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Introduction 
 

Freshwater species are the fastest declining, most endangered, species group in the U.S.  

Freshwater species are particularly vulnerable to climate change because they are confined to 

aquatic habitats, and their adaptive movement is sensitive to fragmentation by barriers. To 

address this, the Conservancyôs Center for Resilient Conservation Science (CRCS) launched a 

project to identify and map a network of resilient rivers and streams which if conserved or 

restored could sustain the diversity of the conterminous U.S. freshwater ecosystems. 

Completed in 2024 (Anderson et al. 2024), this work is now being incorporated into a 

freshwater conservation vision for North America that will enable the U.S. Divisions to 

identify a pathway to TNCôs 2030 goals that will have the greatest impact on sustaining 

freshwater diversity for nature and people.  

In this project, we expanded the freshwater resilience mapping to Alaska. We compiled 

existing data and replicated the analyses of connectivity, condition, water alteration, and 

recognized biodiversity to complete a resilient and connected freshwater network for Alaska. 

The results identify many resilient river networks needing conservation as well as some 

vulnerable networks that could be restored to resilient through dam removal (reconnect), 

improved water quality or watershed land cover (restore condition), or improved hydrologic 

flow (restore flow). The results also provide information on the biodiversity value of each 

river network, allowing users to explore the intersection of biodiversity and climate resilience. 

Finally, we take stock of the conservation status and spatial distribution of current freshwater 

systems so that TNC can focus new conservation on systems that complement and enhance 

the existing set of conserved freshwater ecosystems.      

 

Background  
Rivers, streams, lakes, ponds, wetlands, and springs are essential features of our landscape 

and history. Collectively, these freshwater ecosystems are critical to most life on earth and 

provide goods and services that support the livelihoods of billions of people (Russi et al. 

2013). Fundamental services provided by freshwater biodiversity have been cataloged as 

material (food, health resources, goods), nonmaterial (educational and cultural values), and 

regulating (catchment integrity, water purification, and nutrient cycling) (Lynch et al. 2023). 

Covering less than one percent of the Earthôs surface, rivers and lakes harbor at least 12 

percent of the worldôs known animal species (Abramovitz 1996). In North America, 

freshwater ecosystems support 1,200 fish species that contribute to biodiversity, ecosystem 

productivity, human well-being, livelihoods, and prosperity (Burkhead 2012). Inland 

recreational fisheries, for example, generate more than $31 billion annually in the United 

States and Canada (DFO 2010; USFWS & USCB 2011).  

 

The United States ranks first in fish diversity among all temperate countries (801 species), and 

first among the globe for diversity of crayfish (322), freshwater mussels (300), freshwater 

snails (600), stoneflies (600), and mayflies (590) (Master et al. 1998). Alaska also hosts a 

diversity of freshwater fish, including 52 freshwater or anadromous species sustained by the 
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state's extensive network of lakes, rivers, and streams (Alaska Freshwater Fish Inventory, 

2024). Salmon, trout, char, grayling, and whitefish are prominent species.  

 

Freshwater species are among the countryôs most threatened species group. Three decades 

ago, The Nature Conservancy (TNC), in cooperation with the state Natural Heritage Network 

released a species ñreport cardò for the United States (Stein & Flack 1997) which found that: 

Å ñ67 percent of U.S. freshwater mussels are vulnerable to extinction or are already extinct. 

Å More than 1 in 10 mussels may have become extinct during this century alone. 

Å 303 fish speciesð37 percent of the U.S. freshwater fish faunaðare at risk of extinction. 

Å 17 fish species have already gone extinct, mostly in this century. 

Å 51 percent of U.S. crayfishes are imperiled or vulnerable. 

Å 40 percent of amphibians are imperiled or vulnerable. 

Å At least 106 major populations of salmon and steelhead trout have been extirpated.ò  

Recent studies suggest that the situation has only worsened. A quarter of the worldôs 14,898 

species of freshwater fish are now at risk of extinction according to the most recent 

International Union for Conservation of Nature assessment (IUCN 2023b). The IUCN study 

found that pollution from fertilizers and pesticides, sediment clogging up streams, and human 

sewage and industrial waste were the biggest threats, affecting 57% of the imperiled species. 

Dams and water extraction came in second, affecting 45% of threatened freshwater fish. 

Climate change compounds these threats. In drought-prone regions, water extractions reduce 

the absolute amount of freshwater available for other species, and dams and barriers hamper 

the ability of species to move to adjust to new climatic conditions (IUCN 2023a).  

 

Alaska, the last largely pristine North American salmon-producing region, appears to have 

been an exception to the trend of freshwater decline but that may be changing. Of the 15 

salmon populations currently listed as threatened, all are species that spawn on the West Coast 

of the conterminous US and occur in Alaskan waters only during the marine phase of their 

life. However, in 2024 NOAA indicated that listing for the one endemic species, the Gulf of 

Alaska Chinook salmon, was under investigation and may be warranted. Also in 2024, the 

commercial salmon harvest experienced significant declines in catch numbers and market 

value. The total harvest was the third lowest on record for total fish harvested and the lowest 

on record for total pounds harvested (Alaska Dept. of Fish & Game 2024). The well 

documented declines in Alaskaôs Pacific salmon size result primarily from shifting age 

structure associated with climate change and competition at sea and could result in substantial 

losses to ecosystems and people (Oke et al. 2020). 

 

Freshwater fish are also vulnerable to changes in climate because they are confined to aquatic 

habitats, and movement to alternative habitats is often more restricted than in terrestrial 

systems (Lynch et al. 2016). Movement is further restricted when stream networks are 

fragmented by dams and barriers, but adaptive movement is a necessary behavior when 

aquatic species encounter changing climatic conditions. A nationwide study in France 

comparing electrofishing results from over 3,000 sites across four decades found systematic 

shifts in species distributions upstream and towards higher elevations (0.6 km upstream and 

13.6 m in elevation per decade, Comte & Grenouillet 2013). Similarly, a 30-year survey of 

1,500 lakes in Ontario Canada found sportfish range boundaries had shifted northward 

significantly at a rate of approximately 13-18 km per decade while baitfish had shifted 
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southward (Alofs et al. 2014). In marine environments, climate driven changes in species 

distributions and commercial fish stocks are well documented, and adjustments are being 

made in fisheries management (Karp et al. 2019). In Alaska, it has been confirmed that chum 

salmon are spawning in Arctic rivers on Alaska's North Slope, indicating a potential 

northward expansion of their range due to climate change (Westley 2023). In the 

conterminous U.S., the majority of streams and rivers (79% of stream length) are 

disconnected from their outlet (i.e., oceans and Great Lakes) which has contributed to the 

severe decline of many anadromous and potadromous species (Cooper et al. 2017) as species 

are now much more limited in their ability to move and access necessary habitats.  

 

In the U.S., freshwater fish distributions are affected by contemporary climate change in ways 

consistent with anticipated responses under future climate scenarios. That is, the ranges of 

most coldwater species are shifting to higher altitudes or latitudes, whereas the ranges of cool 

and warmwater species are both expanding and contracting (Comte et al. 2013). Evidence for 

fish population movements in response to climate change is apparent in connected stream 

networks with wide temperature gradients such as the Bitterroot and Flathead rivers (Eby et 

al. 2014; Mulfeld et al. 2016) and the Great Lakes (Johnson & Evans 1990). In these systems, 

species are moving to track cooler temperatures and find suitable habitats or thermal refugia. 

Presumably, similar movements are also happening within smaller networks, but with more 

than 7,000 river dams fragmenting conterminous U.S. rivers and over 145,000 small dams 

preventing access to headwater streams (Anderson et al. 2024), such movements are 

increasingly a challenge.  

 

Climate change may have other consequences for aquatic organisms because temperature and 

precipitation affect most of the physiological and geochemical processes that regulate their 

life history (Whitney et al. 2016). Evidence is beginning to accrue documenting phenological 

shifts in the timing of seasonal migrations or spawning, demographic changes in abundance, 

growth, and recruitment, and even evolutionary responses indicated by genetic change 

(Shanley and Albert 2014, Lynch et al. 2016, Shoen et al., 2023, Littell et al. 2023). In Alaska, 

stream networks are also experiencing high rates of change given the broader trend known 

as Arctic amplification (Holland and Landrum 2021, Li et al. 2024), leading to warming at 

more than twice the global average and related permafrost thawing, glacier melt, and changing 

weather patterns (Thoman et al. 2024, Mizukami et al. 2022, Michalek et al. 2025, 

Karjalainen et al. 2019).  Although aquatic species have dealt with climate changes in the 

past, fragmented systems and restricted movement may hamper their ability to adjust to 

changing conditions. As Woodward et al. (2010) stated, ñall organisms face the same options 

as the climate changes: adapt, migrate, or perish. However, an organismôs success in 

implementing the first two strategies will depend largely on its life history and dispersal traits 

in relation to habitat fragmentation and the rate at which its environment changes.ò  
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Approach 
Freshwater Resilience is the ability of a stream network or other aquatic setting to maintain 

biological diversity even as the system changes in composition and structure in response to 

changes in climate. 

 

Our approach to resilience was based on the idea of Conserving Natureôs Stage (Beier et al. 

2010). That is, we did not attempt to predict all the possible implications and interactions 

expected from climate change, but instead, we sought to identify and map the more enabling 

physical conditions that set the stage for aquatic species and assemblages to adapt to a 

changing climate with flexibility and integrity. We focused on mapping and evaluating the 

abiotic components of a freshwater network such as its length and diversity, the condition of 

its watershed and floodplain, its enduring access to surface water and groundwater, and the 

availability and alteration of its flow regime.    

 

In our expansion of the freshwater resilience analysis to cover Alaska, we sought to use the 

same principles and where possible the same datasets as used in the CONUS assessment.  

Each dataset used in this Alaskan analysis covered the entire state of Alaska and in some 

cases extended into the Canadian lands draining into Alaska. Map products were evaluated 

and delivered for HUC-12 watersheds, a spatial resolution appropriate for informing local, 

regional, and national decisions.  

 

Mapping Freshwater Resilience 
Our approach to mapping terrestrial resilience (Anderson et al. 2023, see 

https://www.maps.tnc.org/resilientland/) identified areas of high physical diversity and 

connectedness both locally and regionally, based on enduring features that provide species 

habitat options and the ability to move as the climate changes. This Conserving Natureôs 

Stage approach (Beier et al. 2010; Anderson et al. 2014) recognizes that while the actors at 

any given site may change, we can focus conservation efforts on maintaining the diversity and 

ecological function of the stage.  

 

Similarly, this freshwater resilience analysis identified characteristics that confer resilience for 

freshwater biodiversity in a changing climate. Our hypothesis for mapping freshwater 

resilience was that the physical setting and its condition, together with water availability and 

its alteration, drive resilience in freshwater systems by providing habitat options and the 

conditions to maintain ecological function. We used the term ñfunctional connectivityò to 

refer to the contiguous portions of a river network available for a fish or aquatic organism to 

move through before they encounter a dam or other major anthropogenic barrier. The 

characteristics of this ñfunctionally connected networkò - its size, diversity, condition, and 

available water ï determine its ability to support aquatic diversity under changing climates. 

 

  

https://www.maps.tnc.org/resilientland/
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Our resulting ñresilience scoreò estimates the relative capacity of a river network to maintain 

species diversity and ecological function as the climate changes. The building blocks of the 

resilience score are: 

¶ Physical Score 

o Connectivity  

o Condition 

¶ Water Score 

o Potential Water Availability 

o Flow Alteration 

 

In our analysis, a resilience score is calculated for every HUC-12 watershed by integrating 

connectivity and condition into a physical score, integrating potential water availability and 

flow alteration into a water score, and finally integrating these two scores into an overall 

resilience score.  

 

The factors that create resilience vary in importance with climate region. In the conterminous 

U.S., we adjusted the weight of each factor in the integration based on whether the river was 

in an arid or humid climatic region. Alaskaôs climate is classified as non-arid (Zomer et al. 

2022; Tabari 2020; Beck et al. 2018). The climate ranges from maritime in the southern 

portion of the state to continental in the interior, to arctic on the North Slope, but in no region 

does potential evapotranspiration exceed precipitation as in arid and semi-arid climates 

(Callegary et al. 2013; Zomer et al. 2022). Thus, we treated Alaskaôs rivers similar to those in 

humid regions of the contiguous U.S., giving more weight to the physical score as the 

availability of  water was not highly limiting.  

 



 

Chapter 2 ż Base Data & Analysis Units 6 

Base Data & Analysis  
Units  

 

In this chapter, we describe the foundational datasets and analysis units that were used in the 

freshwater resilience analysis. 

 

Ecoregions 
Alaska includes portions of three freshwater ecoregions and has eight major HUC-4 drainage 

basins which nest within these ecoregions (Figure 2.1). The watersheds separate naturally into 

those draining West and North to the coast, the large inland basin of the Upper Yukon, and the 

watersheds draining south to the Gulf of Alaska. The Alaska and Canada Pacific Coastal 

freshwater ecoregion contains temperate coastal rivers, while the Alaskan Coastal and Upper 

Yukon freshwater ecoregions are classified as polar freshwater systems. Peak flow in Arctic 

rivers occurs in spring and autumn, and is influenced by rain, as well as melting snow and ice. 

These rivers remain cool throughout the short summer, and freeze during winter, unless they 

are fed by perennial springs. Rivers south of the Arctic region have maximum flows between 

May and June, and may or may not freeze during winter, depending on their location and size. 

Most lakes are of glacial origin (Abell et al. 2008; WWF & TNC 2019). 

 

Figure 2-1. Freshwater ecoregions of Alaska.  
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Terrestrial ecoregions are also used to describe differences in the freshwater and terrestrial 

ecosystems found in Alaska. The state contains portions of eleven major terrestrial ecoregions 

as used in the terrestrial resilience analysis (Figure 2.2, Anderson et al. 2022). Fish studies 

have found similar faunas in adjacent freshwater ecoregions, and less similar fauna in those 

separated by latitude or by high elevation mountain chains (Oswood et al. 2000). Based on 

fish fauna similarities, Oswood (2000) identified several distinct regions which parallel the 

ecoregions roughly as:  

¶ Alaska-Yukon Tundra (the most dissimilar fish fauna) 

¶ Yukon Basin (Yukon Plateau and Interior Alaskan Taiga)  

¶ Beringian Tundra  

¶ Coastal Southwest (Bristol Bay, Cook Inlet, Alaska Range) 

¶ Southern Maritime (Gulf of Alaska Mountains, Southeast Alaska Forest)  

Fishes of the Beringian refuge (local survivors of Pleistocene glaciation) dominate northern 

regions, with increasing representation southward by fishes derived from the Pacific Coast.  

 

 

Figure 2-2. Terrestrial ecoregions of Alaska.  
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Hydrography 
To assess streams, rivers, and waterbodies in Alaska, we used available hydrology products 

and determined their applicability for different components of this resilience analysis. The 

sources and primary uses in our resilience assessment are described below. 

 

We used the MERIT Hydro raster datasets (Yamazake et al. 2019) to delineate river and 

stream linework for the Functionally Connected Networks and watersheds for Alaska and the 

parts of Canada draining into Alaska. The MERIT data were derived from 3 arc-seconds 

(approx. 90-m) SRTM3 digital elevation data and used a new method of hydrological 

conditioning and flow delineation with improvements in accuracy of derived river lines and 

other topographic features. We were unable to use the USGS (2023) National Hydrography 

Dataset Best Resolution (NHD) - Alaska 1:24,000 because it currently does not have the 

attributes or topology to support network analysis and accumulation of upstream watershed 

characteristics, and it did not support integration with Canadian drainages.  

 

For stream, river, and lake diversity, we used RiverAtlas_v10 (Linke et al. 2019). and 

LakeATLAS_v10.gdb (Lehner et al. 2022) which are based on the hydrography from 

HydroSHEDS (Ouellet et al. 2019) which derived stream reaches with a drainage area greater 

than half a square kilometer from a 15 arc-seconds or approximately a 450-m resolution. 

These datasets provided a large database of attributes for every stream and lake. 

.  
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Stream and River Size 
Stream size is indicative of major ecosystem changes along the stream-river continuum, such 

as transitions in the state and source of energy and ecosystem metabolism (Vannote et al. 

1980). Following methods used in our CONUS analysis, we defined stream size based on total 

upstream drainage area, which is the most stable and geomorphologically comparable 

measure of size across the country. Size class breaks were based on the National River Fish 

Habitat Condition Assessment (Wang et al. 2011), which was designed to provide a coarse-

level understanding of the diversity of river sizes at a national scale. We made two 

modifications to the Wang et al. (2011) classification by adding two more size classes for very 

large rivers (Table 2-1). 

 

Rivers (drainage area over 100 km2) were combined with a dataset of barriers on rivers to 

create Functionally Connected Networks (FCNs) described later in the Functionally 

Connected Networks section. Headwater and creek streams (drainage area less than or equal 

to 100 km2) were assessed separately for fragmentation. 

 

 

Table 2-1. River reach size classes. 

Size Class  

Number 

Size Class 

 Name 

Catchment  

Area (km2) 

Category   

1.1 Headwater Streams 2 <= 10 Stream  

1.2 Creek Streams 10 <= 100 Stream  

2.0 Small Rivers 100 <= 1000 River  

3.0 Medium Rivers 1000 Ò 10,000 River  

4.0 Mainstem Rivers 10,000 Ò 25,000 River  

5.0 Large Rivers 25,000 Ò 100,000 River  

6.0 Great Rivers 100,000 Ò 1,000,000 River  

7.0 Mega Rivers > 1,000,000 River   
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Figure 2-3. Rivers by size class. Alaska contains some of the largest rivers in the U.S.  

 
 

  



 

 11                                                                                            Mapping Freshwater Resilience in Alaska 

 

Dams and Assessed Road-Related Barriers 
A central intent of this study was to estimate the effect of dams and impassable road culverts 

on species movement by evaluating the location and configuration of barriers on the 

hydrology network. To do this, we needed spatially accurate data on barriers in Alaska. As 

our initial step, we compiled barrier information from the following three sources:  

 

Southern Aquatic Resource Partnership (SARP) Alaska Barriers. (Draft compilation as of 

11_01_2024, 6789 barriers). This dataset had been compiled from multiple sources, data 

fields crosswalked into a set of consistent fields, and reviewed to remove duplicate points by 

SARP. It includes 142 dams and 6,647 assessed road-related barriers from 12 sources: 

   

Sources Count 

Alaska DFG 2721 

American Rivers Dam Removal Database 6 

BIL FY2022 USFWS Proposed Projects 1 

FIS Projects 2023 3 

NID June 2024 2 

NID March19 2023 103 

OpenStreetMap (https://opendatacommons.org/licenses/odbl/) 17 

Tongass National Forest 2791 

USFS Activity Database 2023 11 

USFS National Activity Database 2023 1123 

USFS National Surveys database Sep012023 6 

USFWS FIS 2023 Export 5 

Total  6789 

 

 

Dams in Canada (14) were obtained from two global dam databases. Sources were as follows:  

 

Global Dam Watch (CDW) Version 1.0: (6 dams) Lehner et al. 2024  

Global Dam Tracker (GDAT) Version 1.3: (8 dams) Zhang and Vincent 2023  

 

 

Passability 
Not all dams and road crossings are a complete barrier to aquatic organism passage. Examples 

of dams that may allow for the movement of some species under certain conditions include 

dams with fish passage structures, navigation locks, and very small dams that are submerged 

at high flows. Culverts can also be assessed for passability via field visits and related 

measurements.   

 

The SARP database provided fields with information on passability, barrier severity, removal 

date, and fish passage facility which was used to code the barriers into three key passability 

classes: ñ0ò = complete barrier, ñ0.5ò = partially passable, and ñ1ò = no barrier.  We assigned 

a ñ0ò (n = 2,399) for those barriers coded as complete barriers and for dams with no 
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information, including all 14 in Canada. We assigned ñ0.5ò (n = 1,011) to those barriers coded 

as partially passable or with fish passage structure/ladder. We assigned ñ1ò (n = 3,393) for 

those that were coded as removed or ñno barrierò from their assessment. These passability 

values were used to calculate the cumulative discounted network length described in Chapter 

3. 

 

 

Results of Barrier Review 
We compiled these barriers into a single dataset and used spatial queries and visual inspection 

of all barriers less than 300 meters from a mapped river (size 2 or larger, n = 468) to 

determine whether the barrier was across the river or only on a nearby stream (drainage area 

less than or equal to 100 km2). Dams across rivers were important to distinguish as they were 

used to create riverine Functionally Connected Networks, while the others were only used in 

the headwater stream fragmentation metrics. This review revealed that most barriers near 

rivers were on nearby streams or off channel, not across rivers.   

 

Ultimately, we found only 29 barriers across rivers, while the rest were on streams or off 

channel. We used this set of 29 river barriers to define the Functionally Connected Networks 

described below. These river barriers were ñsnappedò to the river arcs from the MERIT 

derived hydrology (Figure 2-4).  

 

For the headwater fragmentation analysis, we used all dams on streams and those assessed 

culverts that were classified as complete barriers. We did not include partially passable 

culverts in our headwater and creek fragmentation analysis. These stream barriers were 

snapped to the largest flow accumulation 90-m grid cell within 180 meters of the source 

position of the point. 

 

Figure 2-4. Conceptual illustration of snapping a dam to the river network.  
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The final set of partial or complete barriers are described by their type and passability in Table 

2-2 and shown in Figure 2-5.  

 

Table 2-2. Summary of barriers used in Alaskaôs freshwater resilience analysis.  

Barrier 

River: 

Across river 

Stream:  

Across stream or channel 

Grand 

Total 

Assessed road-related barrier 8 3,259 3,267 

Complete 3 2,263 2,266 

Partial 5 996 1,001 

Dam 21 122 143 

Complete 19 114 133 

Partial 2 8 10 

Grand Total 29 3,381 3,410 

 

 

Figure 2-5. Results of barrier review. The map shows the location of the 29 partial or 

complete river dams and the 3,381 headwater stream barriers.   
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Analysis Units  
The resilience of freshwater ecosystems plays out at multiple spatial scales. To account for 

this, we used two primary units of analysis:  

 

1) Functionally Connected Networks (FCNs) delineated using the MERIT DEM 

(Yamazake et al. 2019) and river hydrography (>100 sq.km. upstream drainage area) 

2) HUC-12 watersheds derived from the NHD (USGS 2023)  

 

Final resilience scores were assigned to polygons that were the result of the intersection of the 

HUC-12 and FCN units. Most HUC-12 watersheds nested perfectly within an FCN (86%), but 

some (14%) were split by an FCN boundary. The split HUCs were primarily along the coast 

where the land area of the HUC draining to a riverine FCN before emptying into the coast was 

separated from the land draining only into small streams before emptying into the coast. These 

HUCs were split by the FCN watersheds if the FCN covered less than 95% of the HUC.  

 

The combined HUC-12-FCN units, henceforth referred to simply as HUC-12s, allowed 

metrics to be calculated at the appropriate scale and integrated together into the master HUC-

FCN polygon dataset. For example, HUC-12 values for connectivity were derived primarily 

from the size of the FCN in which they occurred, whereas their condition values were derived 

primarily from HUC-12 watersheds.  

 

Functionally Connected Networks 
A Functionally Connected Network (FCN) was defined as the amount of locally connected 

freshwater habitat available for the movement and life history needs of aquatic species. 

Spatially, we defined an FCN as the set of connected rivers, streams, and headwaters bounded 

on all sides by river dams, by the upper extent of headwaters, or by the confluence with an 

ocean. A free-flowing river in FCN terminology is bounded only by its headwaters and 

mouth, whereas other dam-bounded FCNs can be restricted on all sides by dams or by a 

combination of dams and headwaters, or all three (Figure 2-6).  
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Figure 2-6. A Functionally Connected Network (FCN). This FCN is bounded by two dams 

on the river portion and by the headwaters of the two tributaries. The network includes a 

diversity of bedrocks, slopes, stream temperatures, waterbodies, wetlands, seeps, and 

floodplain forest.   

 
 

 

We created FCNs by intersecting river dams with the project hydrography. The land area 

draining to the connected set of streams and rivers of each FCN was delineated using the flow 

direction grid to define the watershed of the FCN. We characterized each FCN by its 

watershed area (Figure 2-7) rather than the length of its rivers because we found the FCN 

drainage area to be more closely correlated with the total length of all streams in the network 

(including headwaters and creeks) and the area accounts for variability in the mapping of the 

smallest headwater stream lengths.  
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Figure 2-7. Example FCN watershed. The map depicts a single FCN watershed based on 

dam locations (icon) and local watershed area. 

     
 

 

HUC-12 Watersheds 
A Hydrologic Unit (HU) watershed represents the area of the landscape that drains to a 

portion of a stream network (Figure 2-8). The United States is divided and sub-divided into 

successively smaller hydrologic units which are nested within each other, from the largest 

geographic area (HUC-2 ñregionò) to the smallest geographic area (HUC-12 subwatershed). 

Each hydrologic unit is identified by a unique hydrologic unit code (HUC), a numeric code 

that corresponds to the level of classification in the hydrologic unit system (Seaber et al. 

1987). Figure 2-9 shows how the HUC-12s and reach catchments might nest within the USGS 

hydrology hierarchy. 
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Figure 2-8. Hydrologic Unit Codes (HUCs). The relative scale of Hydrologic Unit Codes 

from HUC-2 to HUC-12. Graphic from USGS (public domain) 

 
 

Figure 2-9. Example of FCN divided by HUC-12s. This map shows the analysis units of a 

single FCN. The FCN (brown) is created by five dams, three are full barriers (black) and two 

are partially passable (green). River line color (blue or purple) and thickness indicate river 

size class. The HUC-12 boundaries are shown in dark yellow and stream reach catchments in 

light gray. This FCN contains 93 HUC-12s and 3,730 reach catchments.  

 

https://www.usgs.gov/national-hydrography/watershed-boundary-dataset
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Scoring of the FCN and HUC-12 Units 
Throughout this analysis, we scored the FCN and HUC-12 units based on the component 

datasets and often combined scores into an index. Statistical analyses and data management 

were performed using R Statistical Software (R Core Team 2024). We transformed all scores 

to standard normal units (z-scores). A z-score describes the number of standard deviations a 

value is from the mean of a distribution. Thus, a z-score of ñ0ò equals the mean, a value of ñ1ò 

is one standard deviation above the mean, and a value of ñ-1ò is one standard deviation below 

the mean. Z-scores allowed us to combine variables with unequal means and variances and 

different distribution patterns while retaining equal influence. We capped the z-scores to range 

from -3 to 3 to avoid giving outliers undue influence, and when necessary, we transformed the 

input data to approximate a normal distribution before calculating z-scores.  

 

One consequence of this approach is that all scores are relative to the population assessed. 

This allowed us to identify areas that are relatively more resilient or relatively less resilient 

(Table 2-3) without knowing exactly how the climate will change. 

 

Table 2-3. Scoring scale based on z-score standardization. 

Z-Score Class Standard Deviation Range 

Far Above Average >2 

Above Average 1 to 2 

Slightly Above Average 0.5 to 1 

Average -0.5 to 0.5 

Slightly Below Average  -1 to -0.5 

Below Average -2 to -1 

Far Below Average Ò -2 

 

For ease of explanation and communication, we refer to all the watershed units as HUC-12s, 

but a small proportion (less than 5%) were further split by an FCN making them into smaller 

units that we kept track of as HUC-FCNs.        
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Mapping Freshwater 
Resilience   
 

In this chapter, we present the model for estimating freshwater resilience. For each 

component, we explain the metrics calculated and how they were integrated to assess the 

resilience of each HUC-12.  

 

Our model reflects the hypothesis that the physical setting and its condition, together with 

water availability and alteration, drive freshwater resilience by providing options and the 

integrity to maintain ecological function (Paukert et al. 2021). The resilience score estimates 

the relative capacity of a HUC-12 watershed to maintain species diversity and ecological 

function as the climate changes. The building blocks of the resilience score are connectivity 

and condition, which were combined to create a physical score. Flow alteration was used to 

create a water score. The physical and water scores were then integrated to calculate a 

freshwater resilience score (Figure 3-1). 

 

These components represent both the physical freshwater stage and the ability of current 

conditions to provide ecological functions to sustain resilience in the face of climate change. 

The physical score describes the extent and complexity of the connected freshwater habitat 

along with its current condition as affected by land use. Both the extent and condition of the 

network provide organisms with options to move and adapt to changing climatic conditions 

(Paukert et al. 2021; Pelletier et al. 2020). The water score expresses the importance of the 

availability of water and the natural flow regime to long-term freshwater resilience (Kaufman 

et al. 2022; McManamay et al. 2022; Pennock et al. 2022). Each of these main components is 

calculated from multiple metrics as detailed in the following sections.   

 

Figure 3-1. Major components of freshwater resilience in the conterminous U.S. We used 

the same model in Alaska except the water score was based solely on flow alteration. 
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Physical Score  
In this section we explain how the physical score was derived. First, we describe the 

components of connectivity and how they were integrated. Next, we explain how the 

condition score was calculated from its component metrics and integrated into an index. 

Finally, we describe how the connectivity score was integrated with the condition score to 

calculate the physical score.   

 

Our basic model was as follows: 

Physical Score = Connectivity + Condition  

  Connectivity = Functional Connectivity + Diversity 

  Condition = Naturalness + Water Quality  

 

   

Connectivity Score 
The connectivity score was comprised of two components, functional connectivity and 

diversity. The following sections detail how we defined, mapped, and assessed these two 

elements.  

 

Functional Connectivity 
In this analysis, functional connectivity refers to the longitudinal connectivity of a river 

network accounting for the location of barriers, the passability of those barriers, and the 

benefits of connection to the ocean. Larger and more complex networks provide greater access 

to life-stage habitat needs, refugia, and unimpaired riverine processes (Tickner et al. 2020). 

Connectivity within a network of streams is also essential to support ecosystem processes and 

recovery from disturbances. It enables water flow, sediment and nutrient regimes to function 

naturally, allows species to move throughout the network to find feeding and spawning 

habitat, and in times of stress, enables individuals to relocate in pursuit of more suitable 

conditions for survival (Pringle 2003). Likewise, disruptions in hydrologic connectivity have 

had negative ecological impacts on several aquatic faunal groups including migratory fish and 

native freshwater mussels (Pringle 2003). 

 

Functionally Connected Networks were created using barriers on rivers to fragment the 

hydrology into unique networks (FCNs), as described in the previous chapter. We report the 

size of each FCN by delineating a local watershed area draining to each FCN to estimate the 

amount of connected freshwater habitat and associated land directly draining to each FCN. 

We used area instead of stream length as a measure of size because tests showed that area 

better approximated the true size and length of the connected freshwater network when you 

include all rivers, headwaters, creeks, lakes, ponds, and connected wetlands. The area is also a 

standard measure, agnostic to differing source stream and river hydrology scales and variation 

in stream minimum mapping size, which for example allowed direct comparison to the 

contiguous U.S. FCNs based on 1:100,000 scale hydrography. This approach also allowed us 

to integrate a suite of characteristics about the land within the whole FCN local watershed 

draining to a given FCN network.  
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All else being equal, the larger the connected network, the more likely it is to be resilient 

because large networks are likely to provide more options for species to move in response to 

changes in temperature and precipitation and stay within their physiological tolerances 

(Timpane-Padgham et al. 2017). Connected river networks provide species the ability to 

disperse to avoid negative impacts of climate change (Comte et al. 2014; Paukert et al. 2021).  

 

Figure 3-2. River barriers. This map shows the 29 river barriers used to define FCN 

boundaries. 

 
 

 

FCN Size Class  

The size of the FCNs was skewed towards small values but also contained a few huge outliers. 

The natural break size distribution of the Alaskan FCNs was very similar to the CONUS 

distribution which allowed us to apply the same size class rule assignment as used in CONUS 

(Anderson et al. 2024). We applied the rules and placed Alaskan FCNs into one of 11 national 

size classes (Table 3-1). 
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Table 3-1. FCN national size classes and z-score assignments. 

Size  

Class 

 

Name 

Area (km2)  

Thresholds 

 

Z-Score 

1 Enormous >100,000 3.0 

2 Huge >50,000 - 100,000 3.0 

3 Very large >25,000 - 50,000 2.3 

4 Large >10,000 - 25,000 1.7 

5 Largish >5,000 - 10,000 .99 

6 Moderate >2,500 - 5,000 0.5 

7 Smallish >1,000 - 2,500 -0.51 

8 Small >500 - 1,000 -1.01 

9 Very small >250 - 500 -1.7 

10 Tiny <=250 -2.3 

11 Minuscule < 50 -3.0 

 

Following the CONUS freshwater resilience methods, we then adjusted an FCNôs size class to 

account for the following characteristics that alter the realized size of the network, and thus 

the availability of habitat to aquatic organisms: 

¶ Dam passability (adjusted size upward for partially passable dams) 

¶ Ocean connectivity (adjusted size upward for ocean connectivity) 

¶ Headwater fragmentation (adjusted size downward for decreased connectivity ) 
 

Accounting for Partially Passable Dams  

Our dataset of river dams included seven partially passable dams that allow aquatic organism 

passage under some conditions. To account for this as we did in the contiguous U.S analysis, 

we calculated a ñcumulative discounted length of streams and riversò for each FCN bounded 

by a permeable dam to provide an estimate of the increase in network length. For a given 

FCN, the cumulative discounted length was calculated by multiplying the permeability of the 

dam by the length of the FCN on the other side of the dam and continuing in an iterative 

fashion, multiplying the area of each FCN by the product of all passability scores between it 

and the given FCN, until a full barrier, coastline, or upper headwater bound was reached 

(Figure 3-3). Thus, a large FCN immediately adjacent to a given FCN will have more 

influence on the cumulative discounted value than a large FCN that is accessed via multiple 

partially passable barriers. The resulting estimated increase is less than if the dam was 

removed but reflects a proportionally weighted increase in potential access to the networks 

upstream or downstream. With the integration of the cumulative discounted length, 11 FCNs 

increased in their length due to the presence of a passable dam upstream or downstream of the 

FCN. 

 

To estimate the increased area of the network after calculating the cumulative discounted 

length, we used the relationship between the FCN watershed area and the length of FCN 

rivers plus streams (flowlines > 2 km2 drainage area) by fitting a regression model to the 

dataset (adj R2 = 0.96, p< 0.0001):     

 

Area (log km) = 0.679351558 + 0.973673928 (FCN length in log km) 
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We then evaluated the size class of the predicted watershed area for each network with a 

cumulative discounted length due to passable dams. In many cases, the small increase in 

accessible area was not enough to place an FCN into a larger size class, but in some cases the 

FCN moved up one or two size classes. We capped the increase at two size classes after 

inspecting the few FCNs that received more than a two-size class increase and to match the 

methods used in the conterminous U.S. Ultimately, of the 11 FCNs with increased length due 

to passable dams, six FCNs moved into two larger size classes and one FCN moved into the 

next larger size class, while four stayed in the same size class as the increased length was not 

substantial enough to move them into a larger size class (Figure 3-4).    

 

Figure 3-3. Cumulative-discounted FCN length. The left network comprises five FCNs 

defined by four full -barrier dams. The right network shows how the cumulative discounted 

length was calculated when three of the dams were partially passable. 
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Figure 3-4. Functionally Connected Network size with adjustment for passable dams.  

 
 

Connectivity to the Ocean    

Networks connected to the ocean offer anadromous and catadromous species access to large 

adjacent ocean and bay habitat. They also offer access to resources in brackish habitats that 

are used by some freshwater species that can tolerate brackish water and occasionally use 

these habitats during seasonal movements or dispersals. In Alaska, examples of these kinds of 

species include the freshwater (normally non-anadromous) Kokanee salmon (Oncorhynchus 

nerka), Arctic grayling (Thymallus arcticus), Whitefish species (e.g., Coregonus nasus, C. 

pidschian), Burbot (Lota lota), Lake trout (Salvelinus namaycush), Cutthroat Trout 

(Oncorhynchus clarkii clarkii), and Trout-Perch (Percopsis omiscomaycus) (Alaska Fish & 

Game 2024).   

 

We made further adjustments to the FCN size classes to reflect terminal connections to the 

ocean and the ability of many aquatic organisms to move through these environments and use 

resources both in the freshwater and adjacent estuarine and marine environments (Figure 3-5). 

We increased the size class for ocean-connected FCNs based on the median or mean size of 

all ocean-connected FCNs following the methods used in the contiguous U.S. We applied the 

same ocean bump rules given the Alaskan mean and median FCN size of ocean-connected 
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FCNs were very similar to the CONUS mean and median for ocean connected FCNs (mean 

2,605, median 254). Applying these rules increased the size class of 582 FCNs.  

 

Rules for ocean-connected FCNs:  

1. If already in size class 3 or larger, no change in size class (already in z-

score Far Above Average class, z 2.3) 

2. If already in size class 4, move to size class 3, which results in going from 

Above Average to Far Above Average, z 2.3) 

3. If greater than the approximate mean US size, 2,000 km2, and less than 

10,000 km2, move to size class 4 (Above Average, z 1.7) 

4. If greater than the approximate median US size, 300 km2, and less than the 

mean, 2,000 km2, move to size class 5 (Slightly Above Average, z 0.99) 

5. If less than the approximate median size, 300 km2, move to size class 6 

(Average class, z 0.5) 

 

A few coastal HUC-12 areas were not part of any FCN because they did not include a mapped 

river. Rather than exclude these HUC-12s from our analysis, we chose to assign them to size 

class 7 (Slightly Below Average, z -0.51) based on their downstream connectivity to the 

ocean, as we did in the conterminous U.S. analysis.  
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Figure 3-5. Functionally Connected Network size with adjustment for passable dams 

and ocean connectivity.  

 

 

Headwater Fragmentation 
Headwater connectivity is critical to protecting and maintaining downstream ecological 

integrity (Alexander et al. 2018). The headwater fragmentation metric expresses how much of 

the headwater area of a HUC-12, or an FCN, is likely to be connected to its rivers. For this 

analysis we used the 2,377 complete barriers on headwaters and creeks. 

 

FCN Headwater Fragmentation  

We first delineated the upstream drainage area of each complete barrier on a headwater 

stream. To calculate an FCN headwater connectivity metric, we divided the largest headwater 

barrier drainage area in each FCN by the total FCN area. We then assigned FCNs into one of 

seven categories from very high to no headwater fragmentation. We were unable to use the 

CONUS-wide natural break classes for FCN headwater fragmentation because the Alaskan 

values were different from those in the CONUS as Alaska has far fewer dams and less road 

infrastructure.  
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We used natural breaks to classify the FCN headwater fragmentation values into seven classes 

and approximated those classes to z-scores (Table 3-2). We decreased the size score of FCNs 

with high headwater fragmentation as follows: if FCN headwater connectivity was ñBelow 

Averageò or ñFar Below Average,ò we lowered the overall FCN size class by one class (n = 

12).  

 

Table 3-2. Assignment of FCN headwater fragmentation values to z-scores. 

Headwater 

Connectivity (%) 

Natural 

Break Class 

Z-Score  

Range 

Z-Score  

Class 

< 49.45 - 66.50 1 -3 to -2 Far Below Average 

> 66.51 - 78.63 2 -2.1 to -1 Below Average 

> 78.64 - 87.65 3 -1.1 to -0.5 Slightly Below Average 

> 87.66 - 93.60 4 -0.51 to 0.51 Average 

> 93.61 - 97.12 5 0.51 to 1 Slightly Above Average 

> 97.13 - 99.05 6 1.1 to 2 Above Average 

99.06 - 100.00 7 2.1 to 2 Far Above Average 
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Figure 3-6. Functionally Connected Network (FCN) headwater fragmentation. These 

natural-break classes were translated to z-scores as shown in Table 3-2. FCN watersheds in 

brown are the most fragmented by the location and/or number of stream barriers while 

watersheds in blue have few stream barriers or the location of stream barriers has very little 

impact on overall FCN connectivity.   

   
 

HUC-12 Headwater Fragmentation  

We also calculated a finer scale headwater connectivity metric by spatially intersecting the 

HUC-12 watersheds with the previously generated upstream headwater barrier drainage areas. 

We used the HUC-12 scale of headwater fragmentation later in this chapter to adjust the 

habitat diversity component of the freshwater resilience physical score.  

 

To calculate the HUC-12 headwater connectivity metric, we divided the largest headwater 

barrier drainage area in each HUC-12 by the total HUC-12 area (Figure 3-7). We used natural 

breaks to assign the HUC-12 headwater fragmentation values to seven classes and used those 

classes to approximate z-scores (Table 3-3, Figure 3-8). Again, we were unable to use the 

CONUS-wide natural break classes for HUC-12 headwater fragmentation because the 

Alaskan values were very different from those in the CONUS as Alaska has far fewer dams 

and less road infrastructure. We also adjusted the size score for the small number of HUC-12s 

that were not part of any FCN to account for high headwater fragmentation within the HUC-

12.  

 

High headwater fragmentation was defined as a HUC-12 that scored ñBelow Averageò or ñFar 

Below Averageò or if the size of the remaining network area open to the ocean was less than 
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50% of the size of the HUC. Size scores were lowered by one class for these 45 HUC units.  

As these were all ocean-connected coastal units, their size class went from class 7 to class 8. 

 

Figure 3-7. Example of HUC-12 scale headwater connectivity. Watersheds in red are the 

most fragmentated by barriers on streams, while watersheds in green have no stream barriers 

or the location of stream barriers has a minimal impact on overall connectivity, considering 

the entire HUC.   

 
 

 

Table 3-3. Assignment of HUC-12 headwater connectivity values to z-scores. 

Headwater 

Connectivity (%) 

Natural 

Break Class 

Z-Score 

Range 

 Z-Score  

Class 

26.78 - 52.54 1 -3 to -2  Far Below Average 

> 52.55 - 67.07 2 -2 to -1  Below Average 

> 67.08 - 79.31 3 -1 to -0.5  Slightly Below 

Average 

> 79.32 - 88.33 4 -0.5 to 0.5  Average 

> 88.34 - 94.20 5 0.5 to 1  Slightly Above 

Average 

> 94.21 - 98.26 6 1 to 2  Above Average 

> 98.27 - 100.00 7 >2   Far Above Average 
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Figure 3-8. HUC-12 headwater connectivity fragmentation classes. These natural-break 

classes were translated to z-scores as shown in Table 3-3. Watersheds in brown are the most 

fragmented by the location and/or number of stream barriers while watersheds in blue have no 

stream dams or the location of stream dams has very little impact on headwater connectivity.   

 
 

 

Final Functional Connectivity Size Score  
All the foregoing adjustments were used to determine the final functional connectivity size 

score. Figure 3-9 shows the FCN and HUC-12 units that received a size class adjustment and 

the reason for the adjustment (i.e., dam passability, ocean connectivity, headwater 

fragmentation). Figure 3-10 shows the functional connectivity size score for each FCN based 

on the original size of the riverine network adjusted for passable dams, connectivity to the 

ocean, and headwater fragmentation. 
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Figure 3-9. FCN and HUC-12 units adjusted for functional connectivity by type of 

adjustment.  
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Figure 3-10. Final Functional Connectivity size class. This map shows the functional 

connectivity size score for each FCN based on the original size of the riverine network 

adjusted for passable dams, connectivity to the ocean, and headwater fragmentation. 

 
 

 

Diversity  
The diversity score measures the physical habitat variation within the connected networks. 

Greater connectivity increases the opportunity for dispersal, while more variation in aquatic 

habitat types offers more options for species to find suitable habitats and resources which 

increases resilience and metapopulation stability (Pelletier et al. 2020). With climate change, 

many species are moving northward seeking cooler waters, but a diversity of local 

temperatures, gradients, size classes, and aquatic habitats also creates options for species to 

find suitable conditions as conditions change. We calculated a habitat diversity score by 

tabulating the number of stream and river types, shallow or deep lakes, and presence of tidal 

aquatic habitats within each HUC-12. The habitat diversity features are described in detail 

below.  
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Stream and River Types 
Macrohabitats are the finest scale unit of hierarchical aquatic classification types defined in 

TNCôs freshwater classification approach (Higgins et al. 2005). They define stream reach 

types or lake types and are based on key abiotic variables known to structure aquatic 

communities at the reach or lake scale.  

 

For this analysis, we created simplified macrohabitat types to represent variation in major 

aquatic physical habitats at the stream reach or individual lake scale using variables possible 

to model in GIS. Stream and river macrohabitat attributes came from RiverAtlas_v10 (Linke 

et al. 2019) and HydroSHEDS (Ouellet et al. 2019) which contained a large database of 

attributes for each reach. We extracted size, gradient, and temperature as the key habitat 

variables to integrate into unique macrohabitat type codes following guidance from Higgins et 

al. (2005).  

 

Size 
Stream size is indicative of major ecosystem changes along the stream-river continuum, such 

as transitions in the state and source of energy and ecosystem metabolism. Stream size has 

been given the highest classification importance in many reach-scale stream classification 

systems because of its strong effect on determining aquatic biological assemblages at the 

reach scale (Vannote et al. 1980; Higgins et al. 2005). The well-known "river continuum 

concept," depicted in Figure 3-11, illustrates how the physical size of a stream relates to major 

ecosystem changes from small headwater streams dominated by coarse organic matter to 

autochthonous production by plankton in large river mouths (Vannote et al. 1980).     
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Figure 3-11. The River Continuum Concept from Vannote et al. (1980).  

 
 

 

Size classes were based on total upstream drainage area which is the most stable and 

geomorphologically comparable measure of size. Size class breaks were based on the National 

River Fish Habitat Condition Assessment (Wang et al. 2011) which was designed to provide a 

coarse-level understanding of diversity at a national scale (Table 3-4).  

 

Table 3-4. River reach size classes. 

Size Class Number Size Class Name Catchment Area (km2) 

11 Headwaters Ò 10 

12 Creek <100  

20 Small Rivers Ò 1000 

30 Medium Rivers Ò 10,000 

40 Mainstem Rivers Ò 25,000 

50 Large Rivers Ò 100,000 

60 Great Rivers Ò 1,000,000 
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Gradient 
Stream gradient also highly influences aquatic communities at the reach scale due to its 

influence on stream bed morphology, flow velocity, sediment transport/deposition, substrate, 

and grain size (Rosgen 1994). As shown in Figure 3-12, high gradient streams are dominated 

by step-pools to plane-bed systems with substrates of cobble and boulders, and colluvial 

sediment transport. Low gradient systems are dominated by riffle-pool systems, with 

substrates of sand, gravel, and cobble, alluvial storage, and depositional sediment regimes. 

Very low gradient streams are dominated by ripple-dune streams with very high sinuosity. 

These rivers have sand, gravel, and finer sediment substrates, alluvial storage and depositional 

sediment regimes, and slight entrenchment with critical adjacent floodplain systems (Rosgen 

1996; Allan 1995).  

 

Stream gradient was available for each reach catchment in RiverAtlas (Linke et al. 

2019) based on elevation from EarthEnv-DEM90 (Robinson et al. 2014). The stream 

gradient was calculated as the ratio between the elevation drop within the river reach 

(e.g., the difference between min. and max. elevation along the reach) and the length of 

the reach. The continuous stream gradient values were grouped into five classes (Table 

3-5) following guidance from a national stream classification (McManamay et al. 2019) 

and as applied in the conterminous U.S. freshwater resilience analysis. 

 

 

Figure 3-12. Illustration of how gradient shapes riverine habitats (FISRWG 1998). 
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Table 3-5. Gradient classes. 

Gradient Class Name Slope (decimeters/km) 

Very Low <10 

Low 11-50 

Moderate 51 - 200 

Moderate - High 201 - 400 

High and Steep >400 

 

 

Local Temperature 
Stream temperature is fundamental to freshwater resilience because it sets the physiological 

limits of persistence for many organisms and temperature extremes may directly preclude 

certain taxa from inhabiting a water body. Seasonal changes in water temperature often cue 

development or migration, and temperature can influence growth rates and fecundity. Ideally, 

a resilient stream network would span a range of current temperatures offering options for 

both coldwater and warmwater species and provide connected habitats for species to stay 

within their thermal preferences in the future (Woodward et al. 2010). Even for cold water 

fish species, recent research is showing accessible warmer water habitats significantly 

supports the survival of cold-water fish, such as salmon and trout (Armstrong et al. 2021). 

 

Air  temperature data was available for each reach catchment in RiverAtlas from WorldClim 

v1.4 (Hijmans et al. 2005). The data was based on 30 arc-second monthly air temperature 

grids, and we used the summary metric of ñannual maximum temperature in the reach 

catchmentò to place reaches in one of five classes using natural breaks (Table 3-6).  

 

 

Table 3-6. Temperature classes in Celsius and Fahrenheit. 

Temperature Class Celsius Fahrenheit 

1 <8 < псΦп 

2 8 - 10 50 

3 10 - 12 53.6 

4 12 - 14 57.2 

5 >14 >57.2 
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Tidal 
Streams and rivers that connect directly to the ocean or to large tidal river estuaries have water 

flow and levels that fluctuate with the tides, and salinity can range from fresh to brackish to 

saline. These reaches offer a unique diversity of habitats and resources for anadromous, 

diadromous, and euryhaline species. We classified each HUC-12 unit as containing tidal 

habitat based on direct adjacency to the ocean or having a mapped tidal river or tidal wetland 

habitat from the Alaska Vegetation and Wetland Composite (Alaska Center for Conservation 

Science, 2022)   

 

Lakes 
Depth is a critical variable related to summer lake stratification and the presence of deep 

permanent coldwater. For the diversity analysis, we classified the lakes from LakeAtlas_v10 

(Lehner et al. 2022) into two types: 1) deep, > 30 ft., and 2) shallow, < 30 ft.  

 

A summary of the five components and their classes is provided in Table 3-7 and Figure 3-13. 

 

Table 3-7. Macrohabitat component class summary. 

Size Class (cumulative 

drainage area in km2) Gradient Temperature Tidal  Lakes 

Headwater (2 < 100) 
Very low 

(<0.001) 
<8 C 

Tidal Deep 

Creek (10< 100) 
Low (0.001 ï 

0.005) 
8-10 C 

 Shallow 

Small River (>100 & < 

1,000) 

Moderate 

(0.005 ï 0.02) 
10-12 C 

  

Medium Rivers (>1,000 

& < 10,000) 

Moderate-High  

(0.02 ï 0.04) 
12-14 C 

  

Mainstem Rivers 

(>10,000 & < 25,000) 

High & Steep 

(>0.04) 
>14 C 

  

Large Rivers (> 25,000 

&  < 100,000)     

Great Rivers (> 100,000)     
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Figure 3-13. Macrohabitat components. Clockwise from top: size classes, gradient classes, 

temperature classes, tidal class, and lake depth classes. 
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Calculating Macrohabitat Diversity  
The macrohabitat components were combined at the reach scale to code each reach with its 

size class, temperature class, and gradient class. Each unique combination of these classes was 

considered a ñmacrohabitat.ò All macrohabitat types within a HUC-12 were counted toward a 

total diversity count of stream and river types present in the HUC-12. The presence of a deep 

lake or shallow lake or tidal habitat was then added to the total stream-river macrohabitat 

counts to increase the total by count of aquatic habitats present.  

 

Because the count of macrohabitats was correlated with the size of the HUC-12, we used a 

Poisson regression to establish a relationship between the size of the HUC-12 and the count of 

macrohabitats, and then calculated the standardized residuals to identify HUC-12s that had 

more or less macrohabitat diversity than expected for their size. The standardized residuals 

were used as the z-score. See details of the statistical models below. 

 

We adjusted the score in HUC-12s that had high headwater fragmentation. Small dams and 

impassable road crossings on headwaters and creeks make the accessibility of all types of 

macrohabitats within a HUC-12 more difficult. In HUC-12s with ñAverageò or worse 

headwater fragmentation, we adjusted the macrohabitat diversity score by taking the average 

of the combined macrohabitat diversity z-score and the headwater fragmentation z- score. If 

the HUC-12 had less headwater fragmentation, we kept the diversity score as it was, based on 

the assumption that some portion of the macrohabitat types present in the HUC-12 would 

probably be accessible at some part of the year. We mapped the resultant adjusted diversity 

score (Figure 3-14). 
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Figure 3-14. Diversity score. This map shows the HUC-12 macrohabitat diversity scores. 

 

 

Integrated Connectivity Score 
 

Connectivity Score = (2*Functional Connectivity + 1*Diversity) / 3 

 

Our final step was to integrate the functional connectivity size score measured at the FCN 

scale with the diversity score measured at the HUC-12 scale (Figure 3-15). The aim was to 

reflect both the whole FCN network size and the more local HUC-12 habitat diversity in a 

single index for each HUC-12. Given the importance of FCN network size to the availability 

of habitats, we gave functional connectivity twice the weight as local diversity in our 

combined index.  
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Figure 3-15. Final connectivity score. In this index, the size of the FCN network was given 

twice the weight of the local HUC-12 watershed habitat diversity.  

 

 

Condition Score 
Condition is a measure of current ecological function from landscape influences and accounts 

for two key ecological attributes of freshwater systems, habitat quality and water quality. Our 

condition assessment in Alaska was informed by our CONUS freshwater resilience analysis 

and two recent Alaska watershed assessments (Esselman et al. 2011; Aho et al. 2020).   

 

 

Naturalness  
 

Naturalness = Floodplain and/or Riparian Naturalness + Watershed Naturalness 

 

In this section, we assess the naturalness of three essential freshwater features, floodplains, 

riparian areas, and watersheds. For each feature, we first developed a map of its extent and 

then overlaid land cover data to quantify the types and amounts of natural, agricultural, and 

developed land within the extent.   
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Landcover  
To measure current land use, we combined the most recent National Land Cover Dataset 

(NLCD 2016) available for Alaska with a recent mining footprint dataset (Geist et al. 2017). 

The mining footprint dataset was developed by the Alaska Center for Conservation Science 

(ACCS) at the University of Alaska Anchorage (UAA), in partnership with the Northwest 

Boreal Landscape Conservation Cooperative (NWB LCC). The dataset depicts historical and 

current ground disturbance resulting from surface mining across Alaska and Northwest 

Canada. We merged the mining footprint on top of the land cover as a value of ñ10ò to 

override the NLCD pixel values underneath.  

 

Figure 3-16. The 2016 NLCD for Alaska (A) was updated with current and historic 

mining areas (B) to represent current land cover for the state.   

 

 
 

 

Floodplains  
Connections between a river and its floodplain are essential to the resilience of the system 

because floodplains allow for water storage, nutrient flushes, and create spatial and temporal 

feeding and breeding habitat (Pringle 2003). The connection can be interrupted by roads and 

levees, although this can be difficult to precisely measure because it depends in part on the 

intensity and depth of each flood event, or the return interval of the flood. We calculated a 

metric of floodplain naturalness to estimate the relative intactness and availability of the 

floodplain. To map floodplains, we combined the TNC delineated 30-m Active River Area 

(Anderson et al. 2022) with the Alaskan Riverscapes polygons (Whited et al. 2012).  

 

B A 
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Figure 3-17. Example of floodplain extent. The floodplain footprint included the TNC 

delineated 30-m Active River Area (Anderson et al. 2022) along with the Alaskan 

Riverscapes polygons (Whited et al. 2012).  

 
 

Floodplain Naturalness Index 
After removing open water from the 100-year floodplain, we quantified the extent of four land 

cover categories (Table 3-8) in this zone using data from the 2016 NLCD augmented with 

surface mining extent. Land cover classes were weighted such that wetlands or natural forests 

had the highest positive influence and roads or permanent development had the highest 

negative influence, with agricultural lands in between. We did not include pasture and hay 

lands in the agriculture category as research has shown this land use is not strongly correlated 

with poor water quality (de Mello et al. 2018). Degree of naturalness was quantified using a 

weighted index: 

   
(1 * % High Intensity) + (0.75 * % Agriculture) + (0.25 * % Low Intensity) 
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Table 3-8. Land cover class assignments used in the naturalness indices. 

Naturalness 

Category 

 

NLCD 2016 Class (Value Code) 

High Intensity Low Intensity Developed (22), Medium Intensity Developed (23), High 

Intensity Developed (24), Mining (10) 

Agriculture Cultivated Crops (82) 

Low Intensity  Pasture/Hay (81), Open Space Developed (21) 

Natural  Open Water (11), Perennial Ice/Snow (12), Deciduous Forest (41), 

Evergreen Forest (42), Mixed Forest (43), Shrub/Scrub (52), Herbaceous 

(71), Woody Wetlands (90), Emergent Herbaceous Wetlands (95), 

Barren (31) 

 

The index ranged from 0 for a floodplain in completely natural cover to 100 for a completely 

developed floodplain. We transformed the raw index using the bestnormalize package in R 

and translated the floodplain naturalness values into our standard z-score classes. HUC-12s 

with urban areas or impacted by resource extraction had naturalness values less than 

ñAverage.ò However, no watersheds scored higher than ñAverageò because most of the stateôs 

land cover is intact and undeveloped, thus most watersheds have floodplains with extremely 

high naturalness values. We studied the distribution of naturalness values for all the 

watersheds that scored ñAverageò and manually assigned z-scores using the class breaks 

shown in Table 3-9. Figure 3-18 shows the final floodplain naturalness scores for HUC-12s in 

Alaska.  

 

 

Table 3-9. Assignment of high floodplain naturalness values to z-score classes for HUC-

12s that initially scored ñAverageò for floodplain naturalness.   

Z-Score Class Floodplain Naturalness Values 

Far Above Average 0 

Above Average > 0 & < 0.05 

Slightly Above Average > 0.05 & < 15 

Average > 0.15 
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Figure 3-18. Landcover naturalness index of the floodplain. Watersheds in green have 

floodplains in more natural land cover while those in brown are dominated by mining, 

resource extraction, and/or urban land uses.  

 
 

 

Riparian and Floodplain Areas 
Riparian zones contribute to freshwater resilience through their potential to attenuate the 

effects of precipitation changes (Paukert et al. 2021), dampen temperature rise impacts 

(Bowler et al. 2012), and retain sediments and nutrients that could degrade water quality 

(Kaufman et al. 2022). To map riparian areas, we applied a 90-m buffer to the MERIT 90-m 

DEM-derived streams and rivers with a minimum drainage area of one km2. We then 

combined this riparian buffer with the floodplain footprint for an expanded ñriparian and 

floodplain areaò (Figure 3-19).   
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Figure 3-19. Riparian area example. The gray boundary denotes the 90-m riparian area 

around the blue DEM-derived flowlines which are shown on top of the floodplain areas in 

yellow and orange.  

 
 

We classified land cover in the riparian-floodplain area in each HUC-12 into the four 

categories previously described and shown in Table 3-8. Using those categories, we calculated 

the land cover naturalness index in the same manner as described for the floodplain 

naturalness metric. Due to the stateôs largely intact land cover, we again had to manually 

assign z-scores to HUC-12s with very natural riparian and floodplain areas (i.e., units that 

scored ñAverageò) using the values shown in Table 3-10 and mapped in Figure 3-20. 

 
Table 3-10. Assignment of high riparian and floodplain naturalness values to z-score 

classes for HUC-12s that initially scored ñAverageò for riparian and floodplain 

naturalness.   

Z-Score Class Riparian & Floodplain Naturalness Values 

Far Above Average 0 

Above Average > 0 & < 0.05 

Slightly Above Average > 0.05 & < 10 

Average > 0.10 
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Figure 3-20. Land cover naturalness index of the floodplain-riparian area. Watersheds in 

green have floodplain and riparian areas largely in natural land cover while those in brown are 

dominated by resource extraction and/or developed land use. 

 

 
 

Integrating Floodplain-Riparian and Floodplain-Only Naturalness  
After reviewing the land cover naturalness indices for the two different extents (floodplain-

only vs. floodplain-riparian), we established a set of rules to guide an integrated near river-

stream naturalness score guided by whether floodplains were the more dominant feature in the 

HUC-12. We calculated the percentage of floodplain area in each HUC-12 and translated the 

percentages to z-scores (Figure 3.20).   
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Figure 3-21. HUC-12 percent floodplain area. Results reflect whether the percentage of the 

HUC-12 in floodplain is above or below average. 

 
 

We then used the floodplain-only score (Figure 3-18) when the percentage of floodplain area 

was ñAbove Averageò or ñFar Above Average.ò For watersheds where floodplains were not a 

dominant feature (< 1 SD, in the ñSlightly Above Averageò or lower classes for floodplain 

percentage), we used the floodplain and riparian naturalness index score (Figure 3-20).   
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Figure 3-22. Integration of floodplain-only and floodplain-riparian land cover 

naturalness. Results reflect the integration rules and z-score adjustments described in the 

text.  

 
 

 

 

Watershed Naturalness 
To put the floodplain and riparian scores in context and to assess the degree of land cover 

degradation within the whole watershed, we calculated a watershed naturalness score for each 

HUC-12. We used the same methods as those described for the floodplain and riparian zones. 

Once again, we had to manually assign z-scores to units with very high watershed naturalness 

values (i.e., those that scored ñAverageò) per the breaks in Table 3-11 and as mapped in 

Figure 3-23.  

 

 

Table 3-11. Assignment of high watershed naturalness values to z-score classes for HUC-

12s that initially scored ñAverageò for watershed naturalness.   

Z-Score Class Watershed Naturalness Values 

Far Above Average 0 

Above Average > 0 & < 0.01 

Slightly Above Average > 0.01 & < 0.06 

Average > 0.06 
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Figure 3-23. Landcover naturalness index of HUC-12 watersheds. Watersheds in green 

have more natural and intact land cover while those in brown are dominated by mining, 

resource extraction, and/or developed land uses.  

 

 
 

Integrating Floodplain, Riparian, and Watershed Naturalness 
A visual comparison of the combined floodplain and riparian land cover naturalness index and 

the watershed naturalness index shows there are many watersheds where the two metrics are 

quite similar. However, there are also some areas where the two metrics tell a slightly 

different story in which riverine floodplains are intact, but their watersheds have some altered 

land cover or vice versa. To address the correlation between these two indices, we found that 

simply averaging the two z-scores appropriately balanced the interplay between these 

different scales. For example, a watershed with a very natural floodplain but a less natural 

watershed typically received an ñAverageò overall naturalness score (dependent on the actual 

z-scores for the two scales). A watershed primarily in natural cover and with a floodplain in 

natural cover received a high overall naturalness score. Our final integrated score (Figure 

3-24) can be thought of as a watershed naturalness score (Figure 3-23) with more weight 

given to the floodplain and riparian zone (Figure 3-22) to reflect the importance of direct 

interaction with streams and rivers.  
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Figure 3-24. Integrated watershed and floodplain-riparian naturalness scores. The z-

scores are the average of the watershed naturalness z-score and the floodplain only or 

floodplain and riparian naturalness z-score for each HUC-12. The floodplains and land cover 

of watersheds in green are more natural while the floodplain and land cover of watersheds in 

brown are characterized by resource extraction and/or developed land uses.  

 
 
 

Water Quality   
While streams and rivers in the conterminous U.S. face challenges from increasing levels of 

nutrients and sediment (Manning et al. 2020; Murphy 2020), nonpoint source pollution is less 

of a widespread problem in Alaskaôs waterways and largely confined to waters in the stateôs 

five major urbanized areas (ADEC 2020). The main water quality concerns in Alaskaôs rivers 

and lakes are toxic pollutants from mining, industrial operations, oil extraction, and 

transportation, as well as limited sanitation infrastructure in rural areas. Most recently, the 

release of metal ores into waterways from rapid permafrost thawing due to climate change is 

an increasing water quality concern for aquatic species and people in the Arctic region of 

Alaska.  

 

To develop a water quality index for watersheds in Alaska, we adapted the methods used to 

assess water chemistry and sediment regulation in the Matanuska-Susitna basin of Alaska 

(Aho et al. 2020). First, we calculated a suite of variables for each HUC-12 to capture the 

most pressing water quality concerns in Alaska using readily available spatial data (Table 

3-12, Figure 3-25).   
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Table 3-12. Description and data sources of variables (n=10) used to assess water quality 

of HUC-12s in Alaska.  

HUC-12 Variable  

Description 

 

Data Source(s)  

Percent mining area Percentage of 

watershed area in mine 

land 

Historical and current ground disturbance 

resulting from surface mining across 

Alaska and Northwest Canada. Geist et al. 

(2017), updated 2024  

Percent agricultural 

area 

Percentage of 

watershed area in 

pasture/hay (class 81) 

and cultivated crops 

(class 82) 

2016 NLCD 

Percent 

impervious/urban 

area 

Percentage of 

watershed area in 

NLCD low, medium, 

and high intensity 

development (classes 

22, 23, 24) 

2016 NLCD  

Density of pollution 

sites 

Count of contaminated 

sites (TRI, Superfund) 

and NPDES outfalls 

/watershed area 

Alaska Regulated Contaminated Sites 

(ADEC 2025), TRI and Superfund  

*Sites restricted with query to select 

Active and Status = Cleanup Complete 

with Institutional Controls, NPDES 

Outfalls Regulated Facilities (USEPA 

2022)  

Percent Superfund 

area 

Percentage of 

watershed area 

designated as 

Superfund land 

USEPA Superfund Site Boundaries from 

ADEC 2025  

*Sites restricted to state of Alaska 

Percent 303(d) 

impaired water 

bodies (areal extent) 

Percentage of 

watershed area in 

impaired inland 

waterbodies (harbors 

and bays excluded) 

ADEC 2024 with manual edits to add two 

recently listed segments: Tributary Creek 

and Boulder Creek  

 

 

Density of 303(d) 

impaired 

streams/rivers 

(linear) 

Length (km) / 

watershed area (km2) 

ADEC 2024  

Density of roads and 

railroads 

Length (km) / 

watershed area (km2) 

TIGER/Line 2024  

Density of Culverts Count of culverts 

/watershed area 

BarrierType = 'Assessed road-related 

barrier' (SARP 2024) 

Rusting Risk index See description below 

in text 

See description below in text 
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Figure 3-25. Selected water quality variables. Maps of some of the input water quality 

index variables: A) ADEC contaminated sites, B) EPA NPDES outfalls, C) culverts, and D) 

Superfund areas.  

 
 

 

Recent research has documented the rusting of streams and small rivers in Alaskaôs Brooks 

Range over the past ten or so years. Researchers hypothesize that impacted waterways turn 

orange from the mobilization of metals due to rapid permafrost thaw (OôDonnell et al. 2024). 

These orange rivers have poor water quality parameters (low pH, high turbidity, high sulfate 

and iron concentrations) and dramatically lower macroinvertebrate diversity and fish 

abundance compared to non-impacted reference streams. In addition to ecological impacts, 

rusting may limit the use of stream and river water by local communities that depend on it. 

The latest studies suggest the Alaskan waterways most at risk from rusting are those located in 

the Brooks Range, particularly the Kobuk River, Wulik River, Salmon River, and tributaries 

within the Kobuk Valley National Park. 

 

To assess the relative risk of rusting in streams and rivers for watersheds in the Brooks Range, 

we first selected HUC-12s that intersected the Brooks Range terrestrial ecoregion (Figure 

3-26). To account for watersheds with only a small amount of their area in the Brooks Range, 

we calculated the proportion of each HUC-12 that is in the Brooks Range ecoregion. To 

identify areas with deeper permafrost melt and thus additional activation of subsurface water 

flow paths, we calculated a projected change in the depth of the seasonally thawed layer above 

permafrost using the active layer thickness model of 2019 versus 2049 from the Geophysical 

Institute Permafrost Lab model (University of Alaska, Fairbanks, 2011). We then calculated 

the mean permafrost depth change by 2049 for each HUC-12 to identify those units predicted 

to have larger amounts of thawed subsurface water (Figure 3-26). After examining spatially 

explicit data on orange streams (Koch et al. 2023), we found that rusting appears to be limited 

to headwaters and tributaries, size class 20 or smaller in our size classification. Thus, we 
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calculated the percentage of each watershedôs total flowline length (> 2 km2 drainage area) 

that was less than or equal to size class 20. We then multiplied this percentage by the 

proportion of the watershed that is in the Brooks Range. Finally, to calculate the rusting risk 

index, we multiplied the depth risk class (Figure 3-26) by the percentage of flowlines streams 

and small rivers, adjusted for watershed proportion area in the Brooks Range (Figure 3-27).  

 

Figure 3-26. Assignment of estimated mean permafrost depth change by 2049 (Univ. of 

AK, Fairbanks 2011) to five classes using natural breaks for HUC-12 watersheds that 

intersect the Brooks Range terrestrial ecoregion (black outline).  

 
Figure 3-27. Calculation of stream rusting risk index for HUC-12 watersheds that 

intersect the Brooks Range terrestrial ecoregion (black outline). A) The percentage of 

flowlines in size class 20 or smaller, adjusted by the proportion of the watershed in the Brooks 

Range, and B) the depth class were multiplied to yield a relative measure of rusting risk that is 

shown in panel C.  

 

 

A 

B 

C 
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Water Quality Index 
To develop an index of water quality, we first used Spearmanôs rank-order correlation 

coefficient p to determine if any of the HUC-12 input variables described in Table 3-12 

exceeded a correlation threshold of 0.70 per the methods in Aho et al. (2020). As none of the 

input water quality variables were highly correlated (p > 0.70), we calculated summary 

statistics for each of the ten input variables and used those values to calculate a Water Quality 

Index (WQI) for each watershed based on the revised Index of Catchment Integrity (ICI) 

formula in Aho et al. (2020, Eq. 1) where w refers to the HUC-12 watershed, sj,w is the value 

for the jth variable or stressor across all watersheds, sj,wmax is the worst possible value 

(maximum value across all watersheds in the state) and ni,w is the number of stressors 

associated with the ith variable that could occur in watershed w. The maximum number of 

stressors was nine for all watersheds except for those in the Brooks Range, which had ten due 

to the rusting risk index.   

 

Equation 1. Formula used to calculate an index of water quality for HUC-12s in Alaska 

from Aho et al. (2020).  
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Most watersheds had few if any water quality stressors and thus had the highest or best WQI 

value of 1 (Figure 3-28). We translated the resultant water quality index scores to z-scores, 

where ñAverageò values indicated watersheds with no water quality stressors and WQI values 

of 1. As watersheds in Alaska are largely intact and undeveloped, a WQI score of 0.92 was 

ñBelow Averageò in Alaska even though 0.92 would be an excellent score and greater than 

ñAverageò for a watershed in the conterminous U.S. 
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Figure 3-28. Water Quality Index (WQI) for HUC-12 watersheds.  

 
 

 

 

Figure 3-29. Water Quality Index score. This map shows the WQI values translated to z-

score classes. Watersheds in yellow are expected to have good water quality as they have no 

significant values for the stressors listed in Table 3.12. 
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Integration of Condition Metrics 
As many of Alaskaôs watersheds are in pristine condition, we used the following rules to 

combine the final naturalness and water quality scores. If a watershed had an ñAverageò z-

score for water quality (i.e., no water quality stressors present), we only used the final 

naturalness score. If a watershed had a water quality z-score less than ñAverage,ò we 

combined the water quality and naturalness z-scores with water quality weighted 33% and 

naturalness weighted at 66%. Figure 3-30 shows the result of this integration and the impact 

of incorporating the water quality scores can be seen in the watersheds of the Brooks Range, 

major urban areas, and transportation corridors.  

 

Figure 3-30. Condition score. This map shows the integrated condition scores after 

combining the water quality and naturalness z-scores as described in the text. 

 

 

  






































































































