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Abstract

The Columbia River basin is a large transboundary basin located in the Pacific Northwest. The basin spans seven US states

and one Canadian province, encompassing a diverse range of hydroclimates. Strong seasonality and complex topography are

projected to give rise to spatially heterogeneous climate effects on unregulated streamflow. The basin’s water resources are

economically critical, and regulation across the domain is extensive. Many sensitivity studies have investigated climate impacts

on the basin’s naturalized hydrology; however, few have considered the large role of regulation. This study investigates where

and when regulation affects projected changes in streamflow by comparing climate outcomes across 80-member ensembles of

unregulated and regulated streamflow projections at 75 sites across the basin. Unregulated streamflow projections are taken from

an existing dataset of climate projections derived from Coupled Model Intercomparison Project version 5 Global Climate Models.

Regulated streamflow projections were modeled by the US Army Corps of Engineers and the US Bureau of Reclamation by

using these unregulated flows as input to hydro-regulation models that simulate operations based on current and historical water

demands. Regulation dampens shifts in winter and summer streamflow volumes. Regulation generally attenuates changes in

cool-season high flow extremes but amplifies shifts in warm-season and annual high flow extremes at historically snow-dominant

headwater reservoirs. Regulation reduces dry-season low flow changes in headwater tributaries where regulation is large but

elsewhere has little effect on changes in low flows. Results highlight the importance of accounting for water management in

climate sensitivity analysis particularly in snow-dominant basins.
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Key Points:

• Regulation dampens future winter and summer volume changes where the
degree of upstream regulation is large.

• Regulation dampens cool-season high flow extreme increases and amplifies
warm-season increases at snow-dominant headwater basins.

• Regulation dampens low flow changes in tributaries with a large degree of
upstream regulation but has little to no effect elsewhere.

Abstract

The Columbia River basin is a large transboundary basin located in the Pacific
Northwest. The basin spans seven US states and one Canadian province, en-
compassing a diverse range of hydroclimates. Strong seasonality and complex
topography are projected to give rise to spatially heterogeneous climate effects
on unregulated streamflow. The basin’s water resources are economically criti-
cal, and regulation across the domain is extensive. Many sensitivity studies have
investigated climate impacts on the basin’s naturalized hydrology; however, few
have considered the large role of regulation. This study investigates where and
when regulation affects projected changes in streamflow by comparing climate
outcomes across 80-member ensembles of unregulated and regulated streamflow
projections at 75 sites across the basin. Unregulated streamflow projections
are taken from an existing dataset of climate projections derived from Coupled
Model Intercomparison Project version 5 Global Climate Models. Regulated
streamflow projections were modeled by the US Army Corps of Engineers and
the US Bureau of Reclamation by using these unregulated flows as input to
hydro-regulation models that simulate operations based on current and histor-
ical water demands. Regulation dampens shifts in winter and summer stream-
flow volumes. Regulation generally attenuates changes in cool-season high flow
extremes but amplifies shifts in warm-season and annual high flow extremes at
historically snow-dominant headwater reservoirs. Regulation reduces dry-season
low flow changes in headwater tributaries where regulation is large but elsewhere
has little effect on changes in low flows. Results highlight the importance of ac-
counting for water management in climate sensitivity analysis particularly in
snow-dominant basins.

1 Introduction

The Columbia River basin is responsible for 77% of coastal drainage in the North-
western US (Barnes et al., 1972) and is the sixth largest basin by drainage area
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in the United States (Kammerer, 1990). Located in the Pacific Northwest, the
basin spans seven states and straddles the US-Canadian border, encompassing
a diverse range of hydroclimates and topography. The 4th National Climate
Assessment states that 21st century temperatures are projected to rise for all
greenhouse gas emission scenarios and extreme precipitation events are increas-
ing (Reidmiller et al., 2018). The natural hydrology of the Pacific Northwest is
particularly sensitive to shifts in climate due to the region’s complex topography,
the prominent role of snow in warm-season streamflow, and strong seasonality
of the annual hydrograph (Elsner et al., 2010; Vano, 2015).

Over the past century, the Pacific Northwest has warmed by nearly 1ºC, and
temperatures are projected to continue to rise (May et al., 2018). At upper
elevations, warming has already resulted in declines in glacial extent (Frans et
al., 2018; Moore et al., 2020) and snowpack (Mote et al., 2018) and is projected
to cause significant depletions in seasonal snowpack (Elsner et al., 2010; Gergel
et al., 2017; Lute et al., 2015; RMJOC, 2018). At lower elevations, more cool-
season precipitation will likely fall as rain rather than snow (Musselman et al.,
2018; Salathé et al., 2018). Mountain snowpack serves as a natural reservoir of
fresh water and diminishing snowpack could lead to more frequent and severe
drought events (Chegwidden et al., 2019; Leppi et al., 2012; RMJOC, 2018;
Tohver et al., 2014). Seasonal precipitation patterns are projected to amplify
under climate change. Precipitation is projected to increase in the autumn,
winter, and spring, and decrease in the summer during the dry season (RMJOC,
2018; Rupp et al., 2016; Tohver et al., 2014). The largest seasonal increases
are likely to occur in winter, which historically is the season with the largest
total precipitation. Changes in annual precipitation patterns and depletions in
snowpack will shift peak streamflow timing earlier in the water year for snow
dominant and transient rain-snow watersheds (Chegwidden et al., 2019; Fritze
et al., 2011; Hamlet et al., 2010; Payne et al., 2004; Stewart et al., 2005). Peak
timing shifts will likely be more pronounced in transient watersheds where winter
temperatures are at or near freezing and therefore more sensitive to warming
(Bureau of Reclamation, 2016; Vano et al., 2015). Extreme precipitation events
are increasing (IPCC, 2014; May et al., 2018; Warner et al., 2017), and are
projected to lead to substantially more severe flood events (Salathé et al., 2014).
Queen et al. (2021) projected pervasive increases in Columbia River basin flood
magnitudes based on unregulated streamflow projections.

Throughout the past century, expansive water resource infrastructure has
changed the streamflow regime by creating man-made reservoirs and altering
flows. While climate is a primary driver of natural basin hydrology, extensive
regulation modulates this natural hydrology and thus streamflow (Figure 1;
Arheimer et al., 2017). The Columbia River basin is heavily regulated by
federal and state agencies and private utilities for a range of system objectives
including flood risk management, hydropower, irrigation, navigation, fish
passage, and recreation. More than 250 reservoirs exist across the system
and streamflow regulation sustains an economically critical food-water-energy
nexus. Columbia River system operations follow transnational guidelines
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defined by the Columbia River Treaty, an international agreement between
the US and Canada on how water is allocated across the US-Canadian border.
Ratified in 1964, the treaty informs the joint management of three upper
Columbia Canadian storage dams to coordinate transboundary flood control
and is currently being renegotiated for modernization post-2024 (Stern, 2020).

Figure
. Annual hydrographs of monthly average streamflow for Arrow Lakes (ARD),
Libby (LIB), Hungry Horse (HGH), Keechelus (KEE), Dworshak (DWR), and
American Falls (AMFI) and the three periods examined: the control period
(1976-2005), 2030s (2020-2049), and 2070s (2060-2089). Monthly averages are
taken from the median of each ensemble. For each location, the left panel
shows the unregulated hydrograph, and the right panel shows the regulated
hydrograph.

Climate change impacts on Columbia River basin naturalized or unregulated
streamflow have been extensively studied; however, only a limited number of
large-scale studies have considered the large role of regulation. To test the reli-
ability and vulnerability of Columbia River system operations under changing
historical conditions, Jones and Hammond (2020) investigated observed intra-
annual timing of reservoir inflows and outflows. Between 1950 and 2012, May
through October inflows declined but outflows increased due to low flow augmen-
tation. Zhou et al. (2018) investigated the effect of regulation on the timing of
hydrologic regime shifts for large basins across the western US. Their study used
climate projections from three Coupled Model Intercomparison Project version
5 (CMIP5) global climate models (GCMs) for Representative Concentration
Pathway (RCP) 4.5 and 8.5 emissions scenarios. GCM meteorology was statis-
tically downscaled to the 1/8-degree grid resolution. Regulated flows were sim-
ulated by the Model for Scale Adaptive River Transport (Li et al., 2013) Water
Management (Voisin et al., 2013a) model (MOSART-WM); a simplified hydro-
regulation model that uses operational rules based on historical monthly mean
inflows and water demands. Zhou et al. (2018) found that for the Columbia
River basin, regulation delayed the timing of regime shifts for all seasons except
autumn. Studies in subbasins west of the Cascade Mountain range have also
shown large differences between projected changes in unregulated and regulated
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streamflow extremes where, in some cases, regulation amplifies the climate sig-
nal (Lee et al., 2016, 2018). Singh and Basu (2022) analyzed historical seasonal
streamflow trends in neighboring natural and regulated watersheds across North
America. They showed that regulation effects on seasonal streamflow trends
vary widely across space and time ranging from amplification to no effect to
dampening.

As climate change poses potential challenges for managed freshwater systems,
concerns regarding where and when climate impacts will manifest and what they
mean for the future of water resources are ever-growing. Large-scale climate sen-
sitivity studies that do not account for regulation effects on streamflow may lead
to inaccurate characterizations of projected outcomes. To investigate where and
when extensive regulation modifies climate impacts on Columbia River basin
streamflow, this study uses two 80-member ensembles of unregulated and regu-
lated streamflow projections developed from 10 CMIP5 GCM projections for the
RCP 8.5 emissions scenario (RMJOC, 2018; RMJOC, 2020) to compare climate
outcomes under unregulated and regulated conditions. Regulated flow projec-
tions were modeled by the US Army Corps of Engineers (USACE) and the US
Bureau of Reclamation (USBR) using hydro-regulation models that are used by
USACE and USBR to support long- and short-term federal water management
planning. These models use operational rule-curves based on current and histori-
cal water management objectives that vary temporally and spatially and account
for local and system-wide flood risk management, hydropower, irrigation, navi-
gation, and ecological constraints (RMJOC, 2020). Operational rule-curves are
based on current and historical water demands and do not change to account
for future changing conditions.

This study seeks to answer two key questions: 1) How does regulation modify
projections of streamflow volumes and extreme streamflow events under climate
change? 2) How do the signatures of climate change and hydro-regulation vary
seasonally and across the domain? We address these questions by comparing
projected climate impacts on seasonal volumes and high and low flow extremes
for unregulated conditions and regulated conditions. We investigate changes
in extremes for 51 diverse sites across the basin where hydro-regulation was
modeled at a daily time step. Seasonal volume changes are examined for 75
sites using output from hydro-regulation models at both a daily and monthly
time step. Outcomes for the 2030s (2020-2049) and the 2070s (2060-2089) are
compared to the control period (1976-2005), and we test relationships to river
network location and the level of regulation by grouping locations by region and
the degree of upstream regulation, respectively. The control period is selected
to represent the most recent 30-year period in the historical streamflow used to
validate simulated flows (RMJOC, 2018). The 2030s and 2070s are selected to
represent the near future and far future, respectively. Analysis is performed for
water years rather than calendar years. A water year is a 12-month period used
by hydrologists to represent temporal precipitation patterns that influence the
water cycle (e.g., wet-season winter snow accumulation and dry-season summer
snow melt) and is defined as October 1 of the previous calendar year through
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September 30 of the given year.

2 Methods

2.1 Study Area

The Columbia River basin is a transnational river system covering 673 thousand
km2 of the Pacific Northwest. The basin encompasses a diverse range of hydro-
climates from arid lowlands to glaciated mountain regions. The Cascade and
Rocky Mountain ranges pass through the western and eastern edges of the basin,
respectively, and high elevation snowpack supplies much of the basin’s freshwa-
ter through the spring freshet. Three hydrologic regimes exist across the domain
(Hamlet and Lettenmaier, 2007): the rain-dominant regime where streamflow
peaks in the cool-season primarily driven by rainfall; the transient regime where
two annual peak streamflow pulses result from cool-season rainfall and warm-
season snowmelt; and the snow-dominant regime where streamflow peaks in the
warm-season primarily driven by snowmelt (Elsner et al., 2010). These three
regimes can be distinguished by the ratio of peak snow water equivalent (SWE)
to cool-season precipitation (Barnet et al, 2005). Pacific Northwest peak SWE
typically occurs around April 1. Following the work of Mantua et al. (2010),
we classify hydrologic regimes for each 30-year period by the ensemble median
ratio of drainage area-averaged April 1 SWE to drainage-area averaged October
through March precipitation (SWE/P) where SWE/P less than 0.1 indicates a
rain-dominant regime; SWE/P between 0.1 and 0.4 indicates a transient regime;
and SWE/P greater than 0.4 indicates a snow-dominant regime (Figure 2).
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Figure
. Map of the Columbia River basin and hydrologic regime ratios for the 75
sites and three periods investigated in this study. The basin is located in
the Pacific Northwest region of the US straddling the US-Canadian border.
Regime classification color scheme adapted from Mantua et al. (2010). Base
map provided by Esri (2009). For location details including drainage area see
Table S1 of Supporting Information.

2.2 Location and Groupings

2.2.1 Regions

The hydroclimate across the domain is diverse, and system operations vary
widely depending on the authorized purposes of water management infrastruc-
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ture and regional water demands. To test the relationship between regulation
effects and river network location, sites are grouped into ten regions defined by
location on a tributary or the mainstem (Figure 3a).

2.2.2 Degree of Upstream Regulation

Regulation effects on streamflow can be attributed to temporal reservoir stor-
age and delayed releases that alter streamflow timing (Grill et al., 2019). The
degree of upstream regulation (DOR) is a measure of annual storage effects
on unregulated streamflow and is defined as total upstream storage capacity
normalized by annual streamflow volume (Dynesius and Nillson, 1994; Grill et
al., 2019; Lehner et al., 2011). Higher DOR indicates greater capacity to store
water throughout the water year and as a result, larger regulation effects on
the streamflow regime. We group locations by their DOR to test the relation-
ship between annual storage effects and regulated climate outcomes (Figure 3b),
with DOR calculated as

DO𝑅𝑗 = ∑𝑛
𝑖=1 𝑆𝑉𝑖
𝐴𝑉𝑗

, #(1)

where DO𝑅𝑗 is the DOR at site 𝑗, 𝑆𝑉𝑖 is the storage volume of any reservoir
upstream of site 𝑗, 𝑛 is the total number of reservoirs upstream of site 𝑗 and
𝐴𝑉𝑗 is the unregulated annual streamflow volume at site 𝑗 (Lehner et al., 2019).
To group sites with similar DOR, we applied equation (1) during the control
period and binned the range of DOR across all sites into 4 groupings of equal
intervals: 0-30%; 30-60%; 60-90%; and 90-120%.

Figure
. Maps of the spatial groupings used in this study: (a) analysis regions; (b)
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degree of upstream regulation (DOR). Base map provided by Esri (2011).

2.3 Seasonal Volumes

Reservoir releases vary widely throughout the year and operational constraints
are highly seasonally dependent. As a result, changes in seasonal streamflow vol-
umes have been identified by stakeholders as indicators of system vulnerability
for a wide range of water management objectives (RMJOC, 2020). The hydro-
regulation models used to generate the regulated flow ensemble examined in this
study use rule-curves and other operational targets that vary by season based
on historical hydroclimate (RMJOC, 2020); however, the seasonality of unreg-
ulated hydrographs is projected to shift under climate change (Figure 1) and
large shifts in seasonal volumes may drive large regulation effects. We compare
climate change effects on seasonal volumes by examining the relative seasonal
volume change, defined as the ratio of future seasonal volumes to control pe-
riod volumes, under both unregulated conditions and regulated conditions for
September, October, November (SON; autumn); December, January, February
(DJF; winter); March, April, May (MAM; spring); and June, July, August (JJA;
summer).

2.4 Level of Seasonal Volume Regulation

The level of seasonal volume regulation (LRsv) is defined as the ratio of regulated
seasonal volume to unregulated seasonal volume,

𝐿𝑅sv = Regulated Seasonal Volume
Unregulated Seasonal Volume , #(2)

where the seasonal volume is the total amount of flow observed at one of the 75
sites identified in Figure 2. LRsv values greater than 1 indicate the regulated
seasonal volume exceeds the unregulated seasonal volume while LRsv values
less than 1 indicate the regulated seasonal volume is less than the unregulated
seasonal volume. We compare control period LRsv to future LRsv to examine
how the relationship between regulated and unregulated volumes is changing
in the future. It is important to keep in mind that both the numerator and
denominator change when applying equation (2) to different periods.

2.5 Extremes

An analysis of changes in extremes can provide critical information for adapta-
tion planning given extensive flood risk management practices and competing
demands for water. We investigate regulation effects on high flow extremes by
comparing relative changes in annual peak flows with a 50-year return period
(Q50RP) under regulated conditions to those under unregulated conditions. The
Log-Pearson 3 (LP3) distribution curve is fit to regulated and unregulated an-
nual maximum flow time series for each 30-year period (Text S1 of Supporting
Information). By using a 30-year sample size rather than a larger (e.g., 50 or
75-year) sample size, we limit the effects of non-stationarity in sample statistics
used to generate the LP3 curve. We examine 50-year return period (2% annual
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exceedance probability) maxima rather than 100-year return period maxima
due to lower confidence in the 1% annual exceedance probability that results
from using a 30-year sample size. From the LP3 distributions, 50-year return
period peak flow changes are investigated by calculating the ratio of future to
control period Q50RP. The LP3 fit for unregulated high flow extremes is rec-
ommended by United States Geological Survey (USGS) Bulletin 17C (England
et al., 2018) which established federal guidelines for flood frequency analysis.
Regulated high flow frequency curves are typically generated using graphical
fitting methods; however, we use the LP3 distribution to fit both unregulated
and regulated high flow frequency curves in order to apply a consistent method
across a large number of sites. Warming temperatures will shift streamflow
maxima towards winter where they historically occurred in spring (indicated by
widespread regime shifts across the domain as shown in Figure 2), and seasonally
varying operations could explain large changes in regulated Q50RP. To identify
seasonal climatic changes and operations that drive annual Q50RP changes, we
also examine changes in cool-season (October-March) Q50RP and warm-season
(April-September) Q50RP.

We investigate regulation effects on low flow extremes similarly, by comparing
relative changes in 7-day minimum flows with a 10-year return period (7Q10)
under regulated conditions to those under unregulated conditions. The LP3 dis-
tribution curve is fit to regulated and unregulated 7-day minimum flow time se-
ries for each 30-year period (Text S2 of Supporting Information). From the LP3
distributions, we examine changes in the 10-year return period 7-day minimum
by calculating the ratio of future to control period 7Q10. High snow dominance
can lead to annual minimums occurring during cool-season snowpack accumula-
tion (Tohver et al. 2014; see Figure 1). Shifts in dry-season low flow extremes
can indicate ecosystem vulnerability and motivate changes in late summer and
early autumn ecological operations. Rather than taking the 7Q10 from the an-
nual time series, we limit our analysis to the dry-season (July-October) when
low flow operational constraints occur across the domain (RMJOC, 2020). The
Kolmogorov-Smirnov (KS) and probability plot correlation coefficient (PPCC)
goodness of fit tests (Stedinger et al., 1993) are performed to test the suitability
of the LP3 analytical curves for fitting the unregulated and regulated low and
high flow extreme time series (Figures S3-S14 of Supporting Information).

2.6 Level of Q50RP Regulation

Similar to the level of seasonal volume regulation defined in section 2.4, we define
the level of Q50RP regulation (LRQ50RP) as the ratio of regulated Q50RP to
unregulated Q50RP,

𝐿𝑅𝑄50𝑅𝑃 = 𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑒𝑑 𝑄50𝑅𝑃
𝑈𝑛𝑟𝑒𝑔𝑢𝑙𝑎𝑡𝑒𝑑 𝑄50𝑅𝑃 .#(3)

LRQ50RP greater than 1 indicates that the regulated Q50RP exceeds the un-
regulated Q50RP while LRQ50RP less than 1 indicates the regulated Q50RP is
less than the unregulated Q50RP. Because the Q50RP amounts are determined
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independently from the regulated and unregulated flow time series, they do not
necessarily denote the same event.

3 Data

3.1 Unregulated Streamflow Projections

Unregulated streamflow projections are taken from Chegwidden et al. (2017).
This dataset consists of Columbia River basin simulated streamflow at a daily
time step from the Precipitation Runoff Modeling System (PRMS; Leavesly et
al., 1983) and Variable Infiltration Capacity model (VIC; Liang et al., 1994).
Both PRMS and VIC were forced using statistically downscaled CMIP5 GCM
projections for the RCP 4.5 and RCP 8.5 emissions scenario. For the purposes of
this study, we limit our analysis to emissions scenario RCP 8.5 which represents
the amount of radiative forcing that is projected to occur if no effort is made to
decrease greenhouse gas emissions. GCM forcings were statistically downscaled
and bias-corrected at the 1/16th degree grid resolution using two different meth-
ods: the multivariate adaptive constructed analogs (MACA) method, and the
bias correction, spatial disaggregation (BCSD; Wood et al., 2004) downscaling
method. Ten GCMs, two meteorological downscaling methods, two hydrology
models, and three model parameter sets for the VIC model resulted in an 80-
member ensemble of unregulated streamflow projections for RCP 8.5 at locations
across the Pacific Northwest (Chegwidden et al., 2019). From this dataset, we
analyze streamflow changes at 75 Columbia River basin locations that map to
sites where hydro-regulation was modeled by USACE and USBR.

3.2 Regulated Streamflow Projections

Regulated streamflow projections were developed by USACE and USBR. With
the exception of the Yakima, Upper Snake, and Deschutes, regulation across the
basin was simulated at a daily-step using the USACE Hydrologic Engineer Cen-
ter’s Reservoir System Simulations model (HEC-ResSim) (USACE, 2013) de-
veloped by USACE for Columbia River basin planning studies (RMJOC, 2020).
This model was recently updated with operating rules based on a preferred al-
ternative from a National Environmental Policy Act (NEPA) Environmental
Impacts Study of system operations. These include an updated set of opera-
tional contstraints and targets for 14 major storage projects that integrate wa-
ter management for improved anadromous fish habitat and survival (USACE,
2020).

Regulation in the Yakima River basin was simulated by USBR at a daily time
step using the RiverWare model (Zagona et al., 2010). The Yakima regulation
model was developed to simulate operations and irrigation under 2010 conditions
(Bureau of Reclamation, 2010b; RMJOC, 2020). Regulation in the Upper Snake
and Deschutes was modeled at a monthly time step using MODSIM (Labadie,
2006) to simulate operations and irrigation under 2008 conditions (Bureau of
Reclamation, 2009, 2010a; RMJOC, 2020).

Reservoir storage targets and outflows vary inter-annually, year-to-year, and
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spatially, specific to in-season forecasts of seasonal runoff. Monthly storage re-
quirements are determined by seasonal runoff volume forecasts (water supply
forecasts) that are issued at the beginning of each month. These forecasts are
required by the hydro-regulation models as input for flood risk management
operations. In-season water supply forecasts for 9 primary storage projects
were developed for each projection using principal component regression and
the projected hydrologic states. These forecasts were then used as input to
the hydro-regulation models to set local and system operational storage require-
ments across the domain (RMJOC, 2020). While reservoir operational patterns
can vary annually and seasonally based on forecasted basin hydrology, the un-
derlying logic for forecast-based storage requirements is defined based on current
hydrologic patterns and operational constraints and was not modified to account
for shifts in hydrology under climate change. For example, the April-August
runoff period, for which forecasts are currently made, may be less relevant in
the future when runoff occurs earlier.

The unregulated streamflow projections described in section 3.1 were input into
the hydro-regulation models after adjustments were made to account for the
effects of irrigation and reservoir evaporation. Irrigation and evaporation ex-
tractions were based on historical patterns and depletions adjusted to the level
of irrigation of the year 2010 (Bonneville Power Administration, 2011), and
were not modified to reflect changes in diversion patterns under climate change.
In the Upper Snake, Deschutes, and Yakima subbasins, irrigation withdrawals
varied based on historically-observed demand patterns for the projected water
year type (i.e., irrigation demand patterns during drought years were different
than those during extremely wet years) (Bureau of Reclamation, 2011; RMJOC,
2020). Outside of these subbasins, where irrigation depletions represent a much
smaller amount of the annual flow volume, irrigation withdrawals were fixed
based on historical depletion levels (RMJOC, 2020). The resulting model out-
put is an 80-member ensemble of regulated Columbia River basin streamflow
projections for the RCP 8.5 emissions scenario.

4 Results

4.1 Seasonal Volumes

4.1.1 Regulation Dampens Seasonal Volume Changes in Winter (DJF) and Sum-
mer (JJA)
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Figure
4. September-November (SON), December-February (DJF), March-May
(MAM), and July-August (JJA) seasonal volume ratios for the 2030s (top) and
2070s (bottom) under unregulated conditions (x-axis) and regulated conditions
(y-axis). Figure shows the median ratio across the 80-member ensemble. Points
are colored by region and sized by the degree of upstream regulation (DOR).
In the absence of regulation, points would fall on the dashed 1:1 line. The red
box helps to identify the direction of change over time. Points within the red
box indicate decreases in future volumes. Points outside of the box indicate
increases in future volumes.

We investigate projected seasonal volume changes by taking the ratio of future
volumes to control period volumes and compare ratios under unregulated and
regulated conditions (Figure 4). Results show changes across all seasons for
both conditions by the 2030s and 2070s with the largest shifts occurring by the
2070s. We limit discussion of seasonal volume results to the 2070s, when the
greatest changes and differences between unregulated and regulated outcomes
occur.

Autumn (SON) unregulated volumes experience the least change out of all sea-
sons (generally less than 25% change across locations) and the direction of
change varies spatially. The greatest unregulated volume changes occur in win-
ter (DJF) due to increases in precipitation and more cool-season precipitation
falling as rain rather than snow. The unregulated winter signal is strongest in
headwater tributaries of the Pend Oreille, Yakima, Spokane, Upper Snake, and
Lower Snake subbasins where the hydrologic regime shifts from snow-dominant
to transient or transient to rain-dominant. Spring (MAM) unregulated volumes
also increase significantly. Snow-dominant sites of the Upper Columbia, Koote-
nai, and Upper Snake see the largest increases in spring volumes (greater than
90% change) as warming temperatures shift snowmelt timing toward earlier in
the water year. In the summer (JJA), unregulated volumes are projected to
decrease across locations. The summer months are historically water limited.
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Shifts in snowmelt timing coupled with warmer and drier summers drive large
reductions in snowmelt-driven streamflow. The greatest summer volume reduc-
tions occur at locations in the Yakima, Spokane, Lower Snake, and Pend Oreille
where snow-dominant regimes shift to transient by the 2070s (greater than 50%
percent change).

The effects of regulation vary spatially in autumn and spring. Autumn un-
regulated volumes at upstream sites of the Upper Columbia (Mica; MCD and
Revelstoke; RVC) decrease by 8-14% but augmentation effects under regulation
result in increases of 17-20%. These strong regulation effects diminish down-
stream (Table S2 of Supporting Information). The opposite effects occur in
the Yakima and Upper Snake. Except for a single location in the Yakima, au-
tumn unregulated volumes increase by 2-13% while regulated volumes decrease
by 4-38%. In the spring, sites in the Upper Snake that transition from snow-
dominant to transient exhibit the greatest differences between unregulated and
regulated volume changes where regulation amplifies change (greater relative
change under regulation).

Regulation generally dampens change (less relative change under regulation) in
winter and summer. Winter unregulated volumes are projected to increase by
over 200% at some locations; however, regulation significantly reduces these
changes where upstream regulation (DOR) is greater than 30%. Many loca-
tions show large winter unregulated volume increases but no projected change
or decreases under regulation. These effects predominantly occur downstream
of headwater reservoirs in the Upper Columbia, Kootenai, and Pend Oreille that
are snow-dominant well into the future or remain snow-dominant through the
2030s and have large DOR. For example, at Hungry Horse (HGH) in the Pend
Oreille subbasin, winter unregulated volumes increase by 140%, but regulation
results in a 23% decrease. As in winter, summer regulation results in damp-
ening of the climate signal downstream of headwater reservoirs where DOR is
large. For some locations in the Yakima and Upper Columbia, summer low flow
augmentation results in future summer volume increases where unregulated vol-
umes decrease.

4.1.2 Level of Seasonal Volume Regulation Explains Large Regulation Effects in
Winter (DJF) and Summer (JJA)

Figure
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5. September-November (SON), December-February (DJF), March-May
(MAM), and July-August (JJA) level of seasonal volume regulation (LRsv)
across each period. LRsv is defined as the ratio of the regulated to unregulated
seasonal volume. The figure shows the median LRsv from the 80-member
ensemble. Ratios for each location have been grouped by the degree of upstream
regulation (DOR) and averaged across each period. The lightest point shows
the control period LRsv and the darkest point shows the 2070s LRsv.

In section 4.1.1, we showed that seasonal volumes are projected to change for
both unregulated and regulated conditions; however, regulation effects on the
magnitude and direction of change vary widely across seasons. Much of this can
be explained by seasonally varying operations that alter flow timing and the
seasonality of the annual hydrograph. Figure 5 shows the relationship between
regulated and unregulated flow volumes and how these effects are projected to
change in the future.

Spring (MAM) straddles the period of the strong snowmelt pulse which typi-
cally occurs late spring/early summer. Streamflow across the basin is primarily
snowmelt driven and control period peak flows typically occur during the spring
freshet (see Figure 1). In the spring, reservoirs begin refilling (storing large vol-
umes of water) for spring flood risk management and LRsv (equation (2)) is
less than 1 because regulated flow volumes are less than unregulated flow vol-
umes. Stored spring volumes are later used to augment dry season low flows,
and winter drafting of reservoirs increases flood storage space in preparation for
the next spring freshet. As a result, control period LRsv is greater than 1 across
autumn (SON), winter (DJF), and summer (JJA) for locations where DOR is
greater than 60%.

By the 2070s, large changes in the LRsv occur in winter and summer when
regulation effects on volume changes exhibit the strongest patterns (widespread
dampening effects in winter and summer). Unregulated winter volumes are pro-
jected to increase significantly; however, as the system is operated to maintain
flows and reservoir storage for the management of flood risk, regulated volume
changes are relatively smaller and LRsv-values approaches unity. Unregulated
summer volumes are projected to decrease. Summer system operations main-
tain low flow conditions and flow augmentation results in less change under
regulation and LRsv-values that exceed 1 where DOR is large.

4.2 High Flow Extremes (Q50RP)

4.2.1 Large Regulation Effects on Q50RP Flow Changes Occur at Headwater
Tributary Sites Where DOR is Large
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Figure 6. Annual (a), October-March (b), and April-September (c) 50-year re-
turn period peak flow ratios for unregulated conditions (x-axis) and regulated
conditions (y-axis). Figure shows the median ratio across the 80-member ensem-
ble. Points are colored by region and sized by the degree of upstream regulation
(DOR). In the absence of regulation, points would fall on the dashed 1:1 line.
The red box helps to identify the direction of change over time. Points within
the red box indicate decreases in future Q50RP flows. Points outside of the box
indicate increases in future Q50RP flows. Sites that show significant differences
between regulated and unregulated conditions are annotated. Also annotated
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are Grand Coulee (GCL) and The Dalles (TDA), located on the mainstem of
the Middle Columbia and Lower Columbia, respectively.

Unregulated annual Q50RP flows are projected to increase by the 2070s across
the domain (Figure 6a). The largest unregulated increases occur in the Yakima,
Pend Oreille, Spokane, and Upper Snake subbasins (ordered from greatest in-
crease to least). The effects of regulation vary spatially. Regulation signifi-
cantly dampens changes in the Yakima and Spokane, tributaries where hydro-
logic regimes shift to rain-dominant by the 2070s. Regulation amplifies Q50RP
changes for a number of locations across the domain. The greatest amplification
effects occur downstream of headwater reservoirs in the Pend Oreille (Hungry
Horse; HGH), Kootenai (Libby; LIB, Duncan; DCD), and Lower Snake (Dwor-
shak; DWR). Strong regulation effects also occur at Arrow Lakes (ARD), a
reservoir in the Upper Columbia. Amplification effects from these reservoirs di-
minish further downstream where dampening effects occur, particularly in the
Kootenai and Upper Columbia (Figure S15 of Supporting Information).

We take a closer look at seasonal Q50RP changes to determine whether differ-
ences between unregulated and regulated conditions are driven by changes in
the cool or warm season. During the cool season, unregulated Q50RP flows
are projected to increase across the domain (Figure 6b) as a result of enhanced
winter precipitation. Regulated Q50RP flows are also projected to increase; how-
ever, operations result in significantly less change where DOR is greater than
30%. Some of the largest dampening effects occur at Hungry Horse, Libby, and
Dworshak. By the 2070s, regulation at Libby results in no cool-season change.
At Arrow Lakes and Duncan, 2070s cool-season unregulated Q50RP flows ex-
hibit increases of 63% and 74%, respectively; however, regulation amplifies these
changes to 112% at both sites.

The warm season is a period when peak flows are driven by the spring freshet
and climate change effects during this period are spatially variable (Figure 6c).
Warm-season unregulated Q50RP flows are projected to decrease by the 2070s
for regions that exhibit regime shifts to rain-dominance (Willamette, Spokane,
and Yakima). Increases are projected for all other locations. Regulated changes
generally follow unregulated changes. Exceptions occur at Hungry Horse, Libby,
and Dworshak, where warm-season regulation results in greater relative change.

Arrow Lakes and Duncan remain snow dominant through the 2070s, yet reg-
ulation dampens the warm-season signal and amplifies the cool-season signal
indicating that annual amplification effects are driven by cool-season increases
in regulated flows. Hungry Horse, Libby, and Dworshak see amplification effects
in the warm season, indicating that annual amplification effects are driven by
warm-season increases in regulated flows.

4.2.2 Level of Q50RP Regulation Shows Regulation Has Little Effect on Warm-
Season Q50RP Changes
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Figure 7. Seasonal level of regulation for the cool season (October-March) and
warm season (April-September) where LRQ50RP (y-axis) is the level of regulation
defined as the ratio of regulated to unregulated Q50RP. The figure shows the
median LRQ50RP from the 80-member ensemble. Ratios at each location have
been grouped by region and averaged across each period.

Figure 7 shows the level of Q50RP regulation (LRQ50RP) (equation (3)) aver-
aged by region for the cool season and the warm season. Across seasons and
regions, LRQ50RP remains less than 1 in the future indicating that as the unreg-
ulated Q50RP increases the system still reduces unregulated high flow extremes
in the future (also see Figure S17 of Supporting Information); however, regu-
lated Q50RP will generally increase (Figure 6). Cool-season LRQ50RP-values
decrease in the future (regulated Q50RP is significantly less than unregulated
Q50RP) indicating the system is largely reducing cool-season unregulated floods.
In contrast, warm-season LRQ50RP-values show little change or increases in the
future (as unregulated Q50RP flows increase, regulated Q50RP flows also in-
crease), indicating that regulation has little effect on the warm-season Q50RP
signal and may be less effective at reducing unregulated high flow extremes in
the future.

4.3 Low Flow Extremes (7Q10)
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Figure 8. July-October 10-year return period 7-day average minimum flow
(7Q10) ratios for unregulated conditions (x-axis) and regulated conditions (y-
axis). Figure shows the median ratio across the 80-member ensemble. Points
are colored by region and sized by the degree of upstream regulation (DOR).
In the absence of regulation, points would fall on the dashed 1:1 line. The red
box helps to identify the direction of change over time. Points within the red
box indicate decreases in future 7Q10 flows. Points outside of the box indicate
increases in future 7Q10 flows. For the 2070s, a single site in the Pend Oreille
subbasin is not shown and exhibits a 76% decrease in 7Q10 flows.

Unregulated 7Q10 flows are projected to decrease by both the 2030s and the
2070s across most sites (Figure 8). By the 2070s, the largest decreases occur
in the Pend Oreille, Yakima, and Lower Snake subbasins where regimes shift
from snow-dominant to transient or transient to rain-dominant. Unregulated
7Q10 flows in the Yakima decrease by over 50%. Regulated changes generally
follow unregulated changes. Exceptions occur in headwater tributaries of the
Kootenai, Pend Oreille, Yakima, and Lower Snake subbasins where the high
DOR reflects dry season flow augmentation. On the mainstem, where DOR is
lower, regulated flows are more susceptible to the climate signal showing little
to no difference from unregulated changes.

5 Discussion

Seasonally, regulation dampens winter and summer flow volume changes where
DOR is greater than 30%. Unregulated seasonal volume changes are largest in
winter, a period when precipitation is projected to increase the most and warmer
temperatures result in more cool-season precipitation falling as rain rather than
snow. All locations exhibit future increases in unregulated winter volumes and
there is strong agreement across the ensemble in the direction of change (Table
S3 of Supporting Information). Regulated winter volumes also increase across
most sites, but water management operations result in significantly smaller rel-
ative changes. In the summer, warmer and drier conditions drive decreases in
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unregulated volumes, and, like winter, models agree on the direction of summer
change (Table S5 of Supporting Information). Regulation generally reduces sum-
mer volume changes and sites with very large DOR exhibit increasing volumes
due to large summer flow augmentation.

These results align with other studies that have investigated regulation effects on
changing conditions in the Columbia River basin. Jones and Hammond (2020)
investigated historical trends in inflows and outflows for large reservoirs across
the basin and found that during the dry season, inflows to reservoirs decreased
while outflows increased due to the effects of low flow augmentation. Zhou et
al. (2018) examined regulation effects on the timing of climate signal emergence
(defined by the timing of hydrologic regime shifts) across the western US. Reg-
ulation effects in the Columbia River basin showed high seasonal dependence
and delayed the timing of climate signal emergence during winter and summer.

The seasonal dependence of regulation effects can be explained by seasonal wa-
ter management operations and projected future hydroclimate. Seasonal reser-
voir storage and the delayed release of inflows alter streamflow timing. In the
Columbia River basin, reservoirs store large snowmelt driven spring volumes
that are later used to augment late summer/early autumn flows and are then
released (drafted) throughout winter in preparation for the next spring freshet.
This delayed release results in summer, autumn, and winter reservoir outflows
that exceed unregulated flows (Figure 5). As unregulated summer volumes de-
crease in the future, reservoirs release more water to augment lower summer
volumes resulting in a dampened summer climate signal and, also, reservoirs
that are less full by winter. As unregulated winter volumes increase, less full
reservoirs release less inflow to meet spring flood risk management objectives
resulting in smaller relative change and a dampened winter signal.

The results for autumn and spring vary spatially. Unlike projections for the
winter and summer, flow projections for the autumn and spring exhibit un-
certainty in the direction of change across the ensemble (Tables S2 and S4 of
Supporting Information) driven by large uncertainty in precipitation patterns
(RMJOC, 2018). Nevertheless, results for autumn and spring can be explained
by the seasonality of operations. For snow/transient subbasins that shift to tran-
sient/rain by the 2070s, regulated autumn volumes decrease where little to no
unregulated change occurs. As snowpack decreases and summers become drier,
large summer augmentation effects could result in less water stored in reservoirs
by autumn and consequently, decreased autumn outflows. Spring regulation ef-
fects vary depending on hydroclimate and site-specific operational constraints.
March through May straddles the onset of the spring refill period. As warming
shifts snowmelt timing earlier, reservoirs that historically empty through late
spring could experience an amplified spring signal if large volumes that occurred
during reservoir refill shift earlier to periods of drafting.

Regulation results in dampening and amplification of high flow extreme changes
and these effects exhibit high seasonal and spatial dependence. For most loca-
tions, winter regulation significantly reduces relative increases in cool-season
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extremes when unregulated high flow extremes are projected to increase the
most as a result of enhanced precipitation; however, warm-season and annual
changes are spatially variable. Unregulated annual Q50RP values are projected
to increase across the domain (Figure 6a). This is in agreement with other
studies that used the same unregulated flow dataset to investigate changes in
future extremes (Chegwidden et al., 2020; Queen et al., 2019). Outflow from
historically snow dominant headwater reservoirs where DOR is large exhibit
amplification of annual Q50RP changes, but these effects generally diminish
downstream where, in many cases, dampening occurs.

The phenomenon of regulated flows exhibiting greater sensitivity to climate
change has been discussed before, although, not in the context of extreme flows.
Zhou et al. (2018) found that some regulated basins in the Western US are
projected to be more sensitive to the climate signal, experiencing earlier shifts
in the hydrologic regime relative to unregulated conditions. They explain this
phenomenon as the result of less variation in the seasonality of a “flattened-out”
hydrograph under regulation. Small seasonal shifts in outflow from reservoirs
during periods when streamflow is historically regulated can lead to greater rela-
tive change under regulation. For example, if a reservoir releases less water after
a high flow extreme event in the past (historically low reservoir outflow after an
unregulated high flow event) but releases more water after these events in the
future, the changes under regulation can be large. At Hungry Horse (HGH),
Libby (LIB), and Dworshak (DWR), high elevation headwater reservoirs in the
Pend Oreille, Kootenai, and Lower Snake subbasins, respectively, hydrologic
regimes shift from snow-dominant to transient or near-transient by the 2070s
(Figure 2). Regulation for these locations reduces (flattens) the seasonality of
the annual hydrograph (Figure 1). Operations at these sites result in signifi-
cant dampening of cool-season extreme changes (Figure 6b) and amplification
of warm-season changes (Figure 6c). Each of these reservoirs is operated for
winter and spring flood risk management (RMJOC, 2020). In a transitional cli-
mate, large increases in the magnitude of unregulated winter flood events could
result in difficulty in meeting spring draft and refill requirements and lead to
higher reservoir outflows in the future and an amplified signal.

In contrast, sensitivity studies for rain-dominant basins in East Asia found that
reservoir operations resulted in widespread dampening of high flow extreme
changes (Dong et al., 2019; Wang et al., 2017; Yun et al., 2021). Wang et al.
(2017) studied regulation effects in the Lancang-Mekong River basin and found
that the largest attenuation effects occur in headwater basins where DOR is
large and weaken downstream. They argue that stronger regulation effects oc-
cur at upstream reservoirs due to relatively smaller annual discharges. We show
the largest amplification effects occur at historically snow-dominant headwater
reservoirs with large DOR and generally diminish downstream where, in most
cases, dampening occurs (Figure S15 of Supporting Information). These con-
trasting effects are likely due to historical regime patterns. The regulated flows
used in this study result from seasonal operations based on current and histor-
ical water demands that do not change to account for large regime shifts from
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snow dominant. As streamflow timing shifts in the future, historically-based pat-
terns of reservoir draft and refill result in geater outflow during periods when it
was historically regulated. Amplification upstream and dampening downstream
can be explained by the effects of operations. Headwater reservoirs will store
more water during larger unregulated flood events thereby reducing the signal
downstream. Water stored during these events is released after the events when
downstream flood risk is reduced, which could locally lead to future increases
in high flows but have less effect further downstream.

Although large changes in high flow extremes occur for both regulated and
unregulated conditions, flood risk management operations continue to reduce
unregulated floods into the future (Figure 7 and Figure S17 of Supporting Infor-
mation). Increases in regulated high flow extremes do not necessarily indicate
increased flooding downstream. This study identified these increases and linked
them to higher reservoir outflows; however, did not examine the likelihood of
high flows reaching levels where flood damages occur.

Unregulated July through October low flows are generally projected to decrease
and the effects of regulation vary spatially. Significant dampening occurs in
tributaries where DOR is large. High DOR locations have the highest augmen-
tation effects in the future (Figure 5) and consequently, large regulation effects
on the low flow extreme signal. Regulated flows on the mainstem are susceptible
to the natural climate signal exhibiting little to no regulation effect on low flow
changes.

Spatial patterns in the regulated 7Q10 response may be the result of spatially
variable operational objectives. Dudley et al. (2020) compared 7-day low flow
historical trends between unregulated and regulated gages across the US. In the
western US, unregulated low flows exhibited a downward trend. Regulated low
flows generally exhibited an upward trend indicating that reservoir operations
mitigated climate change impacts on low flows; however, regulated trend results
were mixed which they described as a likely consequence of diversity in regional
climate and operational purpose. Large DOR occurs downstream of tributary
and headwater reservoirs where annual discharge volumes are smaller relative to
the mainstem. These regions could be more susceptible to low flow-associated
risks (e.g., ecosystem vulnerability) and large DOR could indicate more opera-
tional flexibility to dampen large shifts in low flow extremes. DOR is smaller
on the mainstem, and results could indicate less operational flexibility in the
future to meet low flow storage targets during extreme events. Jones and Ham-
mond (2020) showed that while water management in the Columbia River basin
has historically adjusted to long-term downward trends in low flows, operational
risks associated with the inability to meet seasonal flow targets increased during
periods with lower than average flows.

Columbia River basin reservoir operations vary seasonally and serve multiple
and sometimes competing system objectives. In the autumn, winter, and spring,
reservoirs are primarily operated to provide storage for flood risk, hydropower,
and ecological health. Summer flows and volumes are important for meeting
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hydropower, navigation, recreation, and irrigation demands (RMJOC, 2020).
Climate change is projected to shift the hydrologic regime from snow-dominant
to transient or rain-dominant, with large increases in unregulated winter vol-
umes and decreases in summer volumes. Reservoir operations generally reduce
these changes by storing larger inflows in the winter and augmenting more in
the summer. High and low flow unregulated extreme events will be exacerbated
under climate change. The patterns of seasonal reservoir operations result in
dampened effects for cool-season high flow increases, but the regulated system
exhibits sensitivity to high flow increases during the warm-season. Decreases
in low flow extremes are dampened by regulation in tributaries but sensitiv-
ity on the mainstem could result from operations that are less flexible given
historically-based objectives. The reservoir system’s ability to meet competing
operational objectives in the future may be strained by large shifts in seasonal
hydrology; however, as streamflow timing shifts earlier in the water year, the
operational patterns of seasonal storage (drafting to create flood space for the
spring freshet and refill) could also shift, potentially reducing sensitivities. For
example, adjustment of refill operations to accommodate shifts in snowmelt tim-
ing and volume could increase the likelihood of refill and the effectiveness of the
system to store water to augment lower dry-season flows. The system may also
encounter new competing objectives. An example of competing objectives is the
increased frequency of bi-modal flood seasons. Storing inflows to reduce winter
flooding could interfere with drafting reservoirs to create flood storage for the
spring freshet.

This study examined the effects of regulation on climate change outcomes in the
Columbia River basin; however, we attribute outcomes to broad basin charac-
teristics across a large domain and results can be generalized for other regulated
snow and transient basins. Large regime shifts in hydrologically diverse basins
combined with seasonal and multi-objective reservoir operations result in reg-
ulated outcomes that vary widely across time and space. Considering the role
of regulation in climate sensitivity analysis, particularly for basins that exhibit
strong seasonality, is the first step in identifying adaptive management needs.

6 Limitations

The regulated flows examined in this study result from operating criteria based
on the current operational constraints of the system. It is unlikely that seasonal
operational patterns will remain static in the future with large shifts in seasonal
hydrology. As climate and water demands shift, water management will need
to adapt to changing conditions to continue meeting the multi-objectives of the
system and operational patterns will need to change. Here we identified the
effects of climate changed hydrology under current operating criteria and high-
light the importance of considering reservoir operations in climate sensitivity
analysis. While modeling the effects of modified operations is not within this
scope, these findings will inform future work on adaptative management design
for climate change.

We characterize outcomes by the medians of large ensembles of seasonal volume
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and extreme flow changes. The ensembles were driven by a diverse set of climate
scenarios, statistical downscaling methods, and hydrologic model configurations
that capture a wide range of uncertainty not examined in this paper for the sake
of concisely describing key differences for several metrics important for water
management. Furthermore, while rigorous model validation and bias-correction
techniques were applied at each element of the modeling chain during dataset
development (Chegwidden et al., 2018; RMJOC, 2018, 2020), there are uncer-
tainties associated with each step in the process not addressed in this paper
(Chegwidden et al., 2018, 2020; Queen et al., 2020; RMJOC, 2018, 2020; Rupp
et al., 2021). Additional uncertainty was introduced by extrapolating extreme
events from analytical distributions (LP3) fit to the unregulated and regulated
empirical time series. As we report in the Supporting Information, two goodness
of fit tests were performed on these analytical distributions and, generally, the
LP3 curve provided robust estimates for both high and low flow extremes for
most locations across the ensemble (Figures S3-S14 of Supporting Information).
Some exceptions occurred for estimates at highly regulated headwater locations;
however, despite these results there was strong correlation between the analyti-
cal and empirical distributions for a majority of ensemble members and the LP3
analytical fits provided a consistent framework for evaluating all locations.

7 Conclusions

Regulation modulates the seasonality of the annual hydrograph. The signature
of regulation on streamflow patterns varies across time and across the basin.
Reservoir operations result in significantly less change for winter and summer
streamflow volumes at locations where DOR is large, but results for autumn
and spring vary widely depending on local operational constraints and hydrocli-
mate. Regulation effects on high flow extreme changes are also variable. Win-
ter operations reduce changes in cool-season high flow extremes for locations
where DOR is large. Annually and in the warm-season, regulation at histori-
cally snow-dominated headwater reservoirs amplifies the climate signal on high
flows. These increases in flow reflect changes in reservoir release patterns as
the system attempts to meet operational objectives under different hydrological
conditions. In some cases, the operations developed for historical hydrological
conditions are less effective in meeting these objectives as the hydrology changes.
In many cases, not adjusting operations for streamflow timing and regime shifts
results in greater relative high flow changes under regulation. Dry-season low
flow extreme outcomes are dependent on location in the river network. On the
mainstem, the regulated system exhibits sensitivity to low flow extremes follow-
ing changes in unregulated low flows; however, for tributaries where upstream
DOR is large, regulation significantly dampens low flow changes.

The reality of freshwater systems world-wide is that the majority are heavily
fragmented by reservoirs (Grill et al., 2015). This study has shown that wa-
ter resource infrastructure and reservoir operations are a constraint that can
have large effects on climate outcomes, particularly in snow-dominant water-
sheds where large regime shifts challenge historically-based assumptions. These
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effects will have implications for managed freshwater systems and the future of
water resources in regulated systems. By accounting for the role of regulation
in climate sensitivity analysis, a more accurate characterization of climate out-
comes will help inform where and how to adapt water management systems for
a future climate.
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Text S1. High Flow Frequency Methods 16 

The Log Pearson Type III (LP3) distribution with the Expected Moments Algorithm 17 

(Stedinger and Griffis, 2008) method was used to fit distribution curves to maximum time series. 18 

Distributions were computed using PeakfqSA (England and Cohn, 2019), a stand-alone version 19 

of the Unites States Geological Survey (USGS) Peakfq flood frequency software (Veilleux, et al. 20 

2014). PeakfqSA configuration file options were set to use the station (at-site) skew, the Multiple 21 

Grubbs Beck test (Cohn et al., 2013) to detect and adjust for low outliers, and the plotting 22 

position  23 
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𝑝𝑖:𝑛 =  
𝑖 − 𝛼

𝑛 + 1 − 2𝛼
(1) 25 

 26 

where 𝛼 = 0.4 and 𝑛 is the sample size of the data.  27 

  28 

Text S2. Low Flow Frequency Methods 29 

The LP3 distribution with the method of moments was used to describe annual July-October 30 

7-day average minimums. Calculation of the distribution and confidence intervals followed 31 

methods presented by Chowdhury and Stedinger (1991) and Stedinger et al. (1993). If  𝑋𝑝 is the 32 

𝑝𝑡ℎ quantile of the LP3 distribution, then 33 

 34 

𝑋𝑝 = 10(𝜇𝑦−𝐾𝑝𝜎𝑦), (2) 35 

 36 



where 𝜇𝑦 and 𝜎𝑦 are the mean and standard deviation of the log-transformed sample 𝑦, 37 

respectively. 𝐾𝑝 is approximated by the Wilson-Hilferty transformation.  38 
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where 𝛾𝑦  is the skew of the log-transformed sample and 𝑧𝑝 is the 𝑝𝑡ℎ quantile of the standard 42 

normal distribution.  43 

For each LP3 fit, we calculated the 90% confidence bounds 𝐶𝐼90, 44 

 45 

𝐶𝐼90 = 𝑋𝑝 ± 𝜂(𝜁𝛼,𝑝 − 𝑧𝑝)𝜎, (4) 46 

 47 

where 𝜎 is the standard deviation of the sample, and 𝑧𝑝 is the 𝑝𝑡ℎ quantile of the standard normal 48 

distribution. 𝜁0.5,𝑝 is the 5th percentile of the noncentral 𝑡-distribution. 49 
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 52 

where 𝑛 is the sample size of the data and 𝑧0.5 is the 5th quantile of the standard normal 53 

distribution. 𝑧 values were determined using the Python’s scipy.stats.norm.ppf module. 𝜂 is 54 

a scaling factor to extend confidence intervals for normal quantiles to the LP3 distribution. 55 
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 58 

  Time series of low flows may exhibit autocorrelation due to groundwater dependence. 59 

Autocorrelation violates the assumption that our data are independent and, therefore, our 60 

goodness of fit. We tested for autocorrelation using Pearson’s lag-1 correlation coefficient    61 
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 64 

where 𝑛 is the sample size. The sample was considered autocorrelated if 𝑟 > 0.3. 𝑟 was 65 

calculated using Python’s scipy.stats.pearsonr module. If autocorrelation was detected, we 66 

used the effective sample size (Dingman, 2015) to calculate confidence intervals by replacing 𝑛 67 

in equation (6) with  68 

 69 
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 71 

Samples with zero-flows required truncation before log-transformation. We fit the LP3 72 

curve to truncated samples and adjusted the probabilities to account for zero-flows using 73 

methods described by Salas et al. (2019). The probability 𝑞 that a given 7 day-minimum 𝑋 is less 74 

than or equal to 𝑥𝑞 is 75 

 76 

𝑃(𝑋 ≤ 𝑥𝑞) = 𝐹(𝑥𝑞) = 𝑞. (9) 77 

 78 

If a truncated sample has some number 𝑛𝑜 of zero values, an estimator of the probability of zero 79 

flow is  80 

𝑞̂0 =  𝑃(𝑋 = 0) =
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𝑛
(10) 81 

 82 

which can be used to adjust the probability 𝑞, 83 

 84 
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1 − 𝑞̂0
. (11) 85 

 86 

 If after truncation and probability adjustments, the distribution did not contain the 87 

probability of interest (in our case, the 0.1 percentile corresponding to a 10-year return period), 88 

we fit the low flow frequency curve non-parametrically. Non-parametric confidence intervals 89 

were computed using the binomial distribution as described by Helsel et al. (2020). We also used 90 

non-parametric methods to fit the distribution if more than 10% of the sample fell outside of the 91 

LP3 confidence bounds.  92 

 93 

Text S3. Log Pearson Type III Goodness of Fit Tests 94 

 The Kolmogorov-Smirnov (KS) and probability plot correlation coefficient (PPCC) 95 

goodness of fit tests (Stedinger et al., 1993) were performed to test the suitability of the LP3 96 

analytical curves for fitting the unregulated and regulated high and low flow extreme time series. 97 

The KS tests evaluates whether the analytical estimates are drawn from the same population 98 

distribution as the empirical sample at the 90% confidence level by measuring the maximum 99 

difference between the analytical and empirical cumulative frequency curves. If the maximum 100 

difference is less than the KS test statistic 𝐷 (equation (12)) then we accept the null hypothesis 101 

that the two samples come from the same population distribution at the 90% confidence level. 102 

The test statistic 𝐷 is calculated as 103 

 104 

𝐷 = 1.358√
𝑛 + 𝑚

𝑛𝑚
(12) 105 

 106 

where n is the sample size of the empirical sample and m is the sample size of the analytical 107 

sample. In our case, 𝑛 is 30 and 𝑚 is 41. We accept the null hypothesis if the maximum 108 

difference is less than the KS test statistic 𝐷 value of 0.326.  109 

 110 

The PPCC measures the linearity of the probability plot. If the empirical sample is drawn from 111 

the analytical distribution, the probability plot of ordered empirical data 𝑥𝑖 versus the 112 



corresponding estimated probability 𝑤𝑖  should appear linear and the correlation coefficient 𝑟 113 

(equation (13)) should be near 1.  114 
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 118 
Figure S1. LP3 analytical fits for annual, cool season (October-March), and warm season (April-119 

September) peak flows at The Dalles for a single ensemble member for the control period (1976-120 

2005). Unregulated curves are shown in blue. Regulated curves are shown in red. 121 

 122 

 123 
Figure S2. LP3 analytical fits annual minimum July-October 7-day average flows at The Dalles 124 

(TDA) for a single ensemble member for the control period (1976-2005). Unregulated curves are 125 

shown in blue. Regulated curves are shown in red. 126 

 127 

 128 



 129 
Figure S3. KS LP3 goodness of fit test results for control period annual peak flows for each 130 

ensemble member and each site included in the daily analysis. Test results are shown for 131 

unregulated analytical estimates (left) and regulated analytical estimates (right) and all 80 132 

ensemble members (x-axis); however, only every other ensemble member is labelled. We accept 133 

the null hypothesis that the empirical and analytical populations are drawn from the same 134 

distributions if the maximum difference is less than the KS test statistic 0.326. 135 

 136 

 137 

 138 



 139 
Figure S4. KS LP3 goodness of fit test results for 2030s annual peak flows for each ensemble 140 

member and each site included in the daily analysis. Test results are shown for unregulated 141 

analytical estimates (left) and regulated analytical estimates (right) and all 80 ensemble members 142 

(x-axis); however, only every other ensemble member is labelled. We accept the null hypothesis 143 

that the empirical and analytical populations are drawn from the same distributions if the 144 

maximum difference is less than the KS test statistic 0.326. 145 

 146 

 147 



 148 
Figure S5. KS LP3 goodness of fit test results for 2070s annual peak flows for each ensemble 149 

member and each site included in the daily analysis. Test results are shown for unregulated 150 

analytical estimates (left) and regulated analytical estimates (right) and all 80 ensemble members 151 

(x-axis); however, only every other ensemble member is labelled. We accept the null hypothesis 152 

that the empirical and analytical populations are drawn from the same distributions if the 153 

maximum difference is less than the KS test statistic 0.326. 154 

 155 



 156 
Figure S6. PPCC LP3 goodness of fit test results for control period annual peak flows for each 157 

site included in the daily analysis. Boxplots represent the distribution of test results for the 80-158 

member ensemble for unregulated analytical estimates (orange) and regulated analytical 159 

estimates (blue). The analytical curve is a strong predictor of the empirical data if the probability 160 

plot correlation coefficient is near 1. 161 

 162 



 163 
Figure S7. PPCC LP3 goodness of fit test results for 2030s annual peak flows for each site 164 

included in the daily analysis. Boxplots represent the distribution of test results for the 80-165 

member ensemble for unregulated analytical estimates (orange) and regulated analytical 166 

estimates (blue). The analytical curve is a strong predictor of the empirical data if the probability 167 

plot correlation coefficient is near 1. 168 

 169 



 170 
Figure S8. PPCC LP3 goodness of fit test results for 2070s annual peak flows for each site 171 

included in the daily analysis. Boxplots represent the distribution of test results for the 80-172 

member ensemble for unregulated analytical estimates (orange) and regulated analytical 173 

estimates (blue). The analytical curve is a strong predictor of the empirical data if the probability 174 

plot correlation coefficient is near 1. 175 

 176 

 177 



 178 
Figure S9. KS LP3 goodness of fit test results for control period annual minimum July-October 179 

7-day average flows for each ensemble member and each site included in the daily analysis. Test 180 

results are shown for unregulated analytical estimates (left) and regulated analytical estimates 181 

(right) and all 80 ensemble members (x-axis); however, only every other ensemble member is 182 

labelled. We accept the null hypothesis that the empirical and analytical populations are drawn 183 

from the same distributions if the maximum difference is less than the KS test statistic 0.326. 184 

 185 

 186 



 187 
Figure S10. KS LP3 goodness of fit test results for 2030s annual minimum July-October 7-day 188 

average flows for each ensemble member and each site included in the daily analysis. Test 189 

results are shown for unregulated analytical estimates (left) and regulated analytical estimates 190 

(right) and all 80 ensemble members (x-axis); however, only every other ensemble member is 191 

labelled. We accept the null hypothesis that the empirical and analytical populations are drawn 192 

from the same distributions if the maximum difference is less than the KS test statistic 0.326. 193 

 194 

 195 



 196 
Figure S11. KS LP3 goodness of fit test results for 2070s annual minimum July-October 7-day 197 

average flows for each ensemble member and each site included in the daily analysis. Test 198 

results are shown for unregulated analytical estimates (left) and regulated analytical estimates 199 

(right) and all 80 ensemble members (x-axis); however, only every other ensemble member is 200 

labelled. We accept the null hypothesis that the empirical and analytical populations are drawn 201 

from the same distributions if the maximum difference is less than the KS test statistic 0.326. 202 

 203 

 204 



 205 
Figure S12. PPCC LP3 goodness of fit test results for control period annual minimum July-206 

October 7-day average flows for each site included in the daily analysis. Boxplots represent the 207 

distribution of test results for the 80-member ensemble for unregulated analytical estimates 208 

(orange) and regulated analytical estimates (blue). The analytical curve is a strong predictor of 209 

the empirical data if the probability plot correlation coefficient is near 1. 210 

 211 

 212 



 213 
Figure S13. PPCC LP3 goodness of fit test results for 2030s annual minimum July-October 7-214 

day average flows for each site included in the daily analysis. Boxplots represent the distribution 215 

of test results for the 80-member ensemble for unregulated analytical estimates (orange) and 216 

regulated analytical estimates (blue). The analytical curve is a strong predictor of the empirical 217 

data if the probability plot correlation coefficient is near 1. 218 

 219 

 220 



 221 
Figure S14. PPCC LP3 goodness of fit test results for 2070s annual minimum July-October 7-222 

day average flows for each site included in the daily analysis. Boxplots represent the distribution 223 

of test results for the 80-member ensemble for unregulated analytical estimates (orange) and 224 

regulated analytical estimates (blue). The analytical curve is a strong predictor of the empirical 225 

data if the probability plot correlation coefficient is near 1. 226 

 227 

 228 



 229 
Figure S15. Median percent change of annual Q50RP flow for unregulated conditions (U) and 230 

regulated conditions (R). For each region, locations are sorted from upstream (top) to 231 

downstream (bottom) based on position of confluence with the next lowest order stream using a 232 

top-down stream order approach (e.g., a headwater tributary has a higher stream order than the 233 

mainstem). 234 

 235 

 236 
Figure S16. Median percent change of annual 7Q10 flow for unregulated conditions (U) and 237 

regulated conditions (R). For each region, locations are sorted from upstream (top) to 238 

downstream (bottom) based on position of confluence with the next lowest order stream using a 239 

top-down stream order approach (e.g., a headwater tributary has a higher stream order than the 240 

mainstem). Locations where the heatmap is blank exhibited infinite or invalid values as a result 241 

of near-zero or zero 7Q10 flows in the numerator or the denominator. 242 

 243 

 244 



 245 
Figure S17. Annual 50-year return period peak flows (Q50RP) for unregulated conditions (x-246 

axis) and regulated conditions (y-axis). Figure shows the median Q50RP flows across the 80-247 

member ensemble. Points are colored by region and sized by the degree of upstream regulation 248 

(DOR). In the absence of regulation, points would fall on the dashed 1:1 line.  249 

 250 

Table S1. Details about the 75 locations cited in the main text including drainage area and 251 

control period (1976-2005) regime. For each region, locations are sorted from upstream (top) to 252 

downstream (bottom) based on position of tributary confluence with the next lowest order stream 253 

using a top-down stream order approach (e.g., a headwater tributary has a higher stream order 254 

than the mainstem). 255 

Region 

Site 

ID Location River 

Drainage 

Area (km2) 

Control  

Regime 

Upper Columbia MCD Mica Columbia River 21471 snow 

 RVC Revelstoke Columbia River 26418 snow 

 ARD Arrow Lakes Columbia River 36519 snow 

 MUC Birchbank Columbia River 88099 snow 

Kootenai LIB Libby Kootenai River 23271 snow 

 BFE Bonners Ferry Kootenai River 32867 snow 

 DCD Duncan Duncan River 1331 snow 

 CAN Corra Linn Kootenai River 45584 snow 

 BRI Brilliant Kootenai River 49987 snow 

Pend Oreille HGH Hungry Horse South Fork Flathead River 4284 snow 

 CFM Columbia Falls Flathead River 11562 snow 

 KER Kerr Flathead River 18353 snow 

 TOM Thompson Falls Clark Fork 54682 snow 

 NOX Noxon Rapids Clark Fork 56547 snow 

 CAB Cabinet Gorge Clark Fork 57169 snow 

 PSL Priest Lake Priest River 1481 snow 

 ALF Albeni Falls Pend Oreille River 62678 snow 

 BOX Box Canyon Pend Oreille River 64491 snow 

 BDY Boundary Pend Oreille River 65268 snow 

 SEV Waneta Pend Oreille River 66822 snow 

Spokane PFL Post Falls Spokane River 9946 snow 



 MON Monroe Street Spokane River 11111 snow 

 NIN Nine Mile Spokane River 13468 transient 

 LFL Long Lake Spokane River 15592 transient 

Middle Columbia GCL Grand Coulee Columbia River 193472 snow 

 CHL Chelan Chelan River 2393 snow 

 CHJ Chief Joseph Columbia River 195285 snow 

 WEL Wells Columbia River 222998 snow 

 RRH Rocky Reach Columbia River 227401 snow 

 RIS Rock Island Columbia River 231545 snow 

 WAN Wanapum Columbia River 234912 snow 

 PRD Priest Rapids Columbia River 248639 snow 

Yakima KEE Keechelus Yakima River 142 transient 

 KAC Kachess Kachess River 166 transient 

 CLE Cle Elum Cle Elum River 526 snow 

 BUM Bumping Lake Bumping River 184 snow 

 RIM Rimrock - Tieton Tieton River 484 snow 

Upper Snake JCKY Jackson Lake Snake River 2090 snow 

 PALI Snake nr Irwin Palisades Snake River 13533 snow 

 HEII Snake nr Heise Snake River 14898 snow 

 LORI Lorenzo Snake River 15048 snow 

 REXI Henry's Fork nr Rexburg Henrys Fork 7563 rain 

 SHYI Snake nr Shelley Snake River 25356 snow 

 BFTI Snake nr Blackfoot Snake River 29293 snow 

 AMFI American Falls Snake River 35224 snow 

 MILI Milner Snake River 44496 snow 

 KIMI Snake nr Kimberly Snake River 57860 snow 

 SKHI King Hill Snake River 92722 snow 

 SWAI Snake nr Murphy Snake River 108521 transient 

 ANDI Anderson Ranch South Fork Boise River 2533 snow 

 ARKI Arrowrock Boise River 5739 snow 

 LUCI Lucky Peak Boise River 6941 snow 

 BIGI Glenwood Bridge Boise River 7182 snow 

 OWY Owyhee River nr Rome OR Owyhee River 28904 rain 

 SNYI Nyssa Snake River 152032 transient 

 DEDI Deadwood Deadwood River 290 snow 

 PABI Payette NF+SF Payette River 1181 snow 

 HRSI Horseshoe Bend Payette River 5750 snow 

 PRPI Payette Payette River 8392 snow 

 WEII Weiser Weiser River 3755 transient 

 BRN Brownlee Snake River 188007 transient 



 OXB Oxbow Snake River 188551 transient 

Lower Snake ANA Anatone Snake River 240765 snow 

 DWR Dworshak North Fork Clearwater River 6320 snow 

 SPD Spalding Clearwater River 24786 snow 

 LWG Lower Granite Snake River 267287 snow 

 LGS Little Goose  Snake River 269100 snow 

 LMN Lower Monumental Snake River 281014 snow 

 IHR Ice Harbor Snake River 281014 snow 

 MCN McNary Columbia River 554258 snow 

Lower Columbia JDA John Day Columbia River 585338 snow 

 TDA The Dalles Columbia River 613828 snow 

 BON Bonneville Columbia River 621339 snow 

Willamette SVN T.W. Sullivan Willamette River 25900 transient 

 256 
Table S2. September-November (SON) Volume Percent Change. U is unregulated, R is 257 

regulated. Table shows the (10th) 50th (90th) percentiles of the ensemble. For each region, 258 

locations are sorted from upstream (top) to downstream (bottom) based on position of tributary 259 

confluence with the next lowest order stream using a top-down stream order approach (e.g., a 260 

headwater tributary has a higher stream order than the mainstem). 261 

 SON     

Region 
Site 

ID 
2030 U 2030 R 2070 U 2070 R 

Upper Columbia MCD (-18) -11 (0) (-5) 5 (15) (-29) -14 (13) (3) 20 (30) 

 RVC (-16) -9 (1) (-6) 4 (12) (-22) -8 (18) (4) 17 (29) 

 ARD (-16) -7 (4) (-11) -6 (-2) (-20) -5 (20) (-22) -11 (-4) 

 MUC (-17) -8 (5) (-13) -8 (-2) (-20) -8 (17) (-23) -12 (-4) 

Kootenai LIB (-21) -10 (6) (-19) -11 (-2) (-28) -12 (11) (-31) -18 (-4) 

 BFE (-19) -8 (8) (-16) -10 (0) (-25) -12 (14) (-30) -15 (0) 

 DCD (-19) -7 (13) (-16) -9 (0) (-32) 2 (34) (-24) -13 (8) 

 CAN (-17) -8 (7) (-17) -12 (0) (-25) -12 (17) (-28) -14 (2) 

 BRI (-18) -8 (8) (-17) -11 (0) (-24) -11 (17) (-27) -15 (3) 

Pend Oreille HGH (-27) -8 (14) (-7) -1 (5) (-39) -19 (20) (-10) -1 (5) 

 CFM (-25) -5 (17) (-10) -3 (8) (-30) -13 (24) (-14) -5 (13) 

 KER (-23) -6 (11) (-14) -8 (0) (-32) -15 (20) (-36) -17 (-6) 

 TOM (-16) -3 (10) (-13) -5 (2) (-25) -9 (19) (-29) -12 (1) 

 NOX (-17) -5 (9) (-13) -6 (1) (-26) -11 (16) (-30) -13 (0) 

 CAB (-17) -4 (9) (-14) -6 (2) (-26) -10 (16) (-30) -12 (0) 

 PSL (-17) -2 (20) (-10) -4 (6) (-15) 10 (43) (-12) -1 (12) 

 ALF (-15) -3 (10) (-9) -4 (1) (-23) -8 (17) (-20) -9 (0) 

 BOX (-15) -3 (10) (-9) -4 (1) (-23) -8 (17) (-21) -9 (0) 



 BDY (-15) -3 (10) (-9) -4 (1) (-23) -8 (16) (-21) -9 (0) 

 SEV (-15) -3 (10) (-10) -4 (1) (-23) -7 (16) (-21) -9 (0) 

Spokane PFL (-20) -2 (31) (-13) -3 (12) (-19) 2 (55) (-15) -4 (19) 

 MON (-19) -3 (24) (-13) -4 (11) (-18) -1 (42) (-15) -5 (15) 

 NIN (-18) -2 (24) (-13) -3 (10) (-17) 0 (35) (-14) -4 (14) 

 LFL (-17) -2 (22) (-13) -3 (10) (-15) 1 (29) (-14) -3 (12) 

Middle Columbia GCL (-15) -5 (8) (-11) -7 (0) (-19) -6 (19) (-21) -12 (-2) 

 CHL (-16) -3 (14) (-12) -4 (8) (-19) 5 (44) (-21) -6 (20) 

 CHJ (-15) -5 (8) (-11) -7 (0) (-19) -7 (19) (-21) -12 (-2) 

 WEL (-15) -4 (9) (-11) -7 (0) (-18) -5 (19) (-20) -11 (-1) 

 RRH (-15) -5 (9) (-11) -7 (0) (-18) -5 (19) (-20) -11 (0) 

 RIS (-15) -4 (9) (-11) -6 (0) (-17) -4 (19) (-19) -10 (0) 

 WAN (-15) -4 (9) (-11) -7 (0) (-17) -4 (19) (-20) -10 (0) 

 PRD (-15) -5 (9) (-11) -7 (0) (-17) -4 (19) (-20) -10 (0) 

Yakima KEE (-29) 0 (19) (-31) -20 (-6) (-39) 10 (34) (-42) -30 (-20) 

 KAC (-26) 0 (25) (-8) 0 (6) (-39) 13 (39) (-30) -12 (4) 

 CLE (-23) -2 (18) (-39) -27 (-17) (-34) 8 (35) (-49) -38 (-25) 

 BUM (-18) -2 (21) (-19) -6 (11) (-20) 2 (49) (-25) -4 (22) 

 RIM (-18) -3 (14) (-5) -1 (5) (-24) -4 (29) (-21) -9 (1) 

Upper Snake JCKY (-8) 0 (9) (-5) 0 (3) (-13) 1 (30) (-19) -8 (2) 

 PALI (-5) 0 (13) (-13) -7 (4) (-7) 6 (28) (-26) -12 (8) 

 HEII (-5) 0 (12) (-12) -6 (5) (-7) 6 (26) (-24) -10 (9) 

 LORI (-5) 0 (12) (-13) -5 (12) (-7) 6 (26) (-24) -7 (21) 

 REXI (-5) 0 (12) (-3) 2 (10) (-13) 0 (20) (-6) 3 (16) 

 SHYI (-7) -1 (10) (-11) -3 (10) (-15) 0 (18) (-23) -9 (13) 

 BFTI (-7) -1 (11) (-12) -2 (13) (-15) 0 (19) (-26) -9 (17) 

 AMFI (-6) 0 (11) (-15) -8 (1) (-11) 2 (26) (-31) -19 (-3) 

 MILI (-5) 0 (10) (-36) -14 (14) (-11) 2 (30) (-56) -35 (14) 

 KIMI (-5) 0 (11) (-27) -10 (13) (-10) 3 (31) (-42) -24 (15) 

 SKHI (-2) 3 (13) (-4) 3 (11) (-1) 8 (42) (-1) 5 (30) 

 SWAI (-1) 5 (16) (-2) 6 (14) (0) 10 (44) (0) 10 (37) 

 ANDI (-2) 11 (31) (-9) 1 (9) (5) 25 (60) (-18) 0 (14) 

 ARKI (-2) 10 (29) (-13) 2 (23) (2) 20 (52) (-19) 4 (33) 

 LUCI (-2) 9 (28) (-14) -1 (9) (1) 18 (52) (-22) -3 (13) 

 BIGI (-2) 7 (24) (-18) -1 (27) (-2) 14 (46) (-12) 12 (62) 

 OWY (0) 27 (65) (-6) 2 (14) (-2) 48 (143) (-8) 5 (94) 

 SNYI (-1) 8 (20) (-4) 4 (15) (1) 14 (47) (-1) 11 (39) 

 DEDI (-16) -4 (30) (-15) 6 (30) (-30) 1 (59) (-14) 13 (38) 

 PABI (-13) 1 (26) (-14) -4 (7) (-27) 9 (54) (-24) -13 (3) 

 HRSI (-10) 4 (27) (-7) 1 (19) (-17) 10 (47) (-12) 4 (29) 



 PRPI (-16) 1 (23) (-26) -12 (13) (-29) 6 (43) (-38) -15 (24) 

 WEII (-2) 8 (22) (-5) 3 (14) (1) 15 (44) (-3) 9 (35) 

 BRN (-2) 7 (23) (-5) 3 (14) (1) 15 (43) (-2) 9 (35) 

 OXB (-2) 7 (22) (-5) 3 (14) (1) 15 (43) (-2) 9 (35) 

Lower Snake ANA (-5) 4 (17) (-6) 2 (15) (-2) 9 (37) (-4) 6 (31) 

 DWR (-15) -5 (17) (-16) -8 (-2) (-20) -4 (27) (-26) -12 (-1) 

 SPD (-17) -4 (20) (-16) -7 (6) (-22) -4 (30) (-21) -10 (11) 

 LWG (-7) 3 (16) (-7) 0 (12) (-5) 6 (34) (-7) 2 (25) 

 LGS (-7) 3 (16) (-7) 0 (12) (-5) 6 (33) (-7) 2 (25) 

 LMN (-8) 2 (16) (-8) 0 (12) (-6) 5 (32) (-9) 0 (22) 

 IHR (-8) 2 (16) (-8) 0 (12) (-6) 5 (31) (-9) 0 (22) 

 MCN (-10) -2 (9) (-10) -5 (2) (-14) 0 (20) (-17) -9 (4) 

Lower Columbia JDA (-11) -2 (9) (-10) -5 (1) (-14) 0 (20) (-17) -9 (4) 

 TDA (-10) -2 (9) (-10) -5 (2) (-13) 0 (20) (-17) -9 (4) 

 BON (-10) -2 (8) (-10) -5 (1) (-13) -1 (19) (-17) -9 (3) 

Willamette SVN (-15) -2 (10) (-16) -3 (8) (-27) -4 (10) (-27) -6 (8) 
 262 

Table S3. December-February (DJF) Volume Percent Change. U is unregulated, R is regulated. 263 

Table shows the (10th) 50th (90th) percentiles of the ensemble. For each region, locations are 264 

sorted from upstream (top) to downstream (bottom) based on position of tributary confluence 265 

with the next lowest order stream using a top-down stream order approach (e.g., a headwater 266 

tributary has a higher stream order than the mainstem). 267 

 DJF    

Region 
Site 

ID 
2030 U 2030 R 2070 U 2070 R 

Upper Columbia MCD (-3) 17 (41) (-12) -8 (0) (10) 56 (106) (-33) -18 (-7) 

 RVC (-2) 21 (44) (-10) -6 (2) (12) 65 (116) (-27) -12 (0) 

 ARD (0) 24 (49) (-8) -1 (2) (16) 73 (120) (-25) -5 (4) 

 MUC (3) 22 (48) (-8) 0 (7) (35) 66 (120) (-13) 0 (13) 

Kootenai LIB (-4) 14 (36) (-17) -2 (10) (14) 56 (105) (-21) -2 (14) 

 BFE (0) 22 (51) (-14) 2 (13) (39) 66 (134) (-9) 10 (32) 

 DCD (-2) 24 (51) (-7) 1 (9) (10) 80 (127) (-22) 0 (15) 

 CAN (1) 23 (51) (-10) 5 (15) (44) 66 (134) (0) 8 (38) 

 BRI (1) 22 (50) (-10) 5 (16) (43) 65 (133) (2) 10 (40) 

Pend Oreille HGH (-1) 40 (86) (-24) -12 (6) (44) 140 (266) (-40) -23 (9) 

 CFM (4) 40 (82) (-8) 5 (23) (48) 137 (246) (1) 26 (76) 

 KER (5) 40 (80) (-4) 4 (16) (51) 133 (235) (0) 16 (49) 

 TOM (4) 34 (68) (-2) 11 (25) (59) 100 (184) (16) 29 (74) 

 NOX (5) 38 (77) (-1) 12 (29) (68) 114 (211) (19) 32 (80) 

 CAB (4) 36 (75) (-1) 14 (31) (66) 108 (202) (21) 34 (84) 



 PSL (9) 58 (101) (4) 50 (91) (78) 178 (281) (53) 137 (230) 

 ALF (6) 36 (71) (0) 17 (35) (63) 103 (194) (24) 38 (82) 

 BOX (6) 35 (70) (0) 17 (35) (62) 102 (192) (24) 39 (82) 

 BDY (6) 35 (70) (0) 17 (35) (61) 100 (191) (24) 39 (83) 

 SEV (5) 34 (71) (-1) 17 (36) (60) 100 (192) (25) 41 (85) 

Spokane PFL (24) 69 (108) (22) 61 (105) (114) 178 (223) (106) 167 (205) 

 MON (18) 60 (98) (17) 53 (92) (104) 158 (190) (93) 147 (177) 

 NIN (15) 55 (92) (15) 49 (87) (97) 148 (172) (86) 136 (162) 

 LFL (14) 51 (88) (14) 45 (81) (90) 139 (162) (78) 122 (146) 

Middle Columbia GCL (6) 30 (55) (-6) 6 (15) (55) 84 (143) (3) 12 (32) 

 CHL (-5) 34 (75) (-1) 3 (10) (13) 130 (210) (0) 15 (28) 

 CHJ (6) 30 (54) (-6) 6 (15) (54) 83 (142) (3) 12 (32) 

 WEL (5) 30 (54) (-6) 6 (15) (54) 85 (143) (3) 13 (34) 

 RRH (5) 30 (55) (-6) 6 (15) (54) 85 (145) (3) 13 (34) 

 RIS (5) 30 (57) (-5) 7 (16) (55) 89 (148) (4) 14 (36) 

 WAN (5) 30 (57) (-5) 7 (16) (55) 89 (149) (4) 14 (37) 

 PRD (5) 30 (57) (-5) 7 (16) (55) 90 (149) (4) 14 (37) 

Yakima KEE (19) 52 (85) (-18) 1 (31) (90) 131 (174) (-16) 21 (63) 

 KAC (16) 52 (84) (-19) -3 (12) (89) 135 (184) (-18) 4 (74) 

 CLE (2) 51 (91) (-30) -10 (17) (60) 179 (289) (-32) 6 (51) 

 BUM (15) 58 (107) (8) 28 (70) (95) 186 (273) (52) 104 (184) 

 RIM (7) 34 (78) (-27) -10 (72) (64) 110 (185) (-21) 29 (253) 

Upper Snake JCKY (-3) 9 (29) (-6) -1 (7) (7) 57 (149) (-6) 5 (33) 

 PALI (2) 16 (38) (-9) 7 (27) (24) 65 (142) (7) 37 (94) 

 HEII (3) 16 (37) (-7) 9 (28) (25) 63 (133) (10) 38 (92) 

 LORI (3) 16 (37) (-7) 10 (28) (26) 63 (133) (10) 39 (94) 

 REXI (4) 22 (39) (0) 13 (25) (26) 72 (135) (14) 42 (82) 

 SHYI (5) 22 (43) (-4) 13 (30) (32) 82 (172) (15) 47 (106) 

 BFTI (5) 23 (44) (-3) 13 (30) (35) 88 (184) (15) 47 (107) 

 AMFI (6) 23 (43) (-18) 4 (36) (36) 82 (164) (-11) 35 (116) 

 MILI (8) 28 (46) (-16) 6 (35) (40) 85 (162) (-4) 43 (118) 

 KIMI (8) 27 (45) (-15) 7 (35) (39) 82 (154) (-2) 43 (113) 

 SKHI (6) 25 (38) (-6) 11 (26) (33) 70 (131) (3) 37 (93) 

 SWAI (6) 24 (41) (-4) 14 (31) (31) 68 (122) (6) 40 (95) 

 ANDI (10) 48 (105) (-12) 10 (51) (50) 178 (365) (10) 63 (176) 

 ARKI (21) 57 (110) (-12) 11 (53) (84) 190 (331) (19) 91 (226) 

 LUCI (21) 60 (112) (-16) 22 (81) (91) 192 (321) (37) 130 (281) 

 BIGI (22) 61 (116) (-9) 29 (101) (95) 193 (323) (54) 153 (321) 

 OWY (27) 79 (150) (53) 309 (1576) (81) 312 (395) (227) 997 (5000) 

 SNYI (10) 32 (50) (-3) 21 (44) (44) 87 (158) (17) 61 (131) 



 DEDI (1) 51 (114) (-6) 3 (33) (69) 204 (401) (6) 50 (232) 

 PABI (24) 90 (154) (-6) 23 (89) (152) 281 (447) (30) 109 (221) 

 HRSI (15) 61 (110) (2) 31 (78) (105) 201 (318) (46) 116 (218) 

 PRPI (23) 69 (112) (-17) 15 (57) (140) 204 (311) (17) 83 (164) 

 WEII (14) 39 (57) (-1) 21 (41) (59) 104 (176) (28) 70 (141) 

 BRN (14) 39 (59) (-3) 23 (43) (61) 107 (176) (30) 71 (139) 

 OXB (14) 39 (59) (-3) 23 (43) (61) 107 (176) (30) 71 (139) 

Lower Snake ANA (12) 34 (60) (0) 25 (46) (57) 103 (171) (35) 74 (143) 

 DWR (20) 64 (97) (-10) 15 (44) (121) 187 (260) (18) 44 (80) 

 SPD (18) 61 (104) (0) 37 (73) (111) 169 (256) (58) 92 (160) 

 LWG (8) 36 (63) (-2) 22 (48) (67) 106 (168) (39) 74 (134) 

 LGS (8) 36 (63) (-2) 22 (48) (67) 106 (168) (39) 74 (134) 

 LMN (9) 39 (67) (-2) 24 (51) (72) 113 (176) (42) 79 (141) 

 IHR (9) 39 (67) (-2) 24 (51) (71) 113 (176) (42) 79 (141) 

 MCN (9) 31 (57) (-2) 11 (23) (59) 95 (152) (12) 29 (57) 

Lower Columbia JDA (8) 32 (56) (-1) 11 (24) (60) 95 (150) (14) 31 (58) 

 TDA (8) 31 (56) (-1) 12 (25) (59) 92 (146) (14) 31 (58) 

 BON (8) 32 (56) (-1) 13 (26) (61) 91 (142) (15) 32 (59) 

Willamette SVN (2) 16 (27) (2) 17 (28) (22) 28 (40) (23) 29 (41) 
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Table S4. March-May (MAM) Volume Percent Change. U is unregulated, R is regulated. Table 269 

shows the (10th) 50th (90th) percentiles of the ensemble. For each region, locations are sorted 270 

from upstream (top) to downstream (bottom) based on position of tributary confluence with the 271 

next lowest order stream using a top-down stream order approach (e.g., a headwater tributary has 272 

a higher stream order than the mainstem). 273 

MAM    

Region 
Site 

ID 
2030 U 2030 R 2070 U 2070 R 

Upper Columbia MCD (18) 33 (57) (0) 17 (42) (59) 95 (151) (17) 63 (110) 

 RVC (19) 30 (56) (10) 23 (43) (58) 92 (142) (42) 70 (114) 

 ARD (16) 28 (50) (2) 21 (46) (49) 78 (119) (34) 55 (95) 

 MUC (9) 26 (43) (3) 22 (39) (43) 65 (96) (38) 52 (88) 

Kootenai LIB (7) 29 (46) (1) 23 (38) (42) 67 (106) (33) 49 (75) 

 BFE (5) 25 (38) (1) 21 (33) (35) 54 (80) (28) 42 (65) 

 DCD (13) 35 (58) (9) 41 (79) (51) 89 (145) (77) 140 (214) 

 CAN (6) 27 (40) (4) 25 (42) (36) 60 (87) (39) 58 (91) 

 BRI (6) 27 (41) (4) 26 (42) (36) 60 (88) (39) 58 (93) 

Pend Oreille HGH (17) 38 (61) (0) 10 (23) (49) 79 (118) (8) 25 (56) 

 CFM (14) 34 (54) (8) 24 (38) (42) 70 (100) (33) 50 (78) 



 KER (13) 33 (51) (9) 27 (45) (42) 67 (97) (42) 60 (99) 

 TOM (12) 31 (44) (8) 29 (41) (39) 56 (80) (38) 55 (84) 

 NOX (12) 30 (44) (8) 29 (41) (38) 56 (79) (38) 55 (84) 

 CAB (11) 29 (43) (8) 28 (40) (36) 54 (75) (36) 53 (81) 

 PSL (5) 17 (28) (9) 27 (42) (10) 28 (49) (28) 50 (76) 

 ALF (9) 25 (38) (8) 28 (42) (29) 47 (68) (38) 56 (87) 

 BOX (9) 25 (37) (8) 28 (42) (28) 46 (67) (39) 56 (87) 

 BDY (9) 25 (37) (8) 28 (42) (28) 46 (67) (38) 57 (86) 

 SEV (8) 25 (37) (8) 28 (42) (27) 46 (67) (37) 56 (86) 

Spokane PFL (-8) 1 (11) (-4) 5 (18) (-23) -9 (17) (-16) 0 (33) 

 MON (-7) 1 (10) (-4) 6 (18) (-21) -9 (17) (-14) 2 (33) 

 NIN (-7) 1 (10) (-4) 6 (18) (-20) -7 (18) (-13) 3 (33) 

 LFL (-7) 1 (10) (-4) 6 (17) (-19) -6 (19) (-12) 3 (33) 

Middle Columbia GCL (7) 23 (35) (3) 21 (29) (33) 50 (73) (27) 41 (65) 

 CHL (9) 32 (61) (12) 55 (93) (49) 77 (147) (98) 152 (241) 

 CHJ (7) 23 (35) (3) 21 (29) (33) 50 (74) (27) 41 (65) 

 WEL (7) 24 (35) (2) 22 (29) (33) 50 (74) (30) 42 (64) 

 RRH (7) 25 (35) (2) 23 (29) (35) 52 (75) (32) 44 (65) 

 RIS (7) 24 (35) (2) 23 (29) (35) 52 (74) (32) 45 (64) 

 WAN (7) 25 (35) (2) 23 (29) (35) 52 (75) (33) 45 (65) 

 PRD (7) 25 (35) (2) 23 (29) (35) 52 (75) (33) 46 (65) 

Yakima KEE (-2) 8 (18) (-14) 0 (16) (-24) -5 (17) (-20) 8 (26) 

 KAC (-2) 7 (17) (-39) -11 (14) (-28) -5 (19) (-37) -2 (25) 

 CLE (18) 36 (60) (-11) 4 (25) (37) 61 (110) (18) 43 (99) 

 BUM (10) 27 (49) (13) 37 (70) (7) 30 (59) (26) 60 (85) 

 RIM (0) 13 (29) (-18) 0 (31) (-10) 16 (41) (-9) 16 (52) 

Upper Snake JCKY (17) 44 (78) (15) 57 (119) (71) 93 (164) (107) 161 (312) 

 PALI (14) 32 (61) (9) 28 (58) (45) 75 (134) (44) 69 (128) 

 HEII (13) 30 (59) (9) 27 (56) (42) 72 (129) (42) 66 (123) 

 LORI (13) 30 (59) (10) 32 (69) (42) 72 (129) (50) 82 (148) 

 REXI (11) 27 (56) (14) 35 (69) (37) 60 (109) (43) 74 (136) 

 SHYI (14) 31 (60) (13) 36 (75) (48) 72 (129) (59) 90 (164) 

 BFTI (14) 31 (62) (16) 42 (85) (49) 73 (132) (66) 102 (188) 

 AMFI (12) 30 (61) (19) 33 (63) (45) 71 (122) (57) 82 (159) 

 MILI (13) 30 (59) (30) 66 (117) (43) 73 (118) (97) 162 (264) 

 KIMI (13) 29 (58) (29) 63 (110) (42) 72 (116) (91) 154 (248) 

 SKHI (14) 26 (49) (15) 36 (65) (35) 64 (101) (51) 89 (144) 

 SWAI (13) 27 (49) (16) 37 (67) (33) 62 (96) (50) 89 (140) 

 ANDI (10) 30 (70) (21) 49 (81) (28) 54 (147) (60) 98 (169) 

 ARKI (9) 26 (46) (19) 42 (63) (22) 45 (93) (48) 74 (125) 



 LUCI (9) 25 (47) (19) 42 (66) (18) 44 (88) (48) 76 (136) 

 BIGI (10) 24 (46) (23) 57 (96) (18) 43 (85) (66) 107 (204) 

 OWY (-8) 21 (65) (-3) 55 (137) (0) 40 (153) (27) 87 (259) 

 SNYI (12) 28 (47) (20) 45 (74) (30) 63 (92) (55) 99 (172) 

 DEDI (26) 45 (133) (-1) 59 (141) (43) 73 (356) (92) 170 (317) 

 PABI (7) 21 (36) (11) 30 (52) (3) 28 (64) (25) 54 (91) 

 HRSI (12) 25 (56) (7) 20 (50) (13) 34 (110) (11) 35 (118) 

 PRPI (9) 24 (52) (1) 17 (54) (14) 32 (97) (6) 32 (124) 

 WEII (10) 25 (43) (12) 34 (58) (25) 54 (84) (36) 74 (134) 

 BRN (10) 25 (42) (12) 32 (59) (24) 52 (81) (35) 72 (135) 

 OXB (10) 24 (42) (12) 32 (59) (24) 51 (81) (35) 72 (135) 

Lower Snake ANA (15) 25 (41) (18) 30 (49) (28) 50 (82) (38) 63 (103) 

 DWR (4) 14 (26) (-2) 7 (19) (-1) 11 (42) (5) 16 (34) 

 SPD (5) 17 (30) (3) 17 (26) (5) 18 (47) (9) 23 (43) 

 LWG (12) 22 (36) (14) 25 (40) (24) 44 (67) (31) 53 (81) 

 LGS (13) 22 (36) (15) 25 (40) (24) 45 (68) (32) 53 (82) 

 LMN (13) 23 (36) (15) 26 (41) (24) 45 (68) (32) 54 (83) 

 IHR (13) 23 (37) (15) 26 (41) (24) 45 (69) (32) 54 (83) 

 MCN (7) 24 (34) (4) 25 (33) (33) 48 (69) (37) 47 (68) 

Lower Columbia JDA (7) 25 (33) (4) 25 (33) (33) 48 (68) (38) 47 (68) 

 TDA (7) 24 (33) (4) 25 (32) (33) 46 (67) (37) 45 (66) 

 BON (7) 23 (32) (4) 24 (31) (32) 44 (64) (34) 43 (63) 

Willamette SVN (-15) -5 (0) (-14) -4 (0) (-22) -11 (1) (-21) -10 (2) 
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Table S5. June-August (JJA) Volume Percent Change. U is unregulated, R is regulated. Table 275 

shows the (10th) 50th (90th) percentiles of the ensemble. For each region, locations are sorted 276 

from upstream (top) to downstream (bottom) based on position of tributary confluence with the 277 

next lowest order stream using a top-down stream order approach (e.g., a headwater tributary has 278 

a higher stream order than the mainstem). 279 

JJA    

Region 
Site 

ID 
2030 U 2030 R 2070 U 2070 R 

Upper Columbia MCD (-9) -5 (-1) (-2) 14 (25) (-33) -20 (-6) (3) 21 (39) 

 RVC (-10) -6 (-2) (-8) 1 (8) (-36) -23 (-8) (-15) -4 (6) 

 ARD (-12) -8 (-4) (-2) 4 (13) (-39) -26 (-12) (0) 12 (21) 

 MUC (-17) -12 (-8) (-9) -5 (1) (-45) -31 (-17) (-17) -10 (-2) 

Kootenai LIB (-22) -14 (-10) (-14) -5 (2) (-51) -37 (-20) (-20) -9 (-1) 

 BFE (-23) -17 (-11) (-19) -11 (-2) (-52) -39 (-22) (-31) -19 (-13) 

 DCD (-10) -6 (-1) (-4) 3 (21) (-38) -24 (-9) (-30) -11 (16) 

 CAN (-22) -16 (-10) (-18) -11 (-5) (-53) -39 (-21) (-39) -28 (-15) 



 BRI (-23) -16 (-11) (-19) -12 (-7) (-54) -40 (-22) (-42) -30 (-17) 

Pend Oreille HGH (-34) -22 (-13) (-15) 1 (24) (-65) -54 (-31) (-12) 0 (17) 

 CFM (-31) -23 (-14) (-26) -16 (-11) (-63) -53 (-31) (-51) -39 (-24) 

 KER (-31) -22 (-13) (-25) -16 (-8) (-62) -51 (-30) (-48) -38 (-23) 

 TOM (-29) -20 (-13) (-27) -17 (-10) (-60) -45 (-28) (-54) -41 (-26) 

 NOX (-30) -21 (-13) (-29) -18 (-11) (-61) -47 (-29) (-56) -43 (-27) 

 CAB (-30) -21 (-13) (-28) -18 (-11) (-60) -46 (-29) (-55) -42 (-27) 

 PSL (-40) -30 (-17) (-40) -29 (-15) (-67) -54 (-38) (-69) -56 (-34) 

 ALF (-30) -21 (-13) (-29) -19 (-11) (-58) -45 (-28) (-56) -43 (-27) 

 BOX (-29) -21 (-13) (-28) -19 (-10) (-58) -44 (-28) (-55) -42 (-26) 

 BDY (-29) -21 (-13) (-28) -19 (-10) (-58) -44 (-28) (-55) -42 (-26) 

 SEV (-29) -21 (-13) (-28) -19 (-10) (-58) -45 (-28) (-55) -42 (-26) 

Spokane PFL (-49) -38 (-21) (-52) -41 (-23) (-72) -61 (-49) (-75) -65 (-54) 

 MON (-44) -34 (-19) (-49) -38 (-22) (-67) -55 (-44) (-73) -62 (-50) 

 NIN (-42) -32 (-18) (-46) -36 (-21) (-63) -52 (-40) (-70) -58 (-46) 

 LFL (-40) -30 (-17) (-44) -33 (-20) (-61) -50 (-38) (-67) -55 (-43) 

Middle Columbia GCL (-20) -14 (-10) (-15) -9 (-3) (-48) -36 (-22) (-27) -18 (-11) 

 CHL (-31) -14 (-4) (-49) -19 (-1) (-63) -40 (-15) (-88) -64 (-19) 

 CHJ (-20) -14 (-9) (-14) -9 (-3) (-48) -36 (-22) (-27) -18 (-11) 

 WEL (-21) -14 (-10) (-15) -10 (-4) (-49) -37 (-22) (-29) -19 (-14) 

 RRH (-21) -14 (-10) (-16) -10 (-4) (-49) -37 (-22) (-31) -20 (-15) 

 RIS (-21) -15 (-10) (-17) -10 (-5) (-50) -37 (-22) (-32) -21 (-16) 

 WAN (-21) -14 (-10) (-17) -10 (-5) (-50) -37 (-22) (-32) -21 (-15) 

 PRD (-21) -14 (-10) (-17) -10 (-5) (-50) -37 (-22) (-32) -21 (-16) 

Yakima KEE (-63) -42 (-24) (0) 6 (16) (-81) -68 (-43) (-2) 12 (28) 

 KAC (-62) -41 (-25) (-1) 10 (35) (-80) -69 (-46) (5) 37 (80) 

 CLE (-41) -24 (-11) (3) 6 (12) (-80) -59 (-29) (-4) 7 (13) 

 BUM (-53) -34 (-20) (-41) -25 (-13) (-81) -64 (-39) (-67) -51 (-27) 

 RIM (-37) -25 (-14) (-4) 1 (6) (-64) -47 (-27) (-8) 1 (8) 

Upper Snake JCKY (-27) -14 (-1) (-12) -5 (4) (-56) -43 (-17) (-31) -18 (-3) 

 PALI (-25) -13 (0) (-11) -3 (5) (-49) -37 (-14) (-26) -16 (-2) 

 HEII (-24) -12 (0) (-11) -3 (5) (-47) -36 (-14) (-26) -16 (-2) 

 LORI (-24) -12 (0) (-16) -4 (10) (-47) -36 (-14) (-38) -24 (-3) 

 REXI (-17) -9 (0) (-18) -9 (1) (-40) -29 (-9) (-40) -29 (-9) 

 SHYI (-22) -11 (0) (-19) -6 (8) (-45) -34 (-12) (-47) -33 (-7) 

 BFTI (-22) -11 (0) (-27) -7 (11) (-46) -35 (-12) (-63) -45 (-8) 

 AMFI (-21) -10 (1) (-2) 4 (11) (-43) -32 (-10) (-13) -7 (9) 

 MILI (-20) -10 (1) (-24) 8 (52) (-44) -32 (-10) (-79) -47 (31) 

 KIMI (-19) -10 (1) (-20) 8 (46) (-43) -31 (-10) (-69) -40 (29) 

 SKHI (-15) -7 (4) (-5) 9 (25) (-36) -23 (-4) (-16) -1 (29) 



 SWAI (-14) -5 (6) (-7) 8 (23) (-33) -18 (0) (-20) -1 (32) 

 ANDI (-27) -12 (3) (-17) -7 (6) (-53) -35 (-8) (-30) -19 (1) 

 ARKI (-27) -12 (0) (-15) -7 (3) (-52) -35 (-8) (-33) -19 (-1) 

 LUCI (-27) -12 (0) (-13) -5 (3) (-52) -36 (-10) (-29) -16 (0) 

 BIGI (-27) -11 (0) (-20) -9 (12) (-51) -34 (-8) (-42) -24 (10) 

 OWY (-24) 6 (58) (-11) 0 (23) (-30) 4 (110) (-18) -1 (37) 

 SNYI (-15) -5 (6) (-10) 5 (24) (-33) -16 (2) (-24) -2 (29) 

 DEDI (-39) -20 (-6) (-10) -1 (10) (-65) -54 (-29) (-21) -11 (2) 

 PABI (-40) -23 (-10) (-18) -6 (1) (-69) -53 (-30) (-34) -23 (-3) 

 HRSI (-32) -18 (-7) (-22) -12 (-3) (-61) -47 (-26) (-41) -29 (-13) 

 PRPI (-34) -18 (-7) (-34) -16 (-4) (-61) -47 (-25) (-58) -42 (-16) 

 WEII (-16) -6 (3) (-16) -1 (12) (-36) -19 (-1) (-32) -12 (14) 

 BRN (-17) -6 (3) (-15) -1 (11) (-36) -19 (-1) (-30) -12 (14) 

 OXB (-17) -6 (3) (-15) -1 (11) (-36) -19 (-1) (-30) -12 (14) 

Lower Snake ANA (-22) -10 (-2) (-24) -9 (-1) (-45) -30 (-10) (-48) -30 (-7) 

 DWR (-41) -29 (-18) (-6) -1 (4) (-67) -56 (-42) (-15) -7 (-1) 

 SPD (-41) -25 (-18) (-27) -16 (-10) (-69) -55 (-40) (-48) -36 (-26) 

 LWG (-26) -13 (-6) (-24) -9 (-4) (-48) -34 (-15) (-45) -29 (-11) 

 LGS (-26) -13 (-6) (-24) -9 (-3) (-48) -34 (-15) (-45) -29 (-11) 

 LMN (-28) -13 (-7) (-26) -11 (-4) (-50) -36 (-16) (-48) -32 (-13) 

 IHR (-28) -13 (-7) (-27) -11 (-4) (-50) -36 (-16) (-48) -32 (-13) 

 MCN (-21) -14 (-11) (-17) -10 (-6) (-49) -34 (-21) (-36) -24 (-15) 

Lower Columbia JDA (-21) -14 (-11) (-17) -10 (-6) (-49) -34 (-21) (-36) -23 (-15) 

 TDA (-21) -14 (-11) (-17) -10 (-6) (-49) -34 (-21) (-36) -23 (-15) 

 BON (-21) -14 (-11) (-17) -10 (-6) (-49) -34 (-21) (-35) -23 (-15) 

Willamette SVN (-38) -25 (-16) (-35) -22 (-13) (-58) -40 (-25) (-54) -35 (-22) 
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