUT
2.1 Modeling inputs
DS used a list of predictor variables selected by GLBFHP to develop a ten‐fold CV BRT model for brook trout at
the 1:100k catchment scale. The model was used to produce maps of expected current brook trout
distribution and maps of expected current natural habitat quality and anthropogenic stress at the 1:100k
scale throughout the extents of both FHPs.
DS cooperated with GLBFHP to arrive at a list of landscape‐based habitat variables used to predict brook
trout throughout the region; ultimately, those variables were also used for characterizing habitat quality and
anthropogenic stress. From an initial suite of 516 catchment attributes, DS and the FHPs compiled a list of 71
predictors for evaluation. From that list, 35 variables were removed due to statistical redundancy (r > 0.6) or
logical redundancy, resulting in a final list of 36 predictor variables for the BRT model and assessment. See
Appendix A for a full data dictionary and the metadata document for variable processing notes.
GLBFHP provided DS with fish data collected in streams over a time frame spanning 1995 to 2006. DS then
processed that data to create a presence‐absence dataset for brook trout comprised of 3,240 observations.
Figure 3 maps all of the sampling sites that were used to construct the model and outlines all of the 1:100k
catchments to which the modeling outputs were applied.
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Figure 3: Brook trout modeling area and sampling sites
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2.2 Modeling process
2.2.1

Predictive performance

The final selected model was comprised of 1,550 trees. The model had a CV correlation statistic of
0.663±0.013 and a CV ROC score of 0.919±0.005.

2.2.2

Variable influence

The BRT output includes a list of the predictor variables used in the model ordered and scored by their
relative importance. The relative importance values are based on the number of times a variable is selected
for splitting, weighted by the squared improvement to the model as a result of each split, and averaged over
all trees (Friedman and Meulman, 2003). The relative influence score is scaled so that the sum of the scores
for all variables is 100, where higher numbers indicate greater influence. Of the 36 predictor variables used to
develop the brook trout model, 29 had a relative influence value greater than zero (Table 1).
The five most influential predictors, which accounted for greater than 57% of the total influence in the
model, were:






mean annual air temperature,
modeled stream temperature,
slope of catchment flowline,
local forest land cover, and
minimum catchment elevation.

The five most influential anthropogenic stressors, which accounted for over 15% of the total influence, were:






local forest land cover,
network wetland land cover,
network cattle density,
network dam density, and
local groundwater consumption.

The five most influential natural habitat variables, which contributed over 56% of the total influence, were:






mean annual air temperature,
modeled stream temperature,
slope of catchment flowline,
minimum catchment elevation, and
network soil hydrologic group A.

Mean annual air temperature, the single most important variable in terms of relative influence, contributed
almost 29% of the total influence.
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Table 1: Relative influence of all variables in the final brook trout model
Variable code
Temp
Stream_temp
Slope
Lu_forp
Minelevraw
Lu_wetpc
Soil1pc
Cumdrainag
Precip
Lf1pc
Soil4pc
Soil3pc
Cattlec
Soil2pc
Lf5pc
Dam_countc_den
Water_gw
Lf3pc
Water_swc
Lu_devp
Geol_maj
Lf10pc
Roadcr_den
Lf2pc
Lf4pc
Lf25pc
Dam_count_den
Minesc_den
Cercc_den

Variable description
Mean annual air temperature
Modeled stream temperature
Slope of catchment flowline
Local forest land cover
Minimum catchment elevation
Network wetland land cover
Network soil hydrologic group A
Network drainage area
Mean annual precipitation
Network outwash surficial geology
Network soil hydrologic group D
Network soil hydrologic group C
Network cattle density
Network soil hydrologic group B
Network lacustrine surficial geology
Network dam density
Local groundwater consumption
Network end‐moraine surficial geology
Network surface water consumption
Local developed land cover
Dominant surficial geology texture
Network attenuated drift surficial geology
Local road crossing density
Network ice‐contact surficial geology
Network ground moraine surficial geology
Network bedrock surficial geology
Local dam density
Network mine density
Network superfund site density

Relative influence
28.886
10.051
7.867
5.153
5.048
4.932
4.236
4.067
4.049
3.609
2.583
2.382
2.029
1.924
1.843
1.708
1.383
1.293
1.224
1.155
0.874
0.860
0.811
0.705
0.634
0.396
0.248
0.041
0.009

Note: Individual variables are highlighted according to whether they were determined to be anthropogenic in nature (red highlight) or natural (green highlight).

2.2.3

Variable functions

The BRT output also contains quantitative information on partial dependence functions that can be plotted to
visualize the effect of each individual predictor variable on the response after accounting for all other
variables in the model. Similar to the interpretation of traditional regression coefficients, the function plots
are not always a perfect representation of the relationship for each variable, particularly if interactions are
strong or predictors are strongly correlated. However, they do provide a useful and objective basis for
interpretation (Friedman, 2001; Friedman and Meulman, 2003).
These plots show the trend of the response variable (y‐axis) as the predictor variable (x‐axis) changes. The
response variable is transformed (usually to the logit scale) so that the magnitude of trends for each
predictor variable’s function plot can be accurately compared. The dash marks at the top of each function
represent the deciles of the data used to build the model. The function plots for the nine most influential
variables in the brook trout model (Table 1) are illustrated in Figure 4. The plots for all 36 variables are shown
in Appendix B.
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Figure 4: Functional responses of the dependent variable to individual predictors of brook trout

Note: Only the top nine predictors, based on relative influence (shown in parentheses; see Appendix A for descriptions of variable codes), are shown here. See Appendix B for plots of remaining predictor variables.
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2.3 Post‐modeling
The variable importance table and partial dependence functions of the final BRT model were used to create
the post‐modeling indices of natural habitat quality and anthropogenic stress for brook trout. The CNQI was
comprised of 18 variables with relative influence greater than zero that were classified as natural habitat
features (Table 2). The CASI was comprised of 3 variables with relative influence greater than zero that were
classified as anthropogenic habitat features (Table 3). To calculate the cumulative indices (i.e., CNQI and
CASI), each of the individual natural or anthropogenic variables used in the two indices was converted to a
metric by first applying the appropriate transformations, based on their function plots, and then rescaling the
transformed measures to a 0 to 100 scale. To calculate the cumulative index from the individual metrics, the
metrics were first multiplied by their appropriate weighting factors and then summed. The CNQI and CASI
scores were a result of a rescaling of those weighted and summed metrics, again from 0 to 100.

2.3.1

Variable weights

Table 2 summarizes the relative influence values and the derived post‐modeling weighting factors used in the
construction of the CNQI. The five most influential factors in the CNQI were:






mean annual air temperature,
modeled stream temperature,
slope of catchment flowline,
minimum catchment elevation, and
network hydrologic soil group A.

Table 3 summarizes the relative influence values and the derived post‐modeling weighting factors used in the
construction of the CASI. The three most influential factors in the CASI were:




local forest land cover,
network dam density, and
local road crossing density.
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Table 2: Relative influence and weights for natural variables on brook trout
Variable code
Temp
Stream_temp
Slope
Minelevraw
Soil1pc
Cumdrainag
Precip
Lf1pc
Soil4pc
Soil3pc
Soil2pc
Lf5pc
Lf3pc
Geol_maj
Lf10pc
Lf2pc
Lf4pc
Lf25pc

Variable description
Mean annual air temperature
Modeled stream temperature
Slope of catchment flowline
Minimum catchment elevation
Network soil hydrologic group A
Network drainage area
Mean annual precipitation
Network outwash surficial geology
Network soil hydrologic group D
Network soil hydrologic group C
Network soil hydrologic group B
Network lacustrine surficial geology
Network end‐moraine surficial geology
Dominant surficial geology texture
Network attenuated drift surficial geology
Network ice‐contact surficial geology
Network ground moraine surficial geology
Network bedrock surficial geology

Relative influence
28.886
10.051
7.867
5.048
4.236
4.067
4.049
3.609
2.583
2.382
1.924
1.843
1.293
0.874
0.860
0.705
0.634
0.396

Weighting factor
1.000
0.348
0.272
0.175
0.147
0.141
0.140
0.125
0.089
0.082
0.067
0.064
0.045
0.030
0.030
0.024
0.022
0.014

Table 3: Relative influence and weights for anthropogenic variables on brook trout
Variable code
Lu_forp
Dam_countc_den
Roadcr_den

Variable description
Local forest land cover
Network dam density
Local road crossing density

Relative influence
5.153
1.708
0.811

Weighting factor
1.000
0.331
0.157

2.4 Mapped results
2.4.1

Expected current conditions

Brook trout probability of presence was calculated for all 1:100k stream catchments in the study area using
the BRT model. The predicted probability values ranged from 0 to 1. The mean predicted probability was
0.176. Of the total 104,343 catchments, there were 11,388 catchments with a predicted probability of
presence greater than 0.75, and 4,646 catchments where the probability of presence was between 0.5 and
0.75. These results are mapped in Figure 5.
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Figure 5: Expected brook trout distribution
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2.4.2

Spatial variability in predictive performance

Analyzing patterns of omission and commission may highlight regions where the model is performing well or
poorly or could suggest missing explanatory variables (Figure 6). To assess omission and commission,
residuals are also calculated by the BRT model. The residuals are a measure of the difference in the measured
and modeled values (measured value minus modeled value). Negative residuals indicate overpredictions
(predicting higher values than are true), while positive residuals indicate underpredictions (predicting lower
values than are true).
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Figure 6: Distribution of brook trout model residuals by sampling site
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2.4.3

Indices of stress and natural quality

Maps of CNQI and CASI illustrate the spatial distribution of natural habitat potential (i.e., CNQI score) and
anthropogenic stress (i.e., CASI score) in the GLBFHP. CNQI and CASI scores are mapped in Figure 7 and
Figure 8, respectively. The top five most influential variables toward the calculation of CNQI are shown in
Figure 9‐Figure 13. The three variables contributing toward the calculation of CASI are mapped in Figure 14‐
Figure 16. CNQI, CASI, and their metrics are all scaled on a 0‐100 scale (see Section 2.3 for more details on
CNQI and CASI calculation). For CNQI, higher values indicate higher natural quality, while higher values for
CASI indicate higher levels of anthropogenic stress.
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Figure 7: Cumulative natural quality index for brook trout
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Figure 8: Cumulative anthropogenic stress index for brook trout
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Figure 9: Most influential natural index metric for brook trout
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Figure 10: Second most influential natural index metric for brook trout
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Figure 11: Third most influential natural index metric for brook trout
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Figure 12: Fourth most influential natural index metric for brook trout
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Figure 13: Fifth most influential natural index metric for brook trout
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Figure 14: Most influential anthropogenic index metric for brook trout
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Figure 15: Second most influential anthropogenic index metric for brook trout
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Figure 16: Third most influential anthropogenic index metric for brook trout
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2.4.4

Restoration and protection priorities

A plot of CNQI versus CASI values for all catchments in the study area (Figure 17) can be used as a reference
when defining thresholds for categories of CNQI and CASI scores for use in the development of restoration
and protection priorities. In the example shown (Figure 18), thresholds for restoration (high natural potential
coupled with high anthropogenic stress) were set to CNQI greater than 67.6 and CASI greater than 68.2 (third
quartiles). The thresholds used for protection (high natural potential and low anthropogenic stress) priorities
were CNQI greater than 67.6 and CASI less than 38.0 (first quartile).
Figure 17: CNQI versus CASI values for all catchments for brook trout

Note: Breakpoints for CNQI and CASI classes in this example are denoted by dashed lines. The arrows indicate the directions of increasing potential protection
(green arrow) or restoration (red arrow) priority. The red box indicates catchments defined as restoration priorities under the example scenario. The green box
indicates catchments defined as protection priorities under the same scenario.
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Figure 18: Restoration and protection priorities for brook trout
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3. COLDWATER SPECIES
3.1 Modeling inputs
DS used a list of predictor variables selected by GLBFHP to develop a ten‐fold CV BRT model for coldwater
species at the 1:100k catchment scale. The model was used to produce maps of expected current coldwater
species distribution and maps of expected current natural habitat quality and anthropogenic stress at the
1:100k scale throughout the extents of both FHPs.
DS cooperated with GLBFHP to arrive at a list of landscape‐based habitat variables used to predict coldwater
species throughout the region; ultimately, those variables were also used for characterizing habitat quality
and anthropogenic stress. From an initial suite of 516 catchment attributes, DS and the FHPs compiled a list
of 71 predictors for evaluation. From that list, 34 variables were removed due to statistical redundancy (r >
0.6) or logical redundancy, resulting in a final list of 37 predictor variables for the BRT model and assessment.
See Appendix A for a full data dictionary and the metadata document for variable processing notes.
GLBFHP provided DS with a presence‐absence dataset for coldwater species comprised of 9,368 observations
collected in streams over a time frame spanning 1995 to 2006. Figure 19 maps all of the sampling sites that
were used to construct the model and outlines all of the 1:100k catchments to which the modeling outputs
were applied.
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Figure 19: Coldwater species modeling area and sampling sites
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3.2 Modeling process
3.2.1

Predictive performance

The final selected model was comprised of 4,450 trees. The model had a CV correlation statistic of
0.861±0.003 and a CV ROC score of 0.980±0.001.

3.2.2

Variable influence

The BRT output includes a list of the predictor variables used in the model ordered and scored by their
relative importance. The relative importance values are based on the number of times a variable is selected
for splitting, weighted by the squared improvement to the model as a result of each split, and averaged over
all trees (Friedman and Meulman, 2003). The relative influence score is scaled so that the sum of the scores
for all variables is 100, where higher numbers indicate greater influence. Of the 37 predictor variables used to
develop the coldwater species model, 34 had a relative influence value greater than zero (Table 4).
The five most influential predictors were all natural habitat variables and accounted for greater than 75% of
the total influence in the model:






modeled stream temperature,
network soil hydrologic group D,
mean annual air temperature,
minimum catchment elevation, and
mean annual precipitation.

The five most influential anthropogenic stressors, which accounted for over 7% of the total influence, were:






local agriculture land cover,
local forest land cover,
network wetland land cover,
network surface water consumption, and
network groundwater consumption.

Modeled stream temperature, the single most important variable in terms of relative influence, contributed
over 63% of the total influence.
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Table 4: Relative influence of all variables in the final coldwater species model
Variable code
Stream_temp
Soil4pc
Temp
Minelevraw
Precip
Soil1pc
Slope
Lu_agp
Lf5pc
Soil2pc
Lu_forp
Lu_wetpc
Cumdrainag
Water_swc
Water_gwc
Lf1pc
Cattlec
Lf2pc
Roadcr_den
Geol_maj
Lf7pc
Lf3pc
Soil3pc
Lu_devp
Dam_countc_den
Lf4pc
Lf9pc
Lf10pc
Lf25pc
Lf11pc
Lf11p
Dam_count_den
Minesc_den
Tri_den

Variable description
Modeled stream temperature
Network soil hydrologic group D
Mean annual air temperature
Minimum catchment elevation
Mean annual precipitation
Network soil hydrologic group A
Slope of catchment flowline
Local agriculture land cover
Network lacustrine surficial geology
Network soil hydrologic group B
Local forest land cover
Network wetland land cover
Network drainage area
Network surface water consumption
Network groundwater consumption
Network outwash surficial geology
Network cattle density
Network ice‐contact surficial geology
Local road crossing density
Dominant surficial geology texture
Network alluvial/fluvial surficial geology
Network end‐moraine surficial geology
Network soil hydrologic group C
Local developed land cover
Network dam density
Network ground moraine surficial geology
Network stagnation moraine surficial geology
Network attenuated drift surficial geology
Network bedrock surficial geology
Network dunes surficial geology
Local dunes surficial geology
Local dam density
Network mine density
Local toxic release inventory site density

Relative influence
63.330
3.233
3.141
2.757
2.734
2.397
2.025
1.823
1.788
1.776
1.697
1.507
1.364
1.363
1.187
1.159
1.020
0.749
0.728
0.589
0.581
0.476
0.474
0.471
0.333
0.309
0.227
0.211
0.151
0.140
0.090
0.072
0.068
0.031

Note: Individual variables are highlighted according to whether they were determined to be anthropogenic in nature (red highlight) or natural (green highlight).

3.2.3

Variable functions

The BRT output also contains quantitative information on partial dependence functions that can be plotted to
visualize the effect of each individual predictor variable on the response after accounting for all other
variables in the model. Similar to the interpretation of traditional regression coefficients, the function plots
are not always a perfect representation of the relationship for each variable, particularly if interactions are
strong or predictors are strongly correlated. However, they do provide a useful and objective basis for
interpretation (Friedman, 2001; Friedman and Meulman, 2003).
These plots show the trend of the response variable (y‐axis) as the predictor variable (x‐axis) changes. The
response variable is transformed (usually to the logit scale) so that the magnitude of trends for each
predictor variable’s function plot can be accurately compared. The dash marks at the top of each function
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represent the deciles of the data used to build the model. The function plots for the nine most influential
variables in the coldwater species model (Table 4) are illustrated in Figure 20. The plots for all 37 variables
are shown in Appendix B.

31 | P a g e

Figure 20: Functional responses of the dependent variable to individual predictors of coldwater species

Note: Only the top nine predictors, based on relative influence (shown in parentheses; see Appendix A for descriptions of variable codes), are shown here. See Appendix B for plots of remaining predictor variables.
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3.3 Post‐modeling
The variable importance table and partial dependence functions of the final BRT model were used to create
the post‐modeling indices of natural habitat quality and anthropogenic stress for coldwater species. The
CNQI was comprised of 18 variables with relative influence greater than zero that were classified as natural
habitat features (Table 5). The CASI was comprised of 3 variables with relative influence greater than zero
that were classified as anthropogenic habitat features (Table 6). To calculate the cumulative indices (i.e.,
CNQI and CASI), each of the individual natural or anthropogenic variables used in the two indices was
converted to a metric by first applying the appropriate transformations, based on their function plots, and
then rescaling the transformed measures to a 0 to 100 scale. To calculate the cumulative index from the
individual metrics, the metrics were first multiplied by their appropriate weighting factors and then summed.
The CNQI and CASI scores were a result of a rescaling of those weighted and summed metrics, again from 0
to 100.

3.3.1

Variable weights

Table 5 summarizes the relative influence values and the derived post‐modeling weighting factors used in the
construction of the CNQI. The five most influential factors in the CNQI were:






modeled stream temperature,
network soil hydrologic group D,
mean annual air temperature,
minimum catchment elevation, and
mean annual precipitation.

Table 6 summarizes the relative influence values and the derived post‐modeling weighting factors used in the
construction of the CASI. The five most influential factors in the CASI were:






local agriculture land cover,
local forest land cover,
network cattle density
network dam density, and
local dam density.

33 | P a g e

Table 5: Relative influence and weights for natural variables on coldwater species
Variable code
Stream_temp
Soil4pc
Temp
Minelevraw
Precip
Soil1pc
Slope
Lf5pc
Soil2pc
Cumdrainag
Lf1pc
Lf2pc
Geol_maj
Lf7pc
Lf3pc
Soil3pc
Lf4pc
Lf9pc
Lf10pc
Lf25pc
Lf11pc
Lf11p

Variable description
Modeled stream temperature
Network soil hydrologic group D
Mean annual air temperature
Minimum catchment elevation
Mean annual precipitation
Network soil hydrologic group A
Slope of catchment flowline
Network lacustrine surficial geology
Network soil hydrologic group B
Network drainage area
Network outwash surficial geology
Network ice‐contact surficial geology
Dominant surficial geology texture
Network alluvial/fluvial surficial geology
Network end‐moraine surficial geology
Network soil hydrologic group C
Network ground moraine surficial geology
Network stagnation moraine surficial geology
Network attenuated drift surficial geology
Network bedrock surficial geology
Network dunes surficial geology
Local dunes surficial geology

Relative influence
63.330
3.233
3.141
2.757
2.734
2.397
2.025
1.788
1.776
1.364
1.159
0.749
0.589
0.581
0.476
0.474
0.309
0.227
0.211
0.151
0.140
0.090

Weighting factor
1.000
0.051
0.050
0.044
0.043
0.038
0.032
0.028
0.028
0.022
0.018
0.012
0.009
0.009
0.008
0.007
0.005
0.004
0.003
0.002
0.002
0.001

Table 6: Relative influence and weights for anthropogenic variables on coldwater species
Variable code
Lu_agp
Lu_forp
Cattlec
Dam_countc_den
Dam_count_den
Minesc_den
Tri_den

Variable description
Local agriculture land cover
Local forest land cover
Network cattle density
Network dam density
Local dam density
Network mine density
Local toxic release inventory site density

Relative influence
1.823
1.697
1.020
0.333
0.072
0.068
0.031

Weighting factor
1.000
0.931
0.560
0.183
0.040
0.037
0.017

3.4 Mapped Results
3.4.1

Expected current conditions

Coldwater species probability of presence was calculated for all 1:100k stream catchments in the study area
using the BRT model. The predicted probability values ranged from 0 to 1. The mean predicted probability
was 0.189. Of the total 104,343 catchments, there were 14,942 catchments with a predicted probability of
presence greater than 0.75, and 4,229 catchments where the probability of presence was between 0.5 and
0.75. These results are mapped in Figure 21.
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Figure 21: Expected coldwater species distribution
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3.4.2

Spatial variability in predictive performance

Analyzing patterns of omission and commission may highlight regions where the model is performing well or
poorly or could suggest missing explanatory variables (Figure 22). To assess omission and commission,
residuals are also calculated by the BRT model. The residuals are a measure of the difference in the measured
and modeled values (measured value minus modeled value). Negative residuals indicate overpredictions
(predicting higher values than are true), while positive residuals indicate underpredictions (predicting lower
values than are true).
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Figure 22: Distribution of coldwater species model residuals by sampling site
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3.4.3

Indices of stress and natural quality

Maps of CNQI and CASI illustrate the spatial distribution of natural habitat potential (i.e., CNQI score) and
anthropogenic stress (i.e., CASI score) in the GLBFHP. CNQI and CASI scores are mapped in Figure 23 and
Figure 24, respectively. The top five most influential variables toward the calculation of CNQI are shown in
Figure 25‐Figure 29. The top five variables contributing toward the calculation of CASI are mapped in Figure
30‐Figure 34. CNQI, CASI, and their metrics are all scaled on a 0‐100 scale (see Section 3.3 for more details on
CNQI and CASI calculation). For CNQI, higher values indicate higher natural quality, while higher values for
CASI indicate higher levels of anthropogenic stress.
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Figure 23: Cumulative natural quality index for coldwater species

39 | P a g e

Figure 24: Cumulative anthropogenic stress index for coldwater species
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Figure 25: Most influential natural index metric for coldwater species
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Figure 26: Second most influential natural index metric for coldwater species
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Figure 27: Third most influential natural index metric for coldwater species
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Figure 28: Fourth most influential natural index metric for coldwater species
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Figure 29: Fifth most influential natural index metric for coldwater species
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Figure 30: Most influential anthropogenic index metric for coldwater species
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Figure 31: Second most influential anthropogenic index metric for coldwater species
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Figure 32: Third most influential anthropogenic index metric for coldwater species
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Figure 33: Fourth most influential anthropogenic index metric for coldwater species
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Figure 34: Fifth most influential anthropogenic index metric for coldwater species
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3.4.4

Restoration and protection priorities

A plot of CNQI versus CASI values for all catchments in the study area (Figure 35) can be used as a reference
when defining thresholds for categories of CNQI and CASI scores for use in the development of restoration
and protection priorities. In the example shown (Figure 36), thresholds for restoration (high natural potential
coupled with high anthropogenic stress) were set to CNQI greater than 88.6 and CASI greater than 63.8 (third
quartiles). The thresholds used for protection (high natural potential and low anthropogenic stress) priorities
were CNQI greater than 88.6 and CASI less than 40.4 (first quartile).
Figure 35: CNQI versus CASI values for all catchments for coldwater species

Note: Breakpoints for CNQI and CASI classes in this example are denoted by dashed lines. The arrows indicate the directions of increasing potential protection
(green arrow) or restoration (red arrow) priority. The red box indicates catchments defined as restoration priorities under the example scenario. The green box
indicates catchments defined as protection priorities under the same scenario.

51 | P a g e

Figure 36: Restoration and protection priorities for coldwater species
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4. LITHOPHILIC SPECIES RICHNESS
4.1 Modeling inputs
DS used a list of predictor variables selected by GLBFHP to develop a ten‐fold CV BRT model for lithophilic
species richness at the 1:100k catchment scale. The model was used to produce maps of expected current
lithophilic species richness distribution and maps of expected current natural habitat quality and
anthropogenic stress at the 1:100k scale throughout the extents of both FHPs.
DS cooperated with GLBFHP to arrive at a list of landscape‐based habitat variables used to predict lithophilic
species richness throughout the region; ultimately, those variables were also used for characterizing habitat
quality and anthropogenic stress. From an initial suite of 516 catchment attributes, DS and the FHPs compiled
a list of 71 predictors for evaluation. From that list, 35 variables were removed due to statistical redundancy
(r > 0.6) or logical redundancy, resulting in a final list of 36 predictor variables for the BRT model and
assessment. See Appendix A for a full data dictionary and the metadata document for variable processing
notes.
GLBFHP provided DS with fish data collected in streams over a time frame spanning 1995 to 2006. Using that
data, DS created a dataset for lithophilic species richness comprised of 2,762. Figure 37 maps all of the
sampling sites that were used to construct the model and outlines all of the 1:100k catchments to which the
modeling outputs were applied.

53 | P a g e

Figure 37: Lithophilic species richness modeling area and sampling sites
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4.2 Modeling process
4.2.1

Predictive performance

The final selected model was comprised of 3,550 trees. The model had a CV correlation statistic of
0.614±0.014.

4.2.2

Variable influence

The BRT output includes a list of the predictor variables used in the model ordered and scored by their
relative importance. The relative importance values are based on the number of times a variable is selected
for splitting, weighted by the squared improvement to the model as a result of each split, and averaged over
all trees (Friedman and Meulman, 2003). The relative influence score is scaled so that the sum of the scores
for all variables is 100, where higher numbers indicate greater influence. Of the 36 predictor variables used to
develop the lithophilic species richness model, all 36 had a relative influence value greater than zero (Table
7).
The five most influential predictors were all natural habitat variables and accounted for greater than 45% of
the total influence in the model:







network drainage area,
modeled stream temperature,
mean annual air temperature,
network soil hydrologic group A, and
minimum catchment elevation.

The five most influential anthropogenic stressors, which accounted for almost 20% of the total influence,
were:







network groundwater consumption,
local developed land cover,
network wetland land cover,
network dam density, and
network surface water consumption.

Network drainage area, the single most important variable in terms of relative influence, contributed over
14% of the total influence.
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Table 7: Relative influence of all variables in the final lithophilic species richness model
Variable
Cumdrainag
Stream_temp
Temp
Soil1pc
Minelevraw
Water_gwc
Precip
Lu_devp
Lu_wetpc
Slope
Dam_countc_den
Water_swc
Cattlec
Lf3pc
Soil2pc
Lu_forp
Roadcr_den
Lf1pc
Soil4pc
Lf5pc
Lf4pc
Soil3pc
Minesc_den
Lf11pc
Cercc_den
Geol_maj
Lf2pc
Dam_count_den
Tri_den
Lf9pc
Lf25pc
Lf7pc
Lf10pc
Npdes_den
Mines_den
Cerc_den

Variable description
Network drainage area
Modeled stream temperature
Mean annual air temperature
Network soil hydrologic group A
Minimum catchment elevation
Network groundwater consumption
Mean annual precipitation
Local developed land cover
Network wetland land cover
Slope of catchment flowline
Network dam density
Network surface water consumption
Network cattle density
Network end‐moraine surficial geology
Network soil hydrologic group B
Local forest land cover
Local road crossing density
Network outwash surficial geology
Network soil hydrologic group D
Network lacustrine surficial geology
Network ground moraine surficial geology
Network soil hydrologic group C
Network mine density
Network dunes surficial geology
Network superfund site density
Dominant surficial geology texture
Network ice‐contact surficial geology
Local dam density
Local toxic release inventory site density
Network stagnation moraine surficial geology
Network bedrock surficial geology
Network alluvial/fluvial surficial geology
Network attenuated drift surficial geology
Local NPDES site density
Local mine density
Local superfund site density

Relative influence
14.139
9.390
8.277
7.184
6.154
5.828
4.640
3.988
3.794
3.546
3.289
2.925
2.876
2.798
2.725
2.574
2.430
2.211
2.006
1.960
1.933
1.153
0.935
0.526
0.489
0.465
0.460
0.334
0.239
0.223
0.132
0.127
0.120
0.108
0.017
0.006

Note: Individual variables are highlighted according to whether they were determined to be anthropogenic in nature (red highlight) or natural (green highlight).

4.2.3

Variable functions

The BRT output also contains quantitative information on partial dependence functions that can be plotted to
visualize the effect of each individual predictor variable on the response after accounting for all other
variables in the model. Similar to the interpretation of traditional regression coefficients, the function plots
are not always a perfect representation of the relationship for each variable, particularly if interactions are
strong or predictors are strongly correlated. However, they do provide a useful and objective basis for
interpretation (Friedman, 2001; Friedman and Meulman, 2003).
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These plots show the trend of the response variable (y‐axis) as the predictor variable (x‐axis) changes. The
response variable is transformed (usually to the logit scale) so that the magnitude of trends for each
predictor variable’s function plot can be accurately compared. The dash marks at the top of each function
represent the deciles of the data used to build the model. The function plots for the nine most influential
variables in the lithophilic species richness model (Table 7) are illustrated in Figure 38. The plots for all 36
variables are shown in Appendix B.
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Figure 38: Functional responses of the dependent variable to individual predictors of lithophilic species richness

Note: Only the top nine predictors, based on relative influence (shown in parentheses; see Appendix A for descriptions of variable codes), are shown here. See Appendix B for plots of remaining predictor variables.
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4.3 Post‐modeling
The variable importance table and partial dependence functions of the final BRT model were used to create
the post‐modeling indices of natural habitat quality and anthropogenic stress for lithophilic species richness.
The CNQI was comprised of 21 variables with relative influence greater than zero that were classified as
natural habitat features (Table 8). The CASI was comprised of 5 variables with relative influence greater than
zero that were classified as anthropogenic habitat features (Table 9). To calculate the cumulative indices (i.e.,
CNQI and CASI), each of the individual natural or anthropogenic variables used in the two indices was
converted to a metric by first applying the appropriate transformations, based on their function plots, and
then rescaling the transformed measures to a 0 to 100 scale. To calculate the cumulative index from the
individual metrics, the metrics were first multiplied by their appropriate weighting factors and then summed.
The CNQI and CASI scores were a result of a rescaling of those weighted and summed metrics, again from 0
to 100.

4.3.1

Variable weights

Table 8 summarizes the relative influence values and the derived post‐modeling weighting factors used in the
construction of the CNQI. The five most influential factors in the CNQI were:







network drainage area,
modeled stream temperature,
mean annual air temperature,
network soil hydrologic group A, and
minimum catchment elevation.

Table 9 summarizes the relative influence values and the derived post‐modeling weighting factors used in the
construction of the CASI. The five most influential factors in the CASI were:







network groundwater consumption,
local developed land cover,
local forest land cover
local National Pollutant Discharge Elimination System (NPDES) site density, and
local superfund site density.
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Table 8: Relative influence and weights for natural variables on lithophilic species richness
Variable code
Cumdrainag
Stream_temp
Temp
Soil1pc
Minelevraw
Precip
Slope
Lf3pc
Soil2pc
Lf1pc
Soil4pc
Lf5pc
Lf4pc
Soil3pc
Lf11pc
Geol_maj
Lf2pc
Lf9pc
Lf25pc
Lf7pc

Variable description
Network drainage area
Modeled stream temperature
Mean annual air temperature
Network soil hydrologic group A
Minimum catchment elevation
Mean annual precipitation
Slope of catchment flowline
Network end‐moraine surficial geology
Network soil hydrologic group B
Network outwash surficial geology
Network soil hydrologic group D
Network lacustrine surficial geology
Network ground moraine surficial geology
Network soil hydrologic group C
Network dunes surficial geology
Dominant surficial geology texture
Network ice‐contact surficial geology
Network stagnation moraine surficial geology
Network bedrock surficial geology
Network alluvial/fluvial surficial geology

Lf10pc

Network attenuated drift surficial geology

Relative influence
14.139
9.390
8.277
7.184
6.154
4.640
3.546
2.798
2.725
2.211
2.006
1.960
1.933
1.153
0.526
0.465
0.460
0.223
0.132
0.127

Weighting factor
1.000
0.664
0.585
0.508
0.435
0.328
0.251
0.198
0.193
0.156
0.142
0.139
0.137
0.082
0.037
0.033
0.033
0.016
0.009
0.009

0.120

0.008

Table 9: Relative influence and weights for anthropogenic variables on lithophilic species richness
Variable code
Water_gwc
Lu_devp
Lu_forp
Npdes_den
Cerc_den

Variable description
Network groundwater consumption
Local developed land cover
Local forest land cover
Local NPDES site density
Local superfund site density

Relative influence
5.828
3.988
2.574
0.108
0.006

Weighting factor
1.000
0.684
0.442
0.019
0.001

4.4 Mapped Results
4.4.1

Expected current conditions

Predicted lithophilic species richness was calculated for all 1:100k stream catchments in the study area using
the BRT model. The predicted values ranged from 0 to 13.3. The mean value of predictions was 0.9. These
results are mapped in Figure 39.
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Figure 39: Expected lithophilic species richness distribution
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4.4.2

Spatial variability in predictive performance

Analyzing patterns of omission and commission may highlight regions where the model is performing well or
poorly or could suggest missing explanatory variables (Figure 40). To assess omission and commission,
residuals are also calculated by the BRT model. The residuals are a measure of the difference in the measured
and modeled values (measured value minus modeled value). Negative residuals indicate overpredictions
(predicting higher values than are true), while positive residuals indicate underpredictions (predicting lower
values than are true).
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Figure 40: Distribution of lithophilic species richness model residuals by sampling site
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4.4.3

Indices of stress and natural quality

Maps of CNQI and CASI illustrate the spatial distribution of natural habitat potential (i.e., CNQI score) and
anthropogenic stress (i.e., CASI score) in the GLBFHP. CNQI and CASI scores are mapped in Figure 41 and
Figure 42, respectively. The top five most influential variables toward the calculation of CNQI are shown in
Figure 43‐Figure 47. The top five variables contributing toward the calculation of CASI are mapped in Figure
48‐Figure 52. CNQI, CASI, and their metrics are all scaled on a 0‐100 scale (see Section 4.3 for more details on
CNQI and CASI calculation). For CNQI, higher values indicate higher natural quality, while higher values for
CASI indicate higher levels of anthropogenic stress.
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Figure 41: Cumulative natural quality index for lithophilic species richness
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Figure 42: Cumulative anthropogenic stress index for lithophilic species richness
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Figure 43: Most influential natural index metric for lithophilic species richness
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Figure 44: Second most influential natural index metric for lithophilic species richness
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Figure 45: Third most influential natural index metric for lithophilic species richness
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Figure 46: Fourth most influential natural index metric for lithophilic species richness
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Figure 47: Fifth most influential natural index metric for lithophilic species richness
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Figure 48: Most influential anthropogenic index metric for lithophilic species richness
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Figure 49: Second most influential anthropogenic index metric for lithophilic species richness
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Figure 50: Third most influential anthropogenic index metric for lithophilic species richness
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Figure 51: Fourth most influential anthropogenic index metric for lithophilic species richness
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Figure 52: Fifth most influential anthropogenic index metric for lithophilic species richness
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4.4.4

Restoration and protection priorities

A plot of CNQI versus CASI values for all catchments in the study area (Figure 53) can be used as a reference
when defining thresholds for categories of CNQI and CASI scores for use in the development of restoration
and protection priorities. In the example shown (Figure 54), thresholds for restoration (high natural potential
coupled with high anthropogenic stress) were set to CNQI greater than 56.5 and CASI greater than 25.7 (third
quartiles). The thresholds used for protection (high natural potential and low anthropogenic stress) priorities
were CNQI greater than 56.5 and CASI less than 12.4 (first quartile).
Figure 53: CNQI versus CASI values for all catchments for lithophilic species richness

Note: Breakpoints for CNQI and CASI classes in this example are denoted by dashed lines. The arrows indicate the directions of increasing potential protection
(green arrow) or restoration (red arrow) priority. The red box indicates catchments defined as restoration priorities under the example scenario. The green box
indicates catchments defined as protection priorities under the same scenario.
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Figure 54: Restoration and protection priorities for lithophilic species richness
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5. WALLEYE
5.1 Modeling inputs
DS used a list of predictor variables selected by GLBFHP to develop a ten‐fold CV BRT model for walleye at the
1:100k catchment scale. The model was used to produce maps of expected current walleye distribution and
maps of expected current natural habitat quality and anthropogenic stress at the 1:100k scale throughout the
extents of both FHPs.
DS cooperated with GLBFHP to arrive at a list of landscape‐based habitat variables used to predict walleye
throughout the region; ultimately, those variables were also used for characterizing habitat quality and
anthropogenic stress. From an initial suite of 516 catchment attributes, DS and the FHPs compiled a list of 71
predictors for evaluation. From that list, 35 variables were removed due to statistical redundancy (r > 0.6) or
logical redundancy, resulting in a final list of 36 predictor variables for the BRT model and assessment. See
Appendix A for a full data dictionary and the metadata document for variable processing notes.
GLBFHP provided DS with fish data collected in streams over a time frame spanning 1995 to 2006. Using that
data, DS created a presence‐absence dataset for walleye comprised of 3,240 observations. Figure 55 maps all
of the sampling sites that were used to construct the model and outlines all of the 1:100k catchments to
which the modeling outputs were applied.
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Figure 55: Walleye modeling area and sampling sites
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5.2 Modeling process
5.2.1

Predictive performance

The final selected model was comprised of 1,000 trees. The model had a CV correlation statistic of
0.582±0.026 and a CV ROC score of 0.908±0.015.

5.2.2

Variable influence

The BRT output includes a list of the predictor variables used in the model ordered and scored by their
relative importance. The relative importance values are based on the number of times a variable is selected
for splitting, weighted by the squared improvement to the model as a result of each split, and averaged over
all trees (Friedman and Meulman, 2003). The relative influence score is scaled so that the sum of the scores
for all variables is 100, where higher numbers indicate greater influence. Of the 36 predictor variables used to
develop the walleye model, 32 had a relative influence value greater than zero (Table 10).
The five most influential predictors, which accounted for almost 58% of the total influence in the model,
were:







network drainage area,
network wetland land cover,
mean annual precipitation,
modeled stream temperature, and
slope of catchment flowline.

The five most influential anthropogenic stressors, which accounted for over 20% of the total influence, were:







network wetland land cover,
local developed land cover,
local forest land cover,
network cattle density, and
network mine density.

The five most influential natural habitat variables, which contributed over 53% of the total influence, were:







network drainage area,
mean annual precipitation,
modeled stream temperature,
slope of catchment flowline, and
network soil hydrologic group A.

Network drainage area, the single most important variable in terms of relative influence, contributed almost
33% of the total influence.
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Table 10: Relative influence of all variables in the final walleye model
Variable code
Cumdrainag
Lu_wetpc
Precip
Stream_temp
Slope
Soil1pc
Lf5pc
Lu_devp
Temp
Minelevraw
Lu_forp
Cattlec
Minesc_den
Soil2pc
Lf3pc
Soil4pc
Roadcr_den
Dam_countc_den
Soil3pc
Water_gw
Dam_count_den
Water_swc
Lf1pc
Cercc_den
Lf2pc
Lf4pc
Geol_maj
Tri_den
Lf7pc
Lf10pc
Npdes_den
Lf11pc

Variable description
Network drainage area
Network wetland land cover
Mean annual precipitation
Modeled stream temperature
Slope of catchment flowline
Network soil hydrologic group A
Network lacustrine surficial geology
Local developed land cover
Mean annual air temperature
Minimum catchment elevation
Local forest land cover
Network cattle density
Network mine density
Network soil hydrologic group B
Network end‐moraine surficial geology
Network soil hydrologic group D
Local road crossing density
Network dam density
Network soil hydrologic group C
Local groundwater consumption
Local dam density
Network surface water consumption
Network outwash surficial geology
Network superfund site density
Network ice‐contact surficial geology
Network ground moraine surficial geology
Dominant surficial geology texture
Local toxic release inventory site density
Network alluvial/fluvial surficial geology
Network attenuated drift surficial geology
Local NPDES site density
Network dunes surficial geology

Relative influence
32.903
9.067
6.106
5.036
4.591
4.588
3.654
3.532
3.422
2.605
2.593
2.580
2.403
2.236
1.575
1.545
1.513
1.382
1.295
1.285
1.133
0.843
0.824
0.788
0.658
0.637
0.524
0.502
0.071
0.053
0.052
0.004

Note: Individual variables are highlighted according to whether they were determined to be anthropogenic in nature (red highlight) or natural (green highlight).

5.2.3

Variable functions

The BRT output also contains quantitative information on partial dependence functions that can be plotted to
visualize the effect of each individual predictor variable on the response after accounting for all other
variables in the model. Similar to the interpretation of traditional regression coefficients, the function plots
are not always a perfect representation of the relationship for each variable, particularly if interactions are
strong or predictors are strongly correlated. However, they do provide a useful and objective basis for
interpretation (Friedman, 2001; Friedman and Meulman, 2003).
These plots show the trend of the response variable (y‐axis) as the predictor variable (x‐axis) changes. The
response variable is transformed (usually to the logit scale) so that the magnitude of trends for each
predictor variable’s function plot can be accurately compared. The dash marks at the top of each function
represent the deciles of the data used to build the model. The function plots for the nine most influential
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variables in the walleye model (Table 10) are illustrated in Figure 56. The plots for all 36 variables are shown
in Appendix B.
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Figure 56: Functional responses of the dependent variable to individual predictors of walleye

Note: Only the top nine predictors, based on relative influence (shown in parentheses; see Appendix A for descriptions of variable codes), are shown here. See Appendix B for plots of remaining predictor variables.
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5.3 Post‐modeling
The variable importance table and partial dependence functions of the final BRT model were used to create
the post‐modeling indices of natural habitat quality and anthropogenic stress for walleye. The CNQI was
comprised of 19 variables with relative influence greater than zero that were classified as natural habitat
features (Table 11). The CASI was comprised of 6 variables with relative influence greater than zero that were
classified as anthropogenic habitat features (Table 12). To calculate the cumulative indices (i.e., CNQI and
CASI), each of the individual natural or anthropogenic variables used in the two indices was converted to a
metric by first applying the appropriate transformations, based on their function plots, and then rescaling the
transformed measures to a 0 to 100 scale. To calculate the cumulative index from the individual metrics, the
metrics were first multiplied by their appropriate weighting factors and then summed. The CNQI and CASI
scores were a result of a rescaling of those weighted and summed metrics, again from 0 to 100.

5.3.1

Variable weights

Table 11 summarizes the relative influence values and the derived post‐modeling weighting factors used in
the construction of the CNQI. The five most influential factors in the CNQI were:







network drainage area,
mean annual precipitation,
modeled stream temperature,
slope of catchment flowline, and
network soil hydrologic group A.

Table 12 summarizes the relative influence values and the derived post‐modeling weighting factors used in
the construction of the CASI. The five most influential factors in the CASI were:







network wetland land cover,
local road crossing density,
local groundwater consumption
network superfund site density, and
local NPDES site density.
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Table 11: Relative influence and weights for natural variables on walleye
Variable code
Cumdrainag
Precip
Stream_temp
Slope
Soil1pc
Lf5pc
Temp
Minelevraw
Soil2pc
Lf3pc
Soil4pc
Soil3pc
Lf1pc
Lf2pc
Lf4pc
Geol_maj
Lf7pc
Lf10pc
Lf11pc

Variable description
Network drainage area
Mean annual precipitation
Modeled stream temperature
Slope of catchment flowline
Network soil hydrologic group A
Network lacustrine surficial geology
Mean annual air temperature
Minimum catchment elevation
Network soil hydrologic group B
Network end‐moraine surficial geology
Network soil hydrologic group D
Network soil hydrologic group C
Network outwash surficial geology
Network ice‐contact surficial geology
Network ground moraine surficial geology
Dominant surficial geology texture
Network alluvial/fluvial surficial geology
Network attenuated drift surficial geology
Network dunes surficial geology

Relative influence
32.903
6.106
5.036
4.591
4.588
3.654
3.422
2.605
2.236
1.575
1.545
1.295
0.824
0.658
0.637
0.524
0.071
0.053
0.004

Weighting factor
1.000
0.186
0.153
0.140
0.139
0.111
0.104
0.079
0.068
0.048
0.047
0.039
0.025
0.020
0.019
0.016
0.002
0.002
0.000

Table 12: Relative influence and weights for anthropogenic variables on walleye
Variable code
Lu_wetpc
Roadcr_den
Water_swc
Cercc_den
Npdes_den

Variable description
Network wetland land cover
Local road crossing density
Network surface water consumption
Network superfund site density
Local NPDES site density

Relative influence
9.067
1.513
0.843
0.788
0.052

Weighting factor
1.000
0.167
0.093
0.087
0.006

5.4 Mapped Results
5.4.1

Expected current conditions

Walleye probability of presence was calculated for all 1:100k stream catchments in the study area using the
BRT model. The predicted probability values ranged from 0 to 1. The mean predicted probability was 0.060.
Of the total 104,343 catchments, there were 2,198 catchments with a predicted probability of presence
greater than 0.75, and 826 catchments where the probability of presence was between 0.5 and 0.75. These
results are mapped in Figure 57.
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Figure 57: Expected walleye distribution
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5.4.2

Spatial variability in predictive performance

Analyzing patterns of omission and commission may highlight regions where the model is performing well or
poorly or could suggest missing explanatory variables (Figure 58). To assess omission and commission,
residuals are also calculated by the BRT model. The residuals are a measure of the difference in the measured
and modeled values (measured value minus modeled value). Negative residuals indicate overpredictions
(predicting higher values than are true), while positive residuals indicate underpredictions (predicting lower
values than are true).
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Figure 58: Distribution of walleye model residuals by sampling site
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5.4.3

Indices of stress and natural quality

Maps of CNQI and CASI illustrate the spatial distribution of natural habitat potential (i.e., CNQI score) and
anthropogenic stress (i.e., CASI score) in the GLBFHP. CNQI and CASI scores are mapped in Figure 59 and
Figure 60, respectively. The top five most influential variables toward the calculation of CNQI are shown in
Figure 61‐Figure 65. The top five variables contributing toward the calculation of CASI are mapped in Figure
66‐Figure 70. CNQI, CASI, and their metrics are all scaled on a 0‐100 scale (see Section 5.3 for more details on
CNQI and CASI calculation). For CNQI, higher values indicate higher natural quality, while higher values for
CASI indicate higher levels of anthropogenic stress.
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Figure 59: Cumulative natural quality index for walleye
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Figure 60: Cumulative anthropogenic stress index for walleye
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Figure 61: Most influential natural index metric for walleye
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Figure 62: Second most influential natural index metric for walleye
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Figure 63: Third most influential natural index metric for walleye
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Figure 64: Fourth most influential natural index metric for walleye
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Figure 65: Fifth most influential natural index metric for walleye
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Figure 66: Most influential anthropogenic index metric for walleye
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Figure 67: Second most influential anthropogenic index metric for walleye
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Figure 68: Third most influential anthropogenic index metric for walleye
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Figure 69: Fourth most influential anthropogenic index metric for walleye
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Figure 70: Fifth most influential anthropogenic index metric for walleye
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5.4.4

Restoration and protection priorities

A plot of CNQI versus CASI values for all catchments in the study area (Figure 71) can be used as a reference
when defining thresholds for categories of CNQI and CASI scores for use in the development of restoration
and protection priorities. In the example shown (Figure 72), thresholds for restoration (high natural potential
coupled with high anthropogenic stress) were set to CNQI greater than 21.9 and CASI greater than 76.2 (third
quartiles). The thresholds used for protection (high natural potential and low anthropogenic stress) priorities
were CNQI greater than 21.9 and CASI less than 57.5 (first quartile).
Figure 71: CNQI versus CASI values for all catchments for walleye

Note: Breakpoints for CNQI and CASI classes in this example are denoted by dashed lines. The arrows indicate the directions of increasing potential protection
(green arrow) or restoration (red arrow) priority. The red box indicates catchments defined as restoration priorities under the example scenario. The green box
indicates catchments defined as protection priorities under the same scenario.
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Figure 72: Restoration and protection priorities for walleye
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6. LARGE RIVER SPECIES
6.1 Modeling inputs
DS used a list of predictor variables selected by GLBFHP to develop a ten‐fold CV BRT model for large river
species at the 1:100k catchment scale. The model was used to produce maps of expected current large river
species distribution and maps of expected current natural habitat quality and anthropogenic stress at the
1:100k scale throughout the extents of both FHPs.
DS cooperated with GLBFHP to arrive at a list of landscape‐based habitat variables used to predict large river
species throughout the region; ultimately, those variables were also used for characterizing habitat quality
and anthropogenic stress. From an initial suite of 516 catchment attributes, DS and the FHPs compiled a list
of 71 predictors for evaluation. From that list, 33 variables were removed due to statistical redundancy (r >
0.6) or logical redundancy, resulting in a final list of 38 predictor variables for the BRT model and assessment.
See Appendix A for a full data dictionary and the metadata document for variable processing notes.
GLBFHP provided DS with a presence‐absence dataset for large river species comprised of 9,368 observations
collected in streams over a time frame spanning 1995 to 2006. Figure 73 maps all of the sampling sites that
were used to construct the model and outlines all of the 1:100k catchments to which the modeling outputs
were applied.
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Figure 73: Large river species modeling area and sampling sites
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6.2 Modeling process
6.2.1

Predictive performance

The final selected model was comprised of 6,450 trees. The model had a CV correlation statistic of
0.884±0.005 and a CV ROC score of 0.990±0.001.

6.2.2

Variable influence

The BRT output includes a list of the predictor variables used in the model ordered and scored by their
relative importance. The relative importance values are based on the number of times a variable is selected
for splitting, weighted by the squared improvement to the model as a result of each split, and averaged over
all trees (Friedman and Meulman, 2003). The relative influence score is scaled so that the sum of the scores
for all variables is 100, where higher numbers indicate greater influence. Of the 38 predictor variables used to
develop the large river species model, 35 had a relative influence value greater than zero (Table 13).
The five most influential predictors, which accounted for greater than 69% of the total influence in the
model, were:







network drainage area,
mean annual air temperature,
modeled stream temperature,
network mine density, and
minimum catchment elevation.

The five most influential anthropogenic stressors, which accounted for almost 13% of the total influence,
were:







network mine density,
network wetland land cover,
network cattle density,
network groundwater consumption, and
network dam density.

The five most influential natural habitat variables, which contributed almost 68% of the total influence, were:







network drainage area,
mean annual air temperature,
modeled stream temperature,
minimum catchment elevation, and
network soil hydrologic group D.

Network drainage area, the single most important variable in terms of relative influence, contributed over
52% of the total influence.
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Table 13: Relative influence of all variables in the final large river species model
Variable
Cumdrainag
Temp
Stream_temp
Minesc_den
Minelevraw
Soil4pc
Lu_wetpc
Cattlec
Lf1pc
Water_gwc
Lf3pc
Precip
Geol_maj
Dam_countc_den
Soil3pc
Soil2pc
Soil1pc
Water_swc
Lf4pc
Lf2pc
Lf5pc
Lu_agp
Lu_forp
Slope
Lu_devp
Roadcr_den
Lf7pc
Dams_den
Lf11p
Npdes_den
Lf11pc
Dam_count_den
Tri_den
Mines_den
Lf10pc

Variable description
Network drainage area
Mean annual air temperature
Modeled stream temperature
Network mine density
Minimum catchment elevation
Network soil hydrologic group D
Network wetland land cover
Network cattle density
Network outwash surficial geology
Network groundwater consumption
Network end‐moraine surficial geology
Mean annual precipitation
Dominant surficial geology texture
Network dam density
Network soil hydrologic group C
Network soil hydrologic group B
Network soil hydrologic group A
Network surface water consumption
Network ground moraine surficial geology
Network ice‐contact surficial geology
Network lacustrine surficial geology
Local agricultural land cover
Local forest land cover
Slope of catchment flowline
Local developed land cover
Local road crossing density
Network alluvial/fluvial surficial geology
Local density of dams
Local dunes surficial geology
Local NPDES site density
Network dunes surficial geology
Local dam density
Local toxic release inventory site density
Local mine density
Network attenuated drift surficial geology

Relative influence
52.175
5.161
4.463
4.432
3.286
2.817
2.570
2.188
2.101
2.082
1.805
1.737
1.731
1.626
1.538
1.413
1.394
1.145
1.051
0.965
0.889
0.669
0.598
0.579
0.474
0.414
0.238
0.145
0.118
0.073
0.064
0.044
0.008
0.004
0.002

Note: Individual variables are highlighted according to whether they were determined to be anthropogenic in nature (red highlight) or natural (green highlight).

6.2.3

Variable functions

The BRT output also contains quantitative information on partial dependence functions that can be plotted to
visualize the effect of each individual predictor variable on the response after accounting for all other
variables in the model. Similar to the interpretation of traditional regression coefficients, the function plots
are not always a perfect representation of the relationship for each variable, particularly if interactions are
strong or predictors are strongly correlated. However, they do provide a useful and objective basis for
interpretation (Friedman, 2001; Friedman and Meulman, 2003).
These plots show the trend of the response variable (y‐axis) as the predictor variable (x‐axis) changes. The
response variable is transformed (usually to the logit scale) so that the magnitude of trends for each
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predictor variable’s function plot can be accurately compared. The dash marks at the top of each function
represent the deciles of the data used to build the model. The function plots for the nine most influential
variables in the large river species model (Table 13) are illustrated in Figure 74. The plots for all 38 variables
are shown in Appendix B.
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Figure 74: Functional responses of the dependent variable to individual predictors of large river species

Note: Only the top nine predictors, based on relative influence (shown in parentheses; see Appendix A for descriptions of variable codes), are shown here. See Appendix B for plots of remaining predictor variables.
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6.3 Post‐modeling
The variable importance table and partial dependence functions of the final BRT model were used to create
the post‐modeling indices of natural habitat quality and anthropogenic stress for large river species. The
CNQI was comprised of 20 variables with relative influence greater than zero that were classified as natural
habitat features (Table 14). The CASI was comprised of 5 variables with relative influence greater than zero
that were classified as anthropogenic habitat features (Table 15). To calculate the cumulative indices (i.e.,
CNQI and CASI), each of the individual natural or anthropogenic variables used in the two indices was
converted to a metric by first applying the appropriate transformations, based on their function plots, and
then rescaling the transformed measures to a 0 to 100 scale. To calculate the cumulative index from the
individual metrics, the metrics were first multiplied by their appropriate weighting factors and then summed.
The CNQI and CASI scores were a result of a rescaling of those weighted and summed metrics, again from 0
to 100.

6.3.1

Variable weights

Table 14 summarizes the relative influence values and the derived post‐modeling weighting factors used in
the construction of the CNQI. The five most influential factors in the CNQI were:







network drainage area,
mean annual air temperature,
modeled stream temperature,
minimum catchment elevation, and
network soil hydrologic group D.

Table 15 summarizes the relative influence values and the derived post‐modeling weighting factors used in
the construction of the CASI. The five most influential factors in the CASI were:







network wetland land cover,
network surface water consumption,
local agricultural land cover
local road crossing density, and
local superfund site density.

111 | P a g e

Table 14: Relative influence and weights for natural variables on large river species
Variable code
Cumdrainag
Temp
Stream_temp
Minelevraw
Soil4pc
Lf1pc
Lf3pc
Precip
Geol_maj
Soil3pc
Soil2pc
Soil1pc
Lf4pc
Lf2pc
Lf5pc
Slope
Lf7pc
Lf11p
Lf11pc
Lf10pc

Variable description
Network drainage area
Mean annual air temperature
Modeled stream temperature
Minimum catchment elevation
Network soil hydrologic group D
Network outwash surficial geology
Network end‐moraine surficial geology
Mean annual precipitation
Dominant surficial geology texture
Network soil hydrologic group C
Network soil hydrologic group B
Network soil hydrologic group A
Network ground moraine surficial geology
Network ice‐contact surficial geology
Network lacustrine surficial geology
Slope of catchment flowline
Network alluvial/fluvial surficial geology
Local dunes surficial geology
Network dunes surficial geology
Network attenuated drift surficial geology

Relative influence
52.175
5.161
4.463
3.286
2.817
2.101
1.805
1.737
1.731
1.538
1.413
1.394
1.051
0.965
0.889
0.579
0.238
0.118
0.064
0.002

Weighting factor
1.000
0.099
0.086
0.063
0.054
0.040
0.035
0.033
0.033
0.029
0.027
0.027
0.020
0.019
0.017
0.011
0.005
0.002
0.001
0.000

Table 15: Relative influence and weights for anthropogenic variables on large river species
Variable code
Lu_wetpc
Water_swc
Lu_agp
Roadcr_den
Cerc_den

Variable description
Network wetland land cover
Network surface water consumption
Local agricultural land cover
Local road crossing density
Local superfund site density

Relative influence
2.570
1.145
0.669
0.414
0.000

Weighting factor
1.000
0.445
0.260
0.161
0.000

6.4 Mapped Results
6.4.1

Expected current conditions

Large river species probability of presence was calculated for all 1:100k stream catchments in the study area
using the BRT model. The predicted probability values ranged from 0 to 1. The mean predicted probability
was 0.056. Of the total 104,343 catchments, there were 4,894 catchments with a predicted probability of
presence greater than 0.75, and 1,028 catchments where the probability of presence was between 0.5 and
0.75. These results are mapped in Figure 75.
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Figure 75: Expected large river species distribution
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6.4.2

Spatial variability in predictive performance

Analyzing patterns of omission and commission may highlight regions where the model is performing well or
poorly or could suggest missing explanatory variables (Figure 76). To assess omission and commission,
residuals are also calculated by the BRT model. The residuals are a measure of the difference in the measured
and modeled values (measured value minus modeled value). Negative residuals indicate overpredictions
(predicting higher values than are true), while positive residuals indicate underpredictions (predicting lower
values than are true).
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Figure 76: Distribution of large river species model residuals by sampling site
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6.4.3

Indices of stress and natural quality

Maps of CNQI and CASI illustrate the spatial distribution of natural habitat potential (i.e., CNQI score) and
anthropogenic stress (i.e., CASI score) in the GLBFHP. CNQI and CASI scores are mapped in Figure 77 and
Figure 78, respectively. The top five most influential variables toward the calculation of CNQI are shown in
Figure 79‐Figure 83. The top five variables contributing toward the calculation of CASI are mapped in Figure
84‐Figure 88. CNQI, CASI, and their metrics are all scaled on a 0‐100 scale (see Section 6.3 for more details on
CNQI and CASI calculation). For CNQI, higher values indicate higher natural quality, while higher values for
CASI indicate higher levels of anthropogenic stress.
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Figure 77: Cumulative natural quality index for large river species

117 | P a g e

Figure 78: Cumulative anthropogenic stress index for large river species
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Figure 79: Most influential natural index metric for large river species
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Figure 80: Second most influential natural index metric for large river species
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Figure 81: Third most influential natural index metric for large river species
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Figure 82: Fourth most influential natural index metric for large river species
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Figure 83: Fifth most influential natural index metric for large river species
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Figure 84: Most influential anthropogenic index metric for large river species
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Figure 85: Second most influential anthropogenic index metric for large river species
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Figure 86: Third most influential anthropogenic index metric for large river species
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Figure 87: Fourth most influential anthropogenic index metric for large river species
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Figure 88: Fifth most influential anthropogenic index metric for large river species
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6.4.4

Restoration and protection priorities

A plot of CNQI versus CASI values for all catchments in the study area (Figure 89) can be used as a reference
when defining thresholds for categories of CNQI and CASI scores for use in the development of restoration
and protection priorities. In the example shown (Figure 90), thresholds for restoration (high natural potential
coupled with high anthropogenic stress) were set to CNQI greater than 15.9 and CASI greater than 59.9 (third
quartiles). The thresholds used for protection (high natural potential and low anthropogenic stress) priorities
were CNQI greater than 15.9 and CASI less than 43.27 (first quartile).
Figure 89: CNQI versus CASI values for all catchments for large river species

Note: Breakpoints for CNQI and CASI classes in this example are denoted by dashed lines. The arrows indicate the directions of increasing potential protection
(green arrow) or restoration (red arrow) priority. The red box indicates catchments defined as restoration priorities under the example scenario. The green box
indicates catchments defined as protection priorities under the same scenario.
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Figure 90: Restoration and protection priorities for large river species
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7. LIMITATIONS AND SUGGESTIONS FOR FUTURE WORK
In general, while the estimates of probability of presence, index scores, CNQI, and CASI generated through
this assessment represent a useful and objective means for assessing aquatic habitat and prioritizing habitats
for restoration or protection, there are some limitations that are important to consider. Results generated
through the modeling process are ultimately limited by the quality of data used to generate them. In the
future, the model can be improved by improving the resolution and precision of the data. For example, some
county‐level data were used as predictor variables although the data likely generalize conditions at the
catchment scale. In some cases, this resulted in generalizations in CASI or in the individual CASI metrics,
which is evidenced by the visibly unnatural hard break lines at some county boundaries. Although these
variables—such as network cattle density and network surface water consumption—were limited in spatial
resolution, they still had high relative influence in the BRT model and were important to retain for predictive
performance. In the future, refinement of these county‐level variables or inclusion of higher resolution
surrogates could improve both the precision of the BRT model predictions and post‐modeling indices.
A second limitation is that the data and maps represent only a snapshot in time. Therefore, the models may
not represent conditions before or after the data were collected or created. For example, any habitat lost or
gained due to increased impervious surface cover since the 2006 National Land Cover Database (NLCD) was
not considered in this assessment. Similarly, a portion of the uncertainty can be attributable to the temporal
mismatches between the fish collection data and landscape data. As such, improving the temporal match
between those datasets for future work would be beneficial.
Although the BRT statistical modeling algorithm automatically accounts for interactions between predictor
variables, the post modeling process used to generate CNQI and CASI does not fully account for interactions.
The post modeling outputs were derived from the relative influence and function plot outputs from BRT.
Those outputs themselves are objective approximations useful for model interpretation and interrogation;
however, they are not used in estimating the predicted values in BRT. Therefore, the individual function plots
from which CASI and CNQI and their metrics were derived did not account for variable interactions because
they are not accounted for in the BRT relative influence values or function plots. For example, while
appropriately accounting for an interaction between ecoregion and stream size would require separate
function plots for the effect of drainage area in each separate ecoregion, the function plot generated by BRT
represents an average effect of drainage area across all ecoregions. In that example, the effect of drainage
area is overestimated in some ecoregions and underestimated in others. This is not a limitation specific to the
methodology used in this assessment, but common in other popular predictive modeling approaches. The
advantage of the approach using BRT, however, is in the improved ability to predict current conditions (i.e.,
probability of presence) relative to other methods.
While continuous response variables can be modeled, binomial response variables can generally be modeled
with greater precision in cases where the response data vary in collection method or date. Throughout this
assessment, we have generally found that binomial (i.e., presence‐absence) response variable models have
performed better than continuous (i.e., abundance‐based) variable models. In the future, basing diversity
metrics on the presence‐absence of targeted species, rather than relative abundance, may improve their
precision.
There were also a few important issues that were beyond the scope of this project. Acid precipitation,
biological interactions, and local habitat variation are all important in structuring fish communities. These
variables were not directly used as predictor variables, although, when possible, surrogates were used to
approximate variation in the model resulting from these processes.
Local habitat measures such as water quality (pH, alkalinity, instream temperature), physical habitat
complexity, and substrate size are examples of local measures important to structuring fish communities.
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These measures could not be directly quantified in this analysis given the scope and scale of the project.
However, since each catchment’s land cover and geology was included in the analysis, some aspects of water
quality were indirectly modeled. Likewise, habitat complexity and substrate size could be partially captured
by the combination of stream slope and bedrock and surficial geology. Nonetheless, exclusion of detailed
local measures likely accounts for some uncertainty in the model results. Thus, the results from this analysis
should be combined with local expert knowledge and additional field data to arrive at the most accurate
representation of habitat conditions.
In addition, inclusion of biological interactions in future models could improve the precision of the model and
the ability to quantify its influence on the response variables. Specifically, important biological interactions in
this system could include the negative interactions resulting from the introduction of non‐native or other
stocked fishes, such as brown trout or Asian carp.
Finally, another important consideration for managing aquatic habitat at this scale, which was not considered
directly in this analysis, is climate change. Potential impacts from climate change include altered thermal
regimes, stream flow regimes, and physical habitat. Particularly for coldwater fishes such as trout and sculpin,
future warming could result in increased population isolation due to confinement to headwater habitats or
more localized thermal refugia. Specifically, identifying catchments vulnerable to climate change and
important to species of interest in this system—for example, those on the fringe of meeting the upper
thermal criteria for a species—could represent an important and supplementary next step in the
identification of restoration and protection priorities for targeted aquatic populations.
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Appendix A: DATA DICTIONARY
Field
Comid
Grid_code
Grid_count
Prod_unit
Areagis
Wbareacomi
Ftype
Fcode
Wbftype
Wbfcode
Areaftype
Areafcode
Catchtyype
Strahler
Length
Len12
Len34
Len5up
Warnings
Huc8
Huc12
Huc12_name
Areasqkm
Eco_code2

Description
catchment comid (unique identifier)
grid code identifier
Number of cells in catchment grid, 30m
NHDPlus production unit
calculated area of catchment, sq km
NHD waterbody/area feature COMID
NHD flowline feature type
NHD flowline feature code
NHD waterbody feature type
NHD waterbody feature code
NHD area feature type
NHD area feature code
Catchment flowline feature type (flowline and waterbody/area combined)
Strahler stream order
stream length (km)
length of 1st, 2nd order stream in catchment, km
length of 3rd, 4th order stream in catchment, km
length of 5th order and up streams in catchment, km
warnings on catchment anomalies
8 digit Hydrologic Unit Code
12 digit Hydrologic Unit Code (NRCS WBD)
12 digit Hydrologic Unit Code Name (NRCS WBD)
area of catchment, sq km
Ecoregion code (majority), Level II, catchment

Eco_code3

Ecoregion code (majority), Level III, catchment

Streamleve
Streamorde
Fromnode
Tonode
Hydroseq

Stream level
Strahler stream order
From node number (top of flowline)
To node number (bottom of flowline)
Hydrologic sequence number

Source
NHDPlus
NHDPlus
NHDPlus
NHDPlus
FF FHP Project
NHD flowline attributes
NHD flowline attributes
NHD flowline attributes
NHD waterbody attributes
NHD waterbody attributes
NHD area attributes
NHD area attributes
based on NHD
NHD Plus
NHD Plus
based on NHD
based on NHD
based on NHD
based on NHDPlus attributes
FF FHP (provided)
FF FHP (provided)
FF FHP (provided)
NHDPlus
USEPA Omernik Ecoregions for
North America, Level II
USEPA Omernik Ecoregions for
North America, Level III
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
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Levelpathi
Pathlength
Terminalpa
Arbolatesu
Divergence
Startflag
Terminalfl
Dnlevel
Thinnercod
Uplevelpat
Uphydroseq
Upminhydro
Dnlevelpat
Dnminhydro
Dndraincou
Cumdrainag
Maflowu
Maflowv
Mavelu
Mavelv
Incrflowu
Maxelevraw
Minelevraw
Maxelevsmo
Minelevsmo
Slope
Precip
Temp
imp06V
imp06VC
Dev_a
Dev_p
Ag_a
Ag_p
Pasture_a

Hydrologic sequence number of most downstream flowline in level path
Distance to terminal flowline downstream along the mainpath (kilometers)
Hydrologic sequence number of terminal flowline
An estimate of miles of stream upstream of a flowline. Always 0. (square kilometers
0 – not part of a divergence
1 – main path of a divergence
2 – minor path of a divergence
0 – not a headwater flowline
1 – a headwater flowline
0 – not a terminal flowline
1 – a terminal flowline
Streamlevel of mainstem downstream flowline
Ordinal value used to display various network densities
Upstream mainstem level path identifier
Upstream mainstem hydrologic sequence number
Cumulative drainage area in square kilometers
Mean Annual Flow (cfs) at bottom of flowline as computed by Unit Runoff Method
Mean Annual Flow (cfs) at bottom of flowline as computed by Vogel Method
Mean Annual Velocity (fps) at bottom of flowline as computed by Unit Runoff Method
Mean Annual Velocity (fps) at bottom of flowline as computed by Vogel Method
Incremental Flow (cfs) for Flowline as computed by the Unit Runoff Method
Maximum elevation (unsmoothed) in meters
Minimum elevation (unsmoothed) in meters
Maximum elevation (smoothed) in meters
Minimum elevation (smoothed) in meters
Slope of flowline (cm/cm)
Mean annual precipitation in mm
Mean annual temperature in degrees centigrade * 10
NLCD 2006, mean percent impervious, catchment
NLCD 2006, mean percent impervious, cumulative
NLCD 2006, area of developed land cover classes (sq km), (NLCD classes 22, 23, 24)
NLCD 2006, % of developed land cover classes (0 to 100), (NLCD classes 22, 23, 24)
NLCD 2006, area of ag land cover classes (sq km), (NLCD class 82)
NLCD 2006, % of developed land cover classes (0 to 100), (NLCD class 82)
NLCD 2006, area of developed land cover classes (sq km), (NLCD class 81)

NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
NHDFlowlineVAA.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributesflow.dbf
catchmentattributestempprecip.dbf
catchmentattributestempprecip.dbf
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
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Pasture_p
Forest_a
Forest_p
Wetland_a
Wetland_p
DEV_AC
DEV_PC
AG_AC
AG_PC
PAST_AC
PAST_PC
FOR_AC
FOR_PC
WET_AC
WET_PC
Rechg
Kfact
Perm
Rechgc
Kfactc
Permc
AreaGIS
N_kg
P_kg
N_kgden
P_kgden
AreaGISC
N_kgc
P_kgc
N_kgdenc
P_kgdenc
CatchesC
Water_gw
Water_sw
Cattle

NLCD 2006, % of developed land cover classes (0 to 100), (NLCD class 81)
NLCD 2006, area of developed land cover classes (sq km), (NLCD classes 41,42,43)
NLCD 2006, % of developed land cover classes (0 to 100), (NLCD classes 41,42,43)
NLCD 2006, area of developed land cover classes (sq km), (NLCD classes 90,95)
NLCD 2006, % of developed land cover classes (0 to 100), (NLCD classes 90,95)
Network NLCD 2006, area of developed land cover classes (sq km), (NLCD classes 22, 23, 24)
Network NLCD 2006, % of developed land cover classes (0 to 100), (NLCD classes 22, 23, 24)
Network NLCD 2006, area of ag land cover classes (sq km), (NLCD class 82)
Network NLCD 2006, % of developed land cover classes (0 to 100), (NLCD class 82)
Network NLCD 2006, area of developed land cover classes (sq km), (NLCD class 81)
Network NLCD 2006, % of developed land cover classes (0 to 100), (NLCD class 81)
Network NLCD 2006, area of developed land cover classes (sq km), (NLCD classes 41,42,43)
Network NLCD 2006, % of developed land cover classes (0 to 100), (NLCD classes 41,42,43)
Network NLCD 2006, area of developed land cover classes (sq km), (NLCD classes 90,95)
Network NLCD 2006, % of developed land cover classes (0 to 100), (NLCD classes 90,95)
recharge, total mean (mm/year) (catchment)
soil erodibility, mean (percentage) (catchment)
soil permeability rate, mean (cm/hr)(catchment)
recharge, total mean (mm/year) (Network)
soil erodibility, mean (percentage) (Network)
soil permeability rate, mean (cm/hr)(Network)
area of catchment, sq km
total estimated Nitrogen inputs, kg/year, catchment
total estimated Phosphorous inputs, kg/year, catchment
total estimated N inputs (kg/year), per sq km, catchment
total estimated P inputs (kg/year), per sq km, catchment
calculated area of upstream contributing area (sq km)
total estimated Nitrogen inputs, kg/year, upstream cumulative
total estimated Phosphorous inputs, kg/year, upstream cumulative
total estimated N inputs (kg/year), per sq km, upstream cumulative
total estimated P inputs (kg/year), per sq km, upstream cumulative
number of upstream catchments
LOCAL: USGS National Atlas of the US: Ground Water Use by COUNTY 2000: Millions gallons per day/km2
LOCAL: USGS National Atlas of the US: Surface Water Use by COUNTY 2000: Millions gallons per day/km2
LOCAL: Agricultural Census 2002, 1:2M scale, INTEGER: average number of cattle/acre farmland

NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
NLCD 2006
USGS
STATSGO
STATSGO
USGS
STATSGO
STATSGO
FF FHP Project
USGS
USGS
USGS
USGS
FF FHP Project
USGS
USGS
USGS
USGS
calculated
local_disturbance_variables.dbf
local_disturbance_variables.dbf
local_disturbance_variables.dbf
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Popdens
Roadcr
Roadlen
Dams
Mines
Tri
Npdes
Cerc
Water_gwc
Water_swc
Cattlec
Popdensc
Roadcrc
Roadlenc
Damsc
Minesc
Tric
Npdesc
Cercc
Grid_code
Grid_count
Prod_unit
Areasqkm
Huc8
Huc12
Huc12_name
N_y_kgkmyr
P__y_kgkmy
Rep_total
Nnat_fishs
Rent_ac_pc
Pct_not_re
Pct_fert_0
Latitude_c

LOCAL: US Population Density 2000, NOAA, scale 1km, #/km2
LOCAL: Census 2000 TIGER Roads, 1:100K scale, road crossings identified by INTERSECT, with points generated, #/km2
LOCAL: Census 2000 TIGER Roads, 1:100K scale, units not given ‐ m/km2
LOCAL: National Inventory of Dams, 2002‐2004, #/km2
LOCAL: USGS Active Mines and Mineral Processing Plants, 2003, #/km2
LOCAL: USEPA, 2007: #/km2 Toxics Release Inventory Program sites
LOCAL: USEPA, 2007: #/km2 National Pollutant Discharge Elimination System sites
LOCAL: USEPA, 2007: #/km2 Compensation and Liability Information System sites
NETWORK: USGS National Atlas of the US: Ground Water Use by COUNTY 2000: Millions gallons per day/km2
NETWORK: USGS National Atlas of the US: Surface Water Use by COUNTY 2000: Millions gallons per day/km2
NETWORK: Agricultural Census 2002, 1:2M scale, INTEGER: average number of cattle/acre farmland
NETWORK: US Population Density 2000, NOAA, scale 1km, #/km2
NETWORK: Census 2000 TIGER Roads, 1:100K scale, road crossings identified by INTERSECT, with points generated,
#/km2
NETWORK: Census 2000 TIGER Roads, 1:100K scale, units not given ‐ m/km2
NETWORK: National Inventory of Dams, 2002‐2004, #/km2
NETWORK: USGS Active Mines and Mineral Processing Plants, 2003, #/km2
NETWORK: USEPA, 2007: #/km2 Toxics Release Inventory Program sites
NETWORK: USEPA, 2007: #/km2 National Pollutant Discharge Elimination System sites
NETWORK: USEPA, 2007: #/km2 Compensation and Liability Information System sites
grid code identifier
Number of cells in catchment grid, 30m
NHDPlus production unit (subdivides the region)
area of catchment, sq km
8 digit Hydrologic Unit Code
12 digit Hydrologic Unit Code (NRCS WBD)
12 digit Hydrologic Unit Code Name (NRCS WBD)
HUC8 scale, SPARROW total nitrogen yield (kg/sq km/yr)
HUC8 scale, SPARROW total P yield (kg/sq km/yr)
river enhancements in the Upper Mississippi River basin
USGS established non‐native fish species (species count)
% of land in farms rented or leased (2007) by county
% of farm operators not residing on farm (2007) by county
% of county treated with commercial fertilizer (2007)
latitude of centroid of catchment (Albers?)

local_disturbance_variables.dbf
local_disturbance_variables.dbf
local_disturbance_variables.dbf
local_disturbance_variables.dbf
local_disturbance_variables.dbf
local_disturbance_variables.dbf
local_disturbance_variables.dbf
local_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
network_disturbance_variables.dbf
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
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Corridor_p
Z03d_l
Ditchlen
Ditchlenps
Maflowu
Mavelu
Slope
Comidnum

Percent, except water filled catchments (‐888)
designated stream impairment (303d listing) 0=no, 1=yes
for flowlines with stream flow only, length (m) of NHD ditches/canals that are part of stream network intersecting
catchment divided by catchment area in sqkm
catchment area in sq km (?)
also in NHD Plus attributes
also in NHD Plus attributes
also in NHD Plus attributes
catchment comid (unique identifier) in numerical format

From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
From Fishers Farmers FHP
calculated by Jackie
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Appendix B: FUNCTIONAL RESPONSE PLOTS
Brook trout
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Coldwater species
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Lithophilic species richness
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Walleye
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Large river species
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