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Active 
River Area


Groundwater and 
Ecosystems


Leslie B. Bach, Director of Freshwater Programs, Oregon
Allison R. Aldous, Freshwater Scientist
Mark P. Smith, Director, North America Freshwater Team







The Nature Conservancy’s mission...


• …to preserve the 
plants, animals and 
natural communities 
representing the 
diversity of life on Earth 
by protecting the lands 
and waters they need to 
survive







Conservation By Design


Ecoregional
Assessments


•Portfolio of 
conservation 
priorities


Site
Planning


• Essential 
Ecological 
Attributes


• Threats


Conservation
Action


• Site-specific
and multi-site 
strategies


Measuring
Success


•Monitoring of
KEA’s and 
Indicators







Floodplain and Headwater 
Protection


Active River Area 
Components:


• Floodplains
• Terraces
• Meander Belt 
• Riparian Wetlands
• Material Contribution 


Areas







Active River Area Approach


Look at places through the 
lens of processes


• Ecological Processes
• Physical Processes


Build a framework useful at 
the regional, watershed 
and reach scales.







Example: Identifying Restoration Opportunities


Nashua River, MA







Example:


Identifying the 
Active River 


Area
at watershed and 
regional scales







Groundwater- Dependent 
Ecosystems (GDEs)


• Springs
• Wetlands 
• Rivers
• Lakes
• Species
• Aquifers – subterranean
• Phreatophytic vegetation







Biodiversity depends on groundwater…


• Sole Source of Water
– Salmonids (cold water)*
– Hot Springs


• Water Chemistry
– Calcareous fens


• Hydrologic Regime
– Riparian systems
– Baseflow*
– Wetlands



http://wdfw.wa.gov/gallery/view_photo.php?set_albumName=album08&id=3_Bulltrout_in_River





PNW Groundwater and Biodiversity Project


Regional Assessment:
• Map GDEs
• Describe Threats 
• Identify Priority Areas and Issues


Watershed Planning:
• Importance of groundwater to biodiversity
• Identify groundwater Key Ecological Attributes 
• Conceptual Models


Mgmt/Policy 
Strategies


Protection/
Restoration 
Strategies


Case studies
Strategy Implementation







Regional Assessment


Goal:


• Locate GDEs
• Identify threats to 


groundwater
• Highlight regional 


threats & strategies







GDEs - Wetlands


• Mapped Wetlands 
from a variety of 
sources


• Determined 
Groundwater-
dependence:
- Fens
- Organic Soils
- Proximity to 


Spring







Threats to 
water quality







# GDEs
5
4
3
2
1


Total Number of 
GDEs  per HUC6


GDEs and Wa
Quality Threa


ter 
ts







Groundwater Assessment Methods Guide


• Identify Groundwater-
Dependent Ecosystems


• Define Essential Ecological 
Attributes


• Describe Key Processes
• Develop Conceptual Models


• Technically 
robust/Simple to use


• Watershed Based 
Approach


• Illustrative example  







Groundwater dependence







Environmental Water Requirements (EWRs)
Amount, timing and quality of water needed to 
sustain groundwater-dependent ecosystems


Ideal hydrologic regime
Can occur on a limited basis w/o irreversible impact
GDE will be affected


Modified from: Gasca and Ross 2009. Hydrogeology Journal 17: 115-133
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Conserving Green And 
Blue Infrastructure 


In Virginia
“it shall be the Commonwealth's policy to protect its atmosphere, 
lands, and waters from pollution, impairment, or destruction…”







Watershed Assessments 
• Natural Landscape
• Aquatic Ecological Health
• Pollutant Loadings
• Water Quality
• Integrated Assessments
• Impervious Cover







Virginia Conservation Lands Needs Assessment







Virginia Conservation Lands Needs Assessment


• Identifies ecological cores and landscape 
corridors


• It can be used to help protect open 
space, trail networks, wildlife habitat, 
scenic view sheds, recreation, and water 
resources 











Interactive Stream Assessment Resource


• Scientific basis for identifying ecologically healthy streams (a common 
currency)


• Multi-metric ecological assessment that considers the physical condition of 
streams, habitat, fish communities, and macro invertebrate health


• Assessment uses high quality archival and data collected through random 
sampling 


• Over 2500 streams and rivers have been assessed and compared to a 
reference condition 


• Assessment completed through an interagency partnership (VCU, DCR, 
and DEQ)


• All data and the assessment methodology is available on an interactive, 
searchable website housed by VCU: http://instar.vcu.edu/


• Approximately 200 waters have been identified as having high ecological 
integrity (healthy)



http://instar.vcu.edu/�





Modified Index Of Biological Integrity







MIBI (Fish) Watershed Classification


• Ecological health of streams
• Native species richness
• RTE species richness
• Percentage pollution tolerant species
• Non-native species richness







Total Pollutant Loadings (Sediment)







Total Loads Per NPS Pollutant 


• In this example, total sediment loads from all 
land uses are combined and calculated for 
each hydrologic unit


• Total sediment is the sediment yield from all 
land uses


• The summing of NPS pollutant loads by land 
use into total NPS pollutant loads in the NPS 
assessment is simply the addition of values 
with equivalent units







Percentage Of Waters Impaired







Impaired Rivers Watershed Priorities


• NPS impaired riverine water features as miles 
per hydrologic unit.


• Impaired miles were compared to the total 
miles of riverine systems available per 
hydrologic unit


• This comparison is expressed as a percentage 
of the available riverine water miles per unit.







Vulnerability







Virginia Vulnerability Model
• Developed to map predicted growth in 


Virginia and serves as an indicator of 
impervious cover 


• It represents predicated growth pressures 
across the urban, suburban and rural 
landscape. 











• To identify the relative value of lands as 
they contribute to water quality and 
watershed integrity 


• To meet the Chesapeake Bay Directive 
- areas where retention and expansion 
of forests is needed


Watershed Integrity Model Objectives







Watershed Integrity Model Data Layers


• MIBI – INSTAR 
• Erodible Soils and Slope
• Forest Fragmentation
• Impervious Surfaces
• Erodible Soils
• Slope
• Forest Fragmentation
• SPARROW or NPS data from Division of Soil and 


Water
• Stream Density (m/sq km) 







How Are These Models Being Used?
• State and interstate watershed planning 


initiatives
• Integrating conservation messages into existing 


programs 
• Conservation based planning assistance to 


local governments 
• Leveraging and coordinating natural resources 


management programs







Land Conservation 


• Healthy waters data can inform land conservation 
decision making


• It can strengthen the case for conservation – not just 
terrestrial resources but aquatic resources


• It can expand the base for conservation because clean 
water is a priority for everyone


• Land conservation has broad support and is an 
administration priority – our challenge is to harness that 
support for conservation of healthy waters 







Ecosystem Based Management


• Virginia is promoting ecosystem based management as a way to 
sustain quality of life and long term economic security 


• Agency staff and university partners have developed decision 
support tools in the form of data and interactive mapping 
products that identify the location of healthy waters and 
important natural areas


• These tools inform technical assistance and facilitation support 
for community engagement, planning, and code and ordinance 
development







Questions


Rick Hill
Planning and Policy 
Manager
Virginia Department 
of Conservation 
and Recreation
rick.hill@dcr.virginia.gov



mailto:rick.hill@dcr.virginia.gov�



		Slide Number 1






Integrating fluvial geomorphic, physical habitat 
and biological assessments in support of 


watershed protection and restoration


Mike Kline    
Vermont ANR


River 
Management 


Program







VT ANR  Stream Geomorphic Assessment Program


Watershed – Phase 1 
Land use, Riparian,  
Channel and Floodplain 
Modifications


Reaches – Phase 2 
Condition    - Departure      
Adjustments - Evolution       
Sensitivity    - Rate


Sites – Phase 3
Hydraulics            
Sediment Transport


Habitat Assessment


Bridge/Culvert/Dam







Stream Equilibrium & Habitat
Boundary Resistance Stream Power


Watershed Input:
Sediment Load


Watershed Input:
Hydrologic Load


Bedform heterogeneity, substrate retention, and lateral/long 
connectivity maximized at the Equilibrium Condition







Stream Geomorphic Assessment 


Flow and sediment load indicators 
are assessed as the primary 
controlling factors influencing 
equilibrium, hydraulic geometry, 
and stream power.


Watershed-scale Stressors







Stream Geomorphic Assessment


Changes in channel, floodplain 
and valley characteristics are 
assessed to understand how 
depth, slope, and boundary 
resistance influence hydraulic 
geometry, stream power, and the 
sorting and distribution of 
sediment and organic material.


Reach-scale Stressors







I


II


III


IV-V


On average 31.4% of Vermont assessed streams 
have been historically straightened and channelization.


Stages II and III of planform evolution
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Alteration of Hydrologic, Sediment and Large Wood Regimes
Departures in the size, quantity, sorting, and distribution of materials


Cover, Feeding, Refuge, and 
Reproductive Habitats Affected


Abandoned Floodplain


Current Floodplain







Floodplain
Terrace 1


Incising Channel


Widening


Terrace 1


Floodplain III


I


I


II


III


IV


V


Aggrading


Depositional Streams Converted to Transport Streams 
Channelization alters Hydrologic, Sediment and Large Wood Regimes
Departures in the size, quality, sorting, and distribution of materials


73.5% Assessed Streams in Disequilibrium                  
Lacking Access to a Floodplain


III 36.6% 
Incised and 
Widening


IV 14.7%
Incised and
Depositional


V 1.3% 
Restored
Equilibrium


I 25.2%
Equilibrium


II 22.2%
Incised and
Steepened


1,500 miles of field assessed streams Schumm channel evolution model


Terrace 2







Vermont Reach Habitat Assessments evaluate river and 
riparian components of cover, feeding, and reproductive habitat


As created and maintained by                                               
the physical regimes of:


• Hydrology
• Sediment
• Large wood and organics
• Lateral and longitudinal connectivity
• Temperature







Reach-Scale Rapid Assessments
Large forms and processes
inferring smaller-scale
forms and processes







Riffle Stability Index   (Kappesser,  2002)


Link Habitat Quality to Large & Mid-Scale Physical Processes
Macroinvertebrate cover habitat – hydraulics, hydrology, and sediment transport 







VT Reach Habitat Assessment (RHA)
Key attributes:


- Evaluations based on different reach morphologies
- Analysis of key life cycle requirements in the context of 


larger-scale physical processes provide an opportunity to 
evaluate and address a broader range of possible stressors


Step-Pool Riffle-Pool Plane Bed Braided







Source: Montgomery and Buffington, 1997 







8.1 Woody Debris Cover
LWD pieces / mile
Abundance of larger LWD
Debris jams / mile
Wood recruitment potential
CPOM coverage


8.2 Bed Substrate Cover
Riffle embeddedness
Margin embeddedness
Fining
Riffle stability index
Sediment mobility and sorting


8.3 Scour and Deposition Features
Pools / mile
Abundance of larger pools
Pool cover
Riffle (ripple) coverage and form
Riffle (ripple) spacing
Hydraulic pattern, distribution
Deposition


8.4 Channel Morphology
Width / depth ratio
Entrenchment ratio
Incision ratio
Channel alteration


8.5 Hydrologic Characteristics
Wetted width / bankfull width
Exposed substrate
Adjacent wetland features
Flow alteration


8.6 Connectivity
Reach obstructions
System obstructions
Refuge


8.7 River Banks
Amount of bank erosion
Bank vegetation
Bank canopy
Undercut banks / mile
Abundance of larger undercut banks, stability, 


and overhanging vegetation
Water adjacency thalweg side
Mass failures


8.8 Riparian Area
Buffer width
Riparian vegetation
River corridor development


Parameters and Variables in the Vermont Reach Habitat Assessment Protocol


Key Ecological Processes
Longitudinal Connectivity
Riparian/Floodplain Connectivity
Sediment Regime
Hydrologic Regime
Temperature Regime
Large Wood / Organics Regime


Habitat Types
Cascade / Step Pool
Plane Bed
Riffle-Pool / Dune-Ripple


Habitat Complexity
Disturbance Regime
Habitat Heterogeneity


Aquatic Life Cycle Requirements
for eggs, y-o-y, juvenile, & adult fish; 
aquatic macroinvertebrates; and
amphibians, reptiles, other wildlife 


Cover/Shelter Habitat based on
Wood Debris
Sediment Substrates
Riparian Vegetation
Channel Morphology


depth-velocity
side channel refuge
bank undercuts


Feeding Habitat
Allochthonous Production
Autochthonous Production


Reproductive-Seasonal  Habitat
Migration
Substrates







Large Woody Debris
Link Variable to Stressors, Physical Processes & Treatable Cause


Variables Stressors Regime 
departure


Stressors 
due to…


LWD / mile


LWD size


Debris jams / mile


Recruitment 
potential


CPOM Coverage


Limited sources of 
woody material


Wood Lack of mature 
riparian forest


Wood Lack of upstream 
inputs


Limited retention 
of wood in channel


Hydrologic, Sediment Incised channel


Hydrologic, Sediment Straightened 
channel


Hydrologic, Sediment Channelization


Hydrologic Larger/ frequent 
floods


Connectivity Isolated floodplain







Channel Evolution and LWD


Stage II:
Incised condition
Increased power
Reduced LWD retention
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Changes in Habitat Condition    
during Channel Evolution
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RHA = Habitat Assessment
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Vermont Research to Integrate Assessment of Biological Integrity 
with Geomorphic-based Habitat Assessments 


Current limit of our 
understanding







Channel Evolution and EPT


I   Stable


II  Incised


III  Widening


IV  Narrowing


V  Stable


EPT richness rebounds as channel evolves back to equilibrium







RHA Scores versus 
Mean Macroinvertebrate 
Metrics for 7 BASS Lab Sites


West Br. Little River 6.5 (N=10)
West Br. Little River 7.5 (N=11)
Ranch Brook 1.5 (N=9)
Big Spruce Brook 0.2 (N=7)
Pinnacle Brook 1.3 (N=1)
E. Trib. Roaring Brook 0.3 (N=4)
W. Trib. Roaring Brook 0.2 (N=5)


Highest correlations with 
macroinvertebrate metrics


• Riparian area 
• Stream bank 
• Substrate cover
• Connectivity variables 







Application of Generalized Regression Neural Network
University of Vermont Bree Mathon, Donna Rizzo, Lori Stevens, Alison 


Penchenick, Mike Kline, Gretchen Alexander, Steve Fiske, Rich Langdon 


• ~1,500 stream miles out of 
23,000 stream miles in Vermont 
have phase 2 assessments 
(~2,500 reaches)


• 1292 locations with both RHA & 
RGA


• QA/QC by VTANR (as of August 
19, 2009)


• Subset of 46 reaches have 
additional fish health assessments


• Subset of 133 reaches have 
macroinvertebrate health 
assessments







46 Reaches With Fish Data: 
Corresponding RGA & RHA
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133 Reaches with Macroinvertebrate Data
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Challenges to understanding linkages:


• Fish and macroinvertebrate data collection methods originally 
established to control for physical variability and monitor 
impacts associated with pollutant discharges.


• Both geomorphic and biological data indicate physical form 
and process but at very different scales.


• Summary metrics help to obscure relationships in the data.


Further Research Needed
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Conceptual Basis for Evaluating Healthy Watersheds
Prof.  James H. Thorp and Prof. N. LeRoy Poff
University of Kansas Colorado State Univ.


Pecos River











Terrestrial and Riparian 
Landscape


Instream Infrastructure 
(dams, etc.)


Water Quality
(chemical 
integrity)


Stream Flow Habitat Network 
Connectivity


(Typology) (Typology)


Hydrogeomorphic
Context 


(physical integrity)


Ecological Process 
and Condition 


(biological 
integrity)







General Conceptual Design Approach for HWI Condition Assessment


Identify management needs


Determine management goals


Develop testable questions, and
hypotheses for each question


Select appropriate spatiotemporal
scales for effective management


Select appropriate independent
and dependent variables


Conduct geospatial analysis


Select areas for management
and sample sites


Employ appropriate sampling
techniques and methodologies


Analyze results and test additional
questions/hypotheses if appropriate


From an “In Prep.” paper by Thorp et al.







For example: To manage a watershed, you would assess basin condition  by stratifying your
samples at the next lower level  (FPZ). You would then collect data within reaches of each
FPZ, average these data,  and then compare among FPZs for the variables of interest.


FPZ = Functional Process Zone (Thorp et al. 2006, 2008),
which is a statistically delineated, hydrogeomorphic 
patch (HP) at the valley level. From an “In Prep.” paper by Thorp et al.







Kanawha River


LeRoy Poff


Jim Thorp
LeRoy Poff


Jim Thorp







River Continuum Concept (Vannote et al. 1980)
• relatively gradual and continuous change in


physical features
• predictable ecosystem structure


and function


Riverine Ecosystem Synthesis (Thorp et al. 2008)
river structured into repeatable, hydrogeomorphic


(HP) patches, only partially predictable in location
system structure, function & services variable with HP


•
 


•







Subject Categories of our 17 Model Tenets (from journal article and book)


Distribution of Species (4)
• Tenet 1: Hydrogeomorphic Patches
• Tenet 2: Importance of FPZ Over Clinal Position
• Tenet 3: Ecological Nodes
• Tenet 4: Hydrologic Retention


Community Regulation (5)
• Tenet 5: Hierarchical Habitat Template
• Tenet 6: Deterministic vs Stochastic Factors
• Tenet 7: Quasi-Equilibrium
• Tenet 8: Trophic Complexity
• Tenet 9: Succession


HGM complexity linked to greater 
biodiversity and food web complexity


Ecosystem and Riverine Landscape Processes (8)
• Tenet 10: Primary Productivity Within FPZs
• Tenet 11: Riverscape Food Web Pathways
• Tenet 12: Floodscape Food Web Pathways
• Tenet 13: Nutrient Spiraling
• Tenet 14: Dynamic Hydrology
• Tenet 15: Flood-Linked Evolution
• Tenet 16: Connectivity
• Tenet 17: Landscape Patterns of FPZs


HGM complexity should promote
greater nutrient retention and
carbon sequestration.







Step One


Multivariate Analysis


Step Two


Hydrogeomorphic  Classification 


Step Three


Applications of
River Typing


River Typing Based on ArcGIS,
MATLAB & Remote Sensing Techniques







[For more detail, see Thorp et al. 2008 and review papers by Thoms et al. and Williams et al.]







Data Collection Sites
(Kansas River)







Determination of Channel
Belt (Kansas River)















Kanawha River, West Virginia







Lowland Alluvial


Open Valley Upland


Constricted High Energy


Lowland Constricted


Upland Constricted


Reservoir 







Repeatable and
predictable FPZ


Repeatable FPZs but partially
unpredictable in position


17


Functional Process Zones
in the Kanawha River
• channels usually very constricted
• valleys typically sinuous
• major geologic differences
• BUT, location of many FPZs are


still unpredictable
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Selected Hydrogeomorphic Attributes
Shoreline complexity * L LM H H L M
Relative number of channels L L H MH L L
Functional habitats within channels L LM M H L LM
Channel/island permanence M M L H M H
Floodplain size and connectivity with main channel L MH M H L L


Ecosystem Benefits and Services
Natural Ecosystem Benefits
Biodiversity (species richness and trophic diversity) L M L H L M
Proportion of native biota (prior to any change in FPZ) H H H H L L
Primary and secondary productivity L M M H L H
Nutrient cycling and carbon sequestration L LM LM H L H
Water storage L LM L H L H
Sediment storage L M M H L H


Anthropocentric Services
Food and fiber production ** L M L H L M
Water withdrawal potential MH M L M H H
Recreation LM LM L H L H
Disturbance and natural hazard mitigation L M L H H H
Maintenance and catastrophic risk of failure N/A N/A N/A N/A M H
Transportation H M L M H H


* = ratio of shoreline length to downstream length
** Agricultural crop production not included


Ecosystems Services by FPZ


Selected Hydrogeomorphic Attributes


Ecosystem Benefits and Services
Natural Ecosystem Benefits


Anthropocentric  Services


Cost/Benefit Ratio for Different
Types of FPZs.


Using FPZs to Aid Rehabilitation


Cost/Benefit Ratio for Different Service
Types for  Geomorphically Complex FPZs


From Thorp et al. 2010, BioScience











Towards integration of key 
indicators of “healthy 


watersheds”


Need to 
consider how 


aquatic 
systems 
function







A perspective on integration of key 
elements into a functional 


perspective of how watershed 
healthGIS “coarse-


filter” analysis 
Terrestrial and Riparian 


Landscape
Instream Infrastructure 


(dams. levees, etc.)


Water Quality
(temperature, 


erosion, nutrients, 
metals, etc.)


(chemical integrity)


Stream flow regime 
(hydroperiod, water levels)


Habitat structure 
(grain sizes, channel 


morphology)


Network 
Connectivity


(barriers, habitat 
fragmentation)


Necessary 
but not 
sufficient


Hydrogeomorphic context: 
(natural disturbance regime, 


flow-mediated habitat 
dynamics, lateral connectivity) 


(physical integrity) Key element for at-
a-site and whole-
watershed health


Ecological processes and condition 
(biological integrity)







The Natural Flow Regime: a 
Conservation Cornerstone


Ø Structure and function of 
river ecosystem, and 
adaptations of constituent 
species, are shaped by the 
pattern of temporal 
variation in river flows.


Ø Daily, seasonal, annual


Ø Flow regimes vary along 
river’s length and 
regionally


(Poff et al., 1997, 
BioScience)







Natural flow regime components support 
ecological processes and functions


Bunn & Arthington. 2002. 
Environmental Management







Streams and rivers differ in natural flow regimes


Key components that 
characterize a full flow 
regime and that have 
ecological importance:


Magnitude of discharge –
amount


Frequency of events
Duration 
Timing - regularity and 


seasonal predictability
Rate of change 







Streams and rivers differ in natural flow regimes


Different hydrogeomorphic contexts and thus different 
expectations of biological condition 







Poff & Ward (1989), Poff (1996).


Flow regime classification can assist in stratifying 
watersheds at broader geographic scales


Ø Regime types are strongly influenced by climate and geology, and 
thus are not solely defined by ecoregion







Massachusetts – flow classification 
of least impaired basins 


Characteristics and Classification of Least 
Altered Streamflows in Massachusetts
By David S. Armstrong, Gene W. Parker, and 


Todd A. Richards
http://pubs.usgs.gov/sir/2007/5291/pdfs/5291_bdy.pdf







New Jersey – reference gauges







Reach-scale flow classifications: Modeling 
ungauged streams 


 Michigan  (Seelbach et al., 1997)
New Zealand (Sneldor & Biggs, 2000)


Numerous rainfall-runoff or GIS regression models to estimate unimpaired flows.


Research Need: account for surface water modifications (dams, etc.)
Research Need: account for Groundwater fluxes







Principle: Flow regime (and coupled habitat 
dynamics) a key driver of biological integrity


Corollary: Flow alteration impairs biological integrity


Question: How much flow alteration is “too much”?


GIS “coarse-
filter” analysis 


Terrestrial and Riparian 
Landscape


Instream Infrastructure 
(dams. levees, etc.)


Water Quality
(temperature, 


erosion, nutrients, 
metals, etc.)


(chemical integrity)


Stream flow regime 
(hydroperiod, water levels)


Habitat structure 
(“geomorphology”


)


Network 
Connectivity


(barriers, habitat 
fragmentation)


Necessary 
but not 
sufficient


Hydrogeomorphic context: 
(natural disturbance regime 


(flow-mediated habitat 
dynamics, lateral connectivity) 


(physical integrity) Key element for 
at-a-site and
whole-watershed 
health


Ecological processes and condition 
(biological integrity)







The Ecological Limits of Hydrologic Alteration  (ELOHA)
A framework for developing regional 


environmental flow standards


LeRoy Poff, CSU
Brian Richter, TNC 


Angela Arthington, ARI (Australia)
Stuart Bunn, ARI (Australia)


Robert Naiman, UW 
Eloise Kendy, TNC 


Mike Acreman, CEH (UK)
Colin Apse, TNC 


Brian Bledsoe, CSU 
Mary Freeman, USGS 


James Henriksen, USGS 
Robert Jacobson, USGS 
Jonathan Kennen, USGS 


David Merritt, USFS 
Jay O’Keeffe, UNESCO-IHE (Netherlands)


Julian Olden, UW 
Kevin Rogers, U. Witwatersrand (SA)
Rebecca Tharme, IWMI (Sri Lanka)


Andrew Warner, TNC


Motivation: flow regime is critical to ecological integrity but 
we lack a scientifically sound basis for developing 


environmental flow standards at regional scale











Step 1. Hydrologic Foundation


SCIENTIFIC PROCESS


Monitoring


Acceptable
Ecological Conditions


Societal
Values and 


Management 
Needs


Implementation


SOCIAL PROCESS


Adaptive Adjustments


Flow Alteration-Ecological 
Response Relationships


by River Type


Stream Hydrologic
Classification


Degree of 
Hydrologic
Alteration


Hydrologic 
Alteration


by River Type


Baseline
Hydrographs  


Developed
Hydrographs  


Ecological Data 
and Indices  


Environmental 
Flow Standards


Hydrologic Model
and Stream Gauges


Flow - Ecology
Hypotheses


Geomorphic 
Stratification


Step 4. Flow-Ecology Relationships


Step 3.  Flow Alteration


Step 2. Stream Classification


IHA (TNC), HIT (USGS)


Habitat typing (e.g., reach, valley 
bottom (RES))


Impaired
Ecological 
Integrity


Model baseline hydrographs 
and developed







Step 1. Hydrologic Foundation


SCIENTIFIC PROCESS


Monitoring


Acceptable
Ecological Conditions


Societal
Values and 


Management 
Needs


Implementation


SOCIAL PROCESS


Adaptive Adjustments


Flow Alteration-Ecological 
Response Relationships


by River Type


Stream Hydrologic
Classification


Degree of 
Hydrologic
Alteration


Hydrologic 
Alteration


by River Type


Baseline
Hydrographs  


Developed
Hydrographs  


Ecological Data 
and Indices  


Environmental 
Flow Standards


Hydrologic Model
and Stream Gauges


Flow - Ecology
Hypotheses


Geomorphic 
Stratification


Step 4. Flow-Ecology Relationships


Step 3.  Flow Alteration


Step 2. Stream Classification


IHA (TNC), HIT (USGS)


Habitat typing (e.g., reach, valley 
bottom (RES))


Ecological 
Integrity


Key Point: It’s the deviations from the 
‘baseline’ that drive the ecological 


response!
(true also for temperature, nutrients)







Selection of Flow Variables For 
Classification, Hydrologic 


Alteration and Flow-Ecology 
RelationshipsSatisfy multiple constraints … 


Strongly linked to ecological condition/processes 
Amenable for use as water management targets 
Limited estimation error 
Capture range of natural hydrologic variability 


Also, ecological endpoints should reflect both 
ecological integrity and things people care 
about







Simple example of ecological response to flow-regime context
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Change in duration of 
low flows  


Lots of pool habitat 
(geomorphic context)


Range of variation for 
selected flow variable for 
unaltered sites 


Range of variation in 
ecological metric for 
unaltered 


Empirical observations 
(hypothetical)


By contrast, groundwater stream might be very sensitive to 
increased flashiness (hydropower) … but a perennial flashy stream 
would be sensitive to increased flow stability!







GIS “coarse-
filter” analysis 


Terrestrial and Riparian 
Landscape


Instream Infrastructure 
(dams. levees, etc.)


Water Quality
(temperature, 


erosion, nutrients, 
metals, etc.)


(chemical integrity)


Stream flow regime 
(hydroperiod, water levels)


Habitat structure 
(“geomorphology”


)


Network 
Connectivity


(barriers, habitat 
fragmentation)


Necessary 
but not 
sufficient


Hydrogeomorphic context: 
(natural disturbance regime 


(flow-mediated habitat 
dynamics, lateral connectivity) 


(physical integrity) Key element for 
at-a-site and
whole-watershed 
health


Ecological processes and condition 
(biological integrity)


ELOHA







At watershed scale, a network of channels


http://www.hydrocomp.com/publications/gis_hfam.htm


http://tycho.knowlton.ohio-state.edu/bdes.html







Potential metrics for network scale:


(from Frissell, Poff & Jensen, 
2001, Assessment of biotic 
patterns in freshwater 
ecosystems)


Connectivity – habitats that are hydrologically connected (along flow 
paths)àmetapopulation dynamics, spatial refugia, recolonization


Redundancy – functionally similar habitats that are in hydrologically
decoupled (separate subwatersheds) (“spreading the risk”) 







Some thoughts on assessing “healthy watersheds” at state 
scale in an integrated fashion that reflects key system 


processes in a management context
• Watersheds (at some scale) are stratified by flow regime types to 


capture range of dynamic variation that sets expectation on 
ecological condition


• A “healthy” (and resilient) watershed 
would have:
• Water quality exceeding an 


acceptable threshold (relative to 
regional reference potential)


• Intact habitat structure and habitat 
diversity


• Intact flow regime connects habitats
• High network connectivity and 


redundancy of ecologically 
important habitat







Resilience and adaptation in a rapidly changing 
world


• Resilience may need to be considered at a larger 
spatial extent, i.e., the regional distribution of 
healthy watersheds (redundancy) within a larger 
river basin and their potential for hydrologic 
connectivity
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