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HOUSEKEEPING

• Labs 8 & 9

• Thursday… Slop for today 

– Podcast or Lecture?

• After Spring Break… Two more 
lectures (one is a demo)

• Project Class…

– Same time slot… T TH 10:30 -1:00ish

– No labs

– Meet in Quinney Library Lab

– Come prepared with some ideas for a 
project



TODAY’S PLAN

I. Introduction to Habitat Models

II. Habitat Models

I. HSI – Suitability Based Models

I. Fish example

II. Fuzzy-Logic Based Models

I. Beaver Example

III. Bioenergetics Based Models

I. Fish Example

III. Lab – Habitat Occupancy Model

I. Ungulates (Cows)…



WHAT IS A HABITAT MODEL?

• Spatial prediction of 
either:

– Binary availability of 
specific habitat

– Relative quality of 
available habitat



HABITAT MODELS CAN..

Spatial Model can be:

• Vector based 

• Raster based

• Agent based

Take form of:

• Availability models

• Range models

• Capacity models

• Movement models

• Bioenergetics models



CAREFUL… WHAT DOES MODEL PREDICT?

• What species?

• What lifestage(s)?

• Is it time-dependent?

• Is it a:

– Probability of use

– Capacity to support 

– ‘Quality’

• Is ‘high’ quality habitat accessible?



IS THIS A HABITAT MODEL?



CLASSIFY VEGETATION PREFERENCE

• Based on?



IS THIS A 
HABITAT MODEL?

• Uses that 
classification…



What goes in?
• Slope
• Distance from 

Water
• Vegetation

IS THIS A HABITAT MODEL?



A VECTOR 
MODEL & A 
RASTER MODEL

• How do I run a 
vector model (e.g. 
network) vs. a 
raster model?

• How do I combine 
results of multiple 
outputs?



STEPS TO CHARACTERIZE PHYSICAL HABITAT 

1. Make biological observations

2. Determine/quantify habitat suitability needs

1. Empirically?
2. Theoretically?
3. Mechanistically?
4. Heuristically?

3. Map habitat using model results

4. Bioverify results

5. Analyze habitat statistics and spatial structure



BIOLOGICAL OBSERVATIONS

• Sampling or census approach?

• Measure geographic locations of utilization

• Measure physical attributes at locations

Yellow dots are 

observations

From p 4-11 
Pasternack (2011)
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MAIN FOCUS OF ECOHYDRAULIC MODELS

• Most ecohydrualic models focus on fish

• Some attempt to look at 
macroinvertebrates (e.g. Jorde et al.)

• Some look at frog habitat (e.g. Yarnell et al. 2010: 

DOI 10.1002/rra.1447)



PRIMARY TYPES OF ECOHYDRAULIC MODELS

• Main Types

– Habitat suitability models

– Bioenergetics

– Agent Based Models

• Others:

– Population dynamics

– Stock recruitment

– Nutrient dynamics

– Individual-based ecological 
modeling
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HABITAT SUITABILITY CURVE (HSC)

• Graphical representation of suitability of physical condition
• Simple HSC: scale statistical distribution to 0-1 range
• Fundamentally, this is an empirical relationship

From p 4-12 
Pasternack (2011)



HABITAT SUITABILITY INDEX



EXAMPLE HHSI MAPS FOR DIFFERENT FLOWS



HABITAT QUALITY BINS BY DISCHARGE
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WHAT IS A HABITAT SUITABILITY MODEL?

• A model of suitability of habitat 
for specific species for either 
specific life-stages or functions

• Habitat is characterized by specific 
abiotic variables 

• ‘Model’ can be applied at a point or 
over regions (e.g. cells/polygons) 
that have a unique combination of 
abiotic variables

• The ‘model’ can produce spatially 
variable results (e.g. in a GIS) 

• The ‘model’ can produce temporal 
dynamics, if you have time series 
of abiotic inputs…

From LeClerc 2005 (Chapter)



SOME COMMON BUT CONFUSING TERMS

• Is it a habitat suitability curve, habitat preference 
curve, habitat utilization curve, habitat availability 
curve or habitat suitability index?

HUC

HSC

HSI

HPC

• A HPC can be used for a HSC

• A HUC can be used for a HSC

• HSCs of different abiotic variables are 
combined to form a HSI

From LeClerc 2005 (Chapter)

HAC



SO ABOUT THAT HSC…

• Habitat suitability curve classification…

• Once I got one… can I use it everywhere?



FROM THE LITERATURE…

• CAT I

• Lots of existing stuff out there 
(both HSCs and HSIs)

HSC



FROM THE FIELD… (CAT II or III)

• Make measurements of the abiotic 
variable of interest where you see 
the fish

• Make histogram… Fit curve..

• Do inventory of all available habitat 
(turn into frequency of fish 
presence)

• Divide to get normalized preference



WHY DO I CARE ABOUT AVAILABILITY?

• If I just want a HSC, surely I could just use a 
HUC?

• Except… if I have a whole bunch of one type of 
habitat, it might artificially appear preferable 



HOW DO I GO FROM HISTOGRAM TO CURVE?

• Convert histogram values to 
points…

• Normalize count to 0 to 1 scale

• Then fit some horrible higher order  
polynomial curve…

y = 0.0261x6 - 0.3605x5 + 1.8821x4 - 4.4422x3 + 4.1376x2 - 0.3702x + 
0.0497

R² = 0.9924
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HOW DO I GO FROM HSCs TO HSI?

This is the abiotic input

HSC HSI

This is the empirical biotic input

This is the 
ecohydraulic
‘model’

• Most common HSI is geometric mean… 

• You can also weight individual HSCs

Product

Minimum

Arithmetic 
Mean

Geometric 
Mean



PLUG & CHUG… HSI IS DETERMINISTIC

• You use the 
same HSI for 
every cell or 
node

• Each node will 
have different 
abiotic input

• Thus you get a 
spatially variable 
output…

Do I need to have a 
‘model’ of 

morphology/hydraulics 
to use HSI?



ECOHYDRAULIC MODELS DRIVEN BY 2D CFD

• What if we use same ecohydraulic
model, but drive it by a 
multidimensional hydraulic 
simulation?
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PHABSIM HSI CALLED Ci

• Composite Suitability for Cell I

• What does this calculation 
represent?



WEIGHTED USEABLE AREA

What metrics can we derive from 
composite HSI?

– Weighted Usable Area (WUA)

– Weighted Usable Area : 
Wetted Area

• Normalized, easier to 
compare among sites, basins

– Capacity Estimates

• Juveniles:

– WUA / Juvenile territory size

• Redd capacity:

– WUA / Redd area

𝑊𝑈𝐴 =  

𝑖=1

𝑛

𝐻𝑆𝐼𝑖 ∗ 𝐴𝑟𝑒𝑎𝑖



WUA FOR A RANGE OF SPECIES & LS

• You can look at this 
and if you’re a flow 
manager what would 
you do?

• Is this right?

Cool, I don’t ever 
have to turn the 
Q above or below 

this?

Qmin

From Doyle et al. (2010) 
DOI: 10.1029/2005WR004222



HABITAT TIME SERIES

• If you’ve got actual 
hydrograph, you 
can run a habitat 
time series

• With a habitat time 
series, you can derive a 
habitat duration curve..



BIOVERIFICATION… 
VALIDATION



MODEL OUTCOME – IS IT RIGHT?

ID Discretisation Process laws Parameterisation

1 Y Y Y

2 N N N

3 Y Y N

4 Y N N

5 Y N Y

6 N Y N

7 N Y Y

8 N N Y

MODEL STATE MATRIX OUTCOMES

Replicates

Reality?

Y

Y or N

Can only replicate 

reality

TYPE I

Replicates reality 

incorrectly

TYPE II

OR

Correctly does not 

replicate reality 

(but it might 

approximate it)

TYPE III

OR

Incorrectly does not replicate reality.
TYPE IV

OR

Table from Steve Darby



BIOVERIFICATION CONCEPT

• “Bioverification” is a test of the combined 
predictions that results from coupling 2D model 
results with HSCs.

• A bioverified model yields reasonable 
predictions of habitat availability, which may then 
be used in spatial and statistical analyses, such as 
assessment of habitat areas as a function of 
discharge.

• Bioverification is achieved with a test of the 
Electivity Index.

Slide from Greg Pasternack



ELECTIVITY INDEX (EI) DEFINITION

Utilization-to-Available Ratio by habitat quality class

reddstotal

redds
U i

i





#

#
100%

areatotal

areabed
A i

i


100%

Habitat # Stars % stars % area EI

blue 18 72 35 2.06

green 4 16 15 1.07

yellow 2 8 20 0.40

red 1 4 15 0.27

white 0 0 15 0.00

Example

i

i

A

U
EI

%

%


EI > 1 indicates 
preference of habitat class 
I

EI< 1 indicates tolerance 
of habitat class i

EI = 0 indicates no 
habitat of habitat class i

Slide from Greg Pasternack



BIOVERIFICATION PERFORMANCE INDICATOR 1

• A pairing of a 2D model with HSCs must yield one or more 
habitat classes with EI>1 and one or more with EI<1. This 
indicates that it is predicting both preference and 
tolerance.

• Must take a risk to have specificity!

Trivial Prediction!

Risky Prediction!

Slide from Greg Pasternack



BIOVERIFICATION PERFORMANCE INDICATOR 2

• Habitat classes with EI>1 must be those with high habitat 
index values and habitat classes with EI<1 must be those 
with low habitat index values.

Violates HSC

Consistent with HSC

Slide from Greg Pasternack



= redd

830 cfs

High

Medium

Low

Very Poor

Non-habitat

EXAMPLE OF BIOVERIFICATION

island

flow

LYR Chinook salmon spawning

Slide from Greg Pasternack



BIOVERIFICATION TESTS

• 2 bins with EI>1

• 3 bins with EI<1

• Lowest bins have 
lowest EIs

• Highest bins have 
highest EIs

0 0-0.2 0.2-0.4 0.4-0.6 0.6-1.0

Yuba 2004
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Slide from Greg Pasternack



MODEL MIGHT PERFORM POORLY…

HSC

HSC explain 59% of 
variability 

(Knapp & Preisler, 
1999) 



PRE VS. POST PROJECT ASSESSMENT 
Hydrodynamic Model Results

Pre Project Depth & Redd Survey (2001)

Post Project Habitat & Redd Survey (2002)



Pre Project Habitat & Redd Survey (2001)

Post Project Habitat & Redd Survey (2002)

60 Redds

88 Redds

LONG TERM MONITORING 
2001 & 2002 Redd Surveys

Back to Critical Questions



IS HETEROGENEITY IMPORTANT TO A 

SPAWNING FEMALE SALMON?

Habitat Heterogeneity is usually assumed to 
support species diversity (assumed to be good). 

What are specific ecological benefits of habitat 
heterogeneity to spawning salmonids?



HABITAT UTILIZATION EVIDENCE

• How many spawners actually utilize these 
features? (i.e. are individual redds in close 
proximity to distinct units?)

• Assume individual redds in close proximity 
equals utilization 

• (supported by anecdotal evidence from over 10 years of 
weekly redd surveys and spawning observations)

From Wheaton, Pasternack and Merz (2004)



AVAILABILITY MATTERS

1. How many distinct units (counts) and what size are they 
(area)?

2. Are distinct units in close (1-10 m) proximity to “good” 
spawning habitat?

• Too small? → Not usable, or too patchy.

• Too big? → Homogenous



DEFINING HABITAT HETEROGENEITY ELEMENTS

Data Feature: Data Source: Attributed to:

Spawning Habitat 
Suitability

GHSI: 2D CFD 
model

Velocity & Depth 
HSC

Shear Zones (2D) 2D CFD model 
& or field 
obs.

• Irregular Banks

• LWD

• Boulders

• Bed Forms

Structural Cover Topographic 
Survey & Field 
Mapping

• Bank 
Vegetation

• LWD

• Boulders

• Deep Pools



WEAKNESSES OF HSI BASED MODELS

• Habitat requirements described by precise 
functions (even though observations are rather 
imprecise)

• Independence of habitat parameters is assumed

• New parameters difficult to incorporate (i.e. 
other then velocity, depth substrate)

• Lots of field data needed (i.e. HSC from HUC & 
HAC)

• HSC are site specific….

From Klause Jorde (2003) 
Lecture Notes



FRAMEWORK FOR MODELING HSI



NETWORK 
EXTRAPOLATION



IN CHaMP, HSI RUN AT 100’s of SITES



HOW TO GO FROM DOTS TO NETWORK?

SITE LEVEL

SITE SUMMARY:

SITES ON NETWORK

NETWORK
SUMMARY

WATERSHED / 
POPULATION

BASIN

1

2

6

3

4

5



REACH 
TYPES 
MATTER



FISH ELECTIVITY INDICES @ DIFF SCALES

REACH SCALE GU & SE SCALE 



Temperature Productivity

Site

Waters
hed

River Styles

NREI

Carrying Capacity



RIVER STYLES TO HELP EXTRAPOLATE



NETWORK MODEL: CARRYING CAPACITY

Carrying Capacity

0.5 fish / m

8.0 fish / m



F
is

h
/m

River Style

HSI JUVENILE CAPACITY ESTIMATES



Carrying Capacity

0.5 fish / m

8.0 fish / m

NETWORK MODEL: CARRYING CAPACITY



120,398
456,837

132,250

JUVENILE STEELHEAD CAPACITY

Management unit River Km NREI density FIS density HSI density

Camp Cr. 52.3 2.30 fish/m 2.27 fish/m 3.02 fish/m

Lower Mainstem 138.2 3.31 fish/m 3.26 fish/m 3.81 fish/m

Upper MFJD 80.1 1.65 fish/m 1.59 fish/m 2.76 fish/m

Watershed capacity 709,486 steelhead 698,960 steelhead 905,219 steelhead



27,832
129,098

32,641

Management unit River Km FIS density HSI density

Camp Cr. 52.3 0.53 redds/m 0.36 redds/m

Lower Mainstem 138.2 0.93 redds/m 0.67 redds/m

Upper MFJD 80.1 0.41 redds/m 0.24 redds/m

Watershed capacity 189,570 steelhead redds 130,550 steelhead redds

STEELHEAD REDD CAPACITY
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CRISP VS. 
FUZZY SETS



AN INFERENCE SYSTEM – RULE BASED



STEPS IN A FUZZY INFERENCE SYSTEM

1. Define output categories and 
membership functions

2. Decide inputs

1. Define categories and 
membership functions for 
each input

3. Build rule table (weight rules if 
desired)

4. Apply each relevant rule

5. Method for combining rules to 

6. Method for defuzzifying output 
(back to crisp value)

Schneider M and Jorde K. 2003. Fuzzy-Rule Based Models 
for the Evaluation of Fish Habitat Quality and Instream
Flow Assessment, Proc. International IFIM Users 
Workshop: Fort Colins, CO, 22 pp. 



AGGREGATE ALL OUTPUTS

Three built-in 
methods are 
supported: 

• max 
(maximum)

• probor
(probabilistic 
OR)

• sum (simply 
the sum of 
each rule's 
output set)



DE-FUZZIFY OUTPUTS

• Five built-in methods 
supported: 

– Centroid

– bisector

– middle of maximum 

– largest of maximum

– smallest of maximum

• Centroid - most popular 
defuzzification method -
returns the center of area 
under the curve. 



CASiMiR

• There is an 
English 
version…



FUZZY VS. HSI

• In contrast to HIS 
based approach, here 
we use expert 
knowledge…



FIS SYSTEM



FUZZY APPROACH TO FISH MODELING

Steps in building Fuzzy Model:

1. Define output categories 
and membership functions.

2. Decide inputs.  Define 
categories and membership 
functions for each input.

3. Build rule table.
4. Apply each relevant rule.
5. Choose method for 

combining rules.
6. Choose method for 

defuzzifying output (back 
to crisp value)

Jang and Gulley (2014)



Fuzzy HSI Example Output:



ADVANTAGES OF FUZZY…

• Knowledge about ecological linkages is 
imprecise

• Fuzzy logic calculations consider multivariate 
effects (no assumption of independence)

• New parameters incorporated easily

• Few observations needed

• Calculation is understandable (no black box 
effect)

• High flexibility and adaptability

• Results often validate better then traditional HSI

From Klause Jorde (2003) 
Lecture Notes
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BRAT – BEAVER RESTORATION ASSESSMENT TOOL

http://brat.joewheaton.org

• Wally MacFarlane
• Martha Jensen
• Jordan Gilbert
• Jordan Burningham

http://brat.joewheaton.org/


BRAT OUTPUTS IN A NUTSHELL

• Existing & Historic Capacities → Potential Conflict → Management



BRAT – THE 
INPUTS…

• Can all be run from 
freely available, 
nationally available 
datasets

• Could be run for 
entire US or logic 
applied locally

• Makes a prediction 
at 250 m long 
reaches 



PERENNIAL STREAM 
& VEGETATION FIS



MEMBERSHIP FUNCTIONS (*.FIS)

• Simple ascii text file

• Computing w/ words



THE RULE TABLE…
OUTPUT

IF
Suitability of Streamside 

Vegetation

Suitability of  

Riparian/Upland 

Vegetation

Dam Density 

Capacity

1 Unsuitable & Unsuitable , then None

2 Barely Suitable & Unsuitable , then Occasional

3 Moderately Suitable & Unsuitable , then Occasional

4 Suitable & Unsuitable , then Occasional

5 Preferred & Unsuitable , then Frequent

6 Unsuitable & Barely Suitable , then Occasional

7 Barely Suitable & Barely Suitable , then Occasional

8 Moderately Suitable & Barely Suitable , then Occasional

9 Suitable & Barely Suitable , then Frequent

10 Preferred & Barely Suitable , then Frequent

11 Unsuitable & Moderately Suitable , then Occasional

12 Barely Suitable & Moderately Suitable , then Occasional

13 Moderately Suitable & Moderately Suitable , then Frequent

14 Suitable & Moderately Suitable , then Frequent

15 Preferred & Moderately Suitable , then Frequent

16 Unsuitable & Suitable , then Occasional

17 Barely Suitable & Suitable , then Occasional

18 Moderately Suitable & Suitable , then Frequent

19 Suitable & Suitable , then Frequent

20 Preferred & Suitable , then Frequent

21 Unsuitable & Preferred , then Occasional

22 Barely Suitable & Preferred , then Frequent

23 Moderately Suitable & Preferred , then Frequent

24 Suitable & Preferred , then Pervasive

25 Preferred & Preferred , then Pervasive

INPUTS

R
U

LE
S



COMBINED

1. Veg FIS

2. Baseflow (can 
they build a 
dam?)

3. 2 Year Flood 
(does dam blow 
out)

= Resulting Capacity

Figure from Wheaton & 
MacFarlane (In Review)



WE USE FUZZY INFERENCE SYSTEMS

• Allow 
computing with 
words…

• Explicitly 
represent 
uncertainty due 
to ambiguity

OUTPUT

IF
Vegetative Dam Density 

Capacity (FIS)
Baseflow Stream Power

2 Year Flood Stream 

Power

Dam Density 

Capacity

1 None & - & - , then None

2 - & Cannot Build Dam & - , then None

3 Occasional & Can Build Dam & Dam Persists , then Occasional

4 Frequent & Can Build Dam & Dam Persists , then Frequent

5 Pervasive & Can Build Dam & Dam Persists , then Pervasive

6 Occasional & Can Build Dam & Occasional Breach , then Occasional

7 Frequent & Can Build Dam & Occasional Breach , then Frequent

8 Pervasive & Can Build Dam & Occasional Breach , then Frequent

9 Occasional & Can Build Dam & Occasional Blowout , then Occasional

10 Frequent & Can Build Dam & Occasional Blowout , then Occasional

11 Pervasive & Can Build Dam & Occasional Blowout , then Frequent

12 Occasional & Can Build Dam & Blowout , then Occasional

13 Frequent & Can Build Dam & Blowout , then Occasional

14 Pervasive & Can Build Dam & Blowout , then Occasional

15 Occasional & Can Probably Build Dam & Occasional Breach , then Occasional

16 Frequent & Can Probably Build Dam & Occasional Breach , then Frequent

17 Pervasive & Can Probably Build Dam & Occasional Breach , then Frequent

18 Occasional & Can Probably Build Dam & Occasional Blowout , then Occasional

19 Frequent & Can Probably Build Dam & Occasional Blowout , then Occasional

20 Pervasive & Can Probably Build Dam & Occasional Blowout , then Frequent

21 Occasional & Can Probably Build Dam & Blowout , then Occasional

22 Frequent & Can Probably Build Dam & Blowout , then Occasional

23 Pervasive & Can Probably Build Dam & Blowout , then Occasional

R
U

LE
S

INPUTS

Table from Wheaton & 
MacFarlane (In Review)



LOGAN-BLACKSMITH VALIDATION

• Actually… 95 more 
dams….

BRAT Segment 

Type:

Stream Length 

(km)

Percentage of 

Drainage Network

Surveyed 

Dams

BRAT Estimated 

Capacity 
(Number of Dams)

Average Surveyed 

Dam Dens ity 
(dams per km )

Average BRAT 

Predicted Capacity 
(dams /km )

Percent of 

Modeled 

Capacity

Electivi ty 

Index

None 43.4 12% 2 0 0.0 0.0 0.0% 0.0

Occasional 215.8 62% 265 573 1.2 2.7 46.2% 0.8

Frequent 68.1 20% 174 850 2.6 12.5 20.5% 1.7

Pervasive 20.9 6% 91 580 4.4 27.7 15.7% 2.8

Total 348.2 532 2003 1.5 5.8 26.6%



A VECTOR 
MODEL & A 
RASTER MODEL

• How do I run a 
vector model vs. a 
raster model?

• You will run the 
Raster model in 
lab this week 
(optionally)!
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A BIOENERGETICS APPROACH

• Still need a hydraulic model to characterize the 
hydraulic habitat…

• Instead of predicting the suitability of an area, 
predict the cost of swimming there…



BOOKER (2003)

• Used 3D model & MSSS/burst 
empirical data to consider 
suitability of habitat at high 
flows



inSTREAM

• Fancy rules for 
spatially and 
temporally varying 
hydraulics, 
temperature, 
turbidity and food 
availability

• Crude 1D model



ELAM

• Fancy 3D CFD 
hydraulics and 
sophisticated agent-
based model of 
cognitive response to 
sensory input

http://el.erdc.usace.army.mil/emrrp/nfs/fishpassage.html
http://el.erdc.usace.army.mil/emrrp/nfs/fishpassage.html


BIOENERGETICS MODEL:

• Isolates consumption on 
growth…

Consumption  =  Growth  +  Respiration  +  Egestion +  Excretion

Function of Temperature
Determined from laboratory

studies

Field Measurements

Slide from Nick Bouwes



NREI MODELING PROCESS

DriftHydraulic 
Model

Foraging 
and 

Swim 
Costs 

Models

Temperature

Hughes and Dill 
(1990)

Fish Information

Inputs

NREI 
Calculation GREI

_
SC = NREI



VISUALIZATION:  NREI FOR CONTRASTING 
CROSS SECTIONS

↓GREI - ↑SC =  ↓NREI

↑GREI - ↓SC = ↑NREI

Slide from Carl Saunders



NREI-BASED ESTIMATES OF CARRYING CAPACITY

= capable of supporting a fish

= Potential foraging
locations

= excluded by territory rules



NREI-BASED SITE MAPS AND DISTRIBUTIONS

Slide from Carl Saunders



NREI CAPACITY ESTIMATES VALIDATION 

Slide from Carl Saunders



TRACKING SITE VALUES OVER TIME

NREI change map (2012 →
2013)

NREI distributions (2012 and 2013)

Slide from Carl Saunders



NET RATE OF ENERGY INTAKE – BIOENERGETICS

• 2D Hydraulic 
Model

• Foraging Model 
(Hayes)

• Drift Model

• Bioenergetics 
Model

• Combine to 
look at NREI



1.5 parr/m 4.5 parr/m

JOHN DAY RIVER: HABITAT MANIPULATION

Steelhead



10 Km improved habitat

JOHN DAY RIVER: HABITAT MANIPULATION



20 Km improved habitat

JOHN DAY RIVER: HABITAT MANIPULATION



TODAY’S PLAN

I. Introduction to Habitat Models

II. Habitat Models

I. HSI – Suitability Based Models

I. Fish example

II. Fuzzy-Logic Based Models

I. Beaver Example

III. Bioenergetics Based Models

I. Fish Example

III. Lab – Habitat Occupancy Model

I. Ungulates (Cows)…



AN OPTION FOR LAB 9 - MOO



RECALL… 

• If you’re a cow, 
what’s most 
important to you?



What goes in?
• Slope
• Distance from 

Water
• Vegetation

AN FIS YOU CAN RUN…


