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HYDROLOGIC SENSITIVITY TO CLIMATE AND LAND USE CHANGES
IN THE SANTIAM RIVER BASIN, OREGON1

Cristina Mateus, Desiree D. Tullos, and Christopher G. Surfleet2

ABSTRACT: Future changes in water supply are likely to vary across catchments due to a river basin’s sensitivity to climate and land use changes. In the Santiam River Basin (SRB), Oregon, we examined the role elevation,
intensity of water demands, and apparent intensity of groundwater interactions, as characteristics that influence sensitivity to climate and land use changes, on the future availability of water resources. In the context of
water scarcity, we compared the relative impacts of changes in water supply resulting from climate and land
use changes to the impacts of spatially distributed but steady water demand. Results highlight how seasonal
runoff responses to climate and land use changes vary across subbasins with differences in hydrogeology, land
use, and elevation. Across the entire SRB, water demand exerts the strongest influence on basin sensitivity to
water scarcity, regardless of hydrogeology, with the highest demand located in the lower reaches dominated by
agricultural and urban land uses. Results also indicate that our catchment with mixed rain-snow hydrology and
with mixed surface-groundwater may be more sensitive to climate and land use changes, relative to the catchment with snowmelt-dominated runoff and substantial groundwater interactions. Results highlight the importance of evaluating basin sensitivity to change in planning for planning water resources storage and allocation
across basins in variable hydrogeologic settings.
(KEY TERMS: climate change; land use change; GCMs; water scarcity; sensitivity; water resources planning;
model uncertainty.)
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Northwest (PNW) region is estimated to substantially reduce summer streamflow (Baker et al., 2004;
Tague et al., 2008; Chang and Jung, 2010). Earlier
spring runoff, shorter winter runoff periods, and
longer and drier summers (Tague and Grant, 2004,
2009; Chang and Jung, 2010) may lead to changes in
the timing and quantity of water supply (Tague
et al., 2008; Chang and Jung, 2010; Surfleet and
Tullos, 2013).

INTRODUCTION

Meeting multiple purposes of hydrosystems is
likely to become increasingly difficult as demands for
water, food, and energy increase in the future (Baker
et al., 2004), and as climate and land use changes
will impact water supply (Bureau of Reclamation,
2011). For example, warming projected for the Pacific
1
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transpiration by trees can influence the amount of
water available for direct drainage to streams or
aquifer recharge (Farley et al., 2005). Land use
change effects on water resources vary considerably
between different altitudes and vegetation covers
(Muhamad et al., 2013). For example, increases in
vegetation density can decrease snowpack accumulation, increase transpiration, and increase the evaporation of precipitation intercepted by vegetation
canopy, thus reducing runoff (VanShaar et al., 2002).
While the links between basin characteristics and
its sensitivity to land use and climate change are
becoming clearer (Lettenmaier et al., 1992; Guo et al.,
2008), additional work is needed to identify the implications of basin sensitivity on the availability of
water resources and water scarcity. In this study, we
present analyses on the influence of climate and land
use changes on the future availability of water
resources across subbasins with different hydrogeologic and land use characteristics. The objectives of
this study were to investigate how subbasin characteristics, including elevation, intensity of water
demands, and apparent intensity of groundwater
interactions, contribute to hydrologic sensitivity, to
climate and land use change response, and to water
scarcity.

However, the degree of difficulty in meeting management objectives is likely to vary across catchments
depending on an individual basin’s sensitivity to
changes in climate and land use. A basin’s sensitivity
is based on the degree to which a system is affected
by changes in climate and land use (Gallopin, 2006).
While the availability and management of water
resources are generally sensitive to climate (Johnson
and Weaver, 2009; Brown et al., 2012) and land use
changes (V€
or€
osmarty et al., 2000), the sensitivity varies with characteristics of the basin, such as elevation, hydrogeology, and existing land use.
For example, elevation can play an important role
in a basin’s sensitivity to climate change, but in complex ways. Basins at higher elevations with hydrologic regimes heavily influenced by snowmelt are
more vulnerable to temperature changes than precipitation changes (Chang and Jung, 2010). On the other
hand, rainfall-dominated basins are more vulnerable
to changes in precipitation than changes in temperature (Chang and Jung, 2010). However, seasonal
snow zones in the PNW can be particularly sensitive
to changes in both temperature and precipitation
(Lettenmaier et al., 1992; Surfleet and Tullos, 2013).
Hydrogeology also plays a central role in a basin’s
sensitivity to climate and land use changes. While
surface water systems are likely to respond more rapidly to changes in precipitation and temperature,
groundwater-driven systems are likely to experience
greater magnitudes of change (Tague and Grant,
2009; Safeeq et al., 2013). For groundwater systems,
subsurface storage captures snowmelt runoff and
releases it across longer time scales, thus maintaining more consistent, and sometimes higher, base-flow
conditions than observed in surface water systems
with rapid runoff responses to precipitation (Tague
et al., 2008). However, the storage of precipitation in
the subsurface of groundwater systems, particularly
those dominated by snowmelt, may result in a larger
absolute change as the climate warms relative to surface water systems (Tague and Grant, 2009; Safeeq
et al., 2013). Declines in snowpack appear to have
limited effect on late summer low flows in surface
water systems because catchments are already very
dry in the summer. Larger effects on late summer
base flow may occur in groundwater systems due to
groundwater depletion, in combination with shifts in
precipitation from snow to rain that leads to earlier
peak runoff events (Safeeq et al., 2013).
In addition to a basin’s underlying elevation and
geology, land use can also play a pivotal role in a
basin’s sensitivity to climate and land use changes.
Factors that reduce infiltration and groundwater
recharge, such as urbanization, can lower base-flow
levels. In addition, changes to vegetative cover that
influence interception of precipitation and evapoJAWRA
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Study Area
The Santiam River Basin (SRB) (Figure 1), draining the Cascade mountain range, encompasses
approximately 4,700 km2 of the eastern portion of the
Willamette River Basin (WRB). Elevations range
from 50 m at the confluence of the Willamette River
to 3,199 m at the summit of Mt. Jefferson. Land use
is primarily forested (79%) in the headwaters, with
alluvial, agricultural (3%), urban (3%), and range
areas (15%) in the lower reaches (Table 1). Approximately 80% of precipitation falls between October
and April and is characterized by rain below 350 m,
rain and snow between 350 and 1,100 m, and snow
above 1,100 m (Surfleet and Tullos, 2012). Four dams
operated by the U.S. Army Corps of Engineers regulate runoff in the basin: Detroit and Big Cliff Dams
in the North Santiam Basin (NSB); Foster and Green
Peter Dams in the South Santiam Basin (SSB) (Figure 1). The reservoirs are operated primarily for flood
control, with secondary benefits of hydropower
production, recreation, fisheries, and water quality
regulation, and irrigation water supply. Flood management has modified the natural streamflow of the
2
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FIGURE 1. Santiam River Basin (SRB), Oregon, Including Reservoirs, Elevations Range, Aquifer Characteristics,
Vulnerability to Water Scarcity Location Points (small black dots), and Hydrologic Responses Location Points
(large white circles). Left inset: SRB point of diversions (black dots), North Santiam Basin (NSB) in dark gray and
South Santiam Basin (SSB) in light gray, and subbasins delimited by the white lines. Right inset: SRB location in Oregon.

North Santiam River. Urban areas are concentrated
in small communities situated along the lower main
stem of the NSB, comprising 4.6% of the basin area.
The SSB drains approximately 2,700 km2 of predominantly Western Cascades geology (Tague et al.,
2008; Surfleet and Tullos, 2012). The Western Cascades geology has steep with well-developed drainage
networks. Shallow soils rapidly drain to 1-3 m deep
confining layers, leading to shallow subsurface storm
flow that generates rapid runoff responses, high peak
flows, high-flow variability, and little groundwater
storage (Tague and Grant, 2004). Compared to NSB,
this basin has greater variation in land uses

Santiam River by decreasing the frequency and magnitude of floods and elevating the magnitudes of
summer low flows (Risley et al., 2012).
The NSB drains approximately 2,000 km2. High
Cascades geology dominates the upper regions of
NSB and is characterized by highly porous and
permeable volcanic layers that contribute to high
groundwater recharge and low drainage densities
(Tague and Grant, 2004) that sustain base flow
during the dry summer months (Tague et al., 2008;
Chang and Jung, 2010; Surfleet and Tullos, 2012).
The NSB is primarily forested (Table 2), with agricultural land use occurring downstream of the Little
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TABLE 1. Santiam River Basin Characteristics.

Location

Study Site

Area
(km2)

Natural or
Regulated
Runoff

Santiam River
Basin

SRB

4,719

Regulated

North Santiam
River at the
Mouth

NSB_Mouth

2,036

Regulated

South Santiam
River at the
Mouth

SSB_Mouth

2,683

Regulated

North Santiam
Basin below
Boulder Creek
North Santiam
Basin at
Mehama

NSB_Boulder

1,172

Natural

NSB_Mehama

1,660

Regulated

South Santiam
Basin at
Waterloo

SSB_Waterloo

1,192

Regulated

South Santiam
Basin at
Cascadia
South Santiam
Basin at
Deer Creek

SSB_Cascadia

456

Natural

SSB_Deer

319

Regulated

Land Use

Major
Precipitation
Type

79% forest, 15% range,
3% agriculture,
2% urban,
1% water
77% forest, 16% range,
5% agriculture,
1% urban,
1% water
80% forest, 15% range,
2% agriculture,
2% urban,
1% water
97% forest, 2.8% water,
0.2% urban

Rain and snow

91% forest, 2% range,
4% agriculture,
1% urban,
1% water
91% forest,
2% agriculture,
3% range, 2% urban,
2% water
99% forest, 1% water,
0.4% urban,
0.2% range
91% forest, 5% water,
3% range, 1% urban

Rain and snow

Rain

Rain and snow

Snow

Rain and snow

Rain and snow

Rain and snow

Geology

Groundwater
Influence
on Runoff

60% Western Cascades,
15% High Cascades,
10% Alluvium,
5% Basalt
52% Alluvium,
36% Western Cascades,
12% Basalt

Moderate

50% Western Cascades,
38% Alluvium,
11% Basalt,
1% High Cascades
90% High Cascades,
5% Western Cascades,
5% Alluvium
30% High Cascades,
60% Western Cascades,
10% Alluvium

Low

90%
5%
3%
2%
95%
3%
2%
95%
3%
2%

Low

Western Cascades,
Alluvium,
Basalt,
High Cascades
Western Cascades,
Basalt,
High Cascades
Western Cascades,
Basalt,
High Cascades

High

High

Moderate

Low

Low

(Table 2), with a greater proportion of the SSB basin
occupied by urban and agricultural uses than in the
NSB. Nearly 98% of the urban development, rural
residential, and agriculture occur below Green Peter
and Foster dams.
In the lower sections of the SRB, just above the
confluence of the NSB and SSB (Figure 1), the hydrogeology is characterized by substantial areas of
alluvium and associated groundwater storage and
recharge from the Willamette Valley Aquifer (Lee
and Risley, 2002). Approximately 90% of this valley
bottom area is in agriculture and range land use with
little forest and urban land uses.

evaluate the background sensitivity of the basins to
changes in precipitation and temperature. We calculated seasonal runoff change and seasonal runoff variability to represent different aspects of hydrologic
responses to climate and land use changes. A sensitivity analysis was conducted to investigate whether
climate change or land use change is responsible for
the observed hydrologic responses. Finally, we evaluate basins’ sensitivity to water scarcity as the ratio of
demand to supply to identify areas most sensitive to
water scarcity across the basin. Water demand by
land use is based on spatially variable but steady
estimates from the Oregon Water Resources Department (OWRD, 2011).

Study Approach

Estimates of Future Water Supply. We apply
results from a coupled groundwater-surface water
model (GSFLOW) to investigate the effects of climate
and land use changes on future water supply.
GSFLOW represents a coupling of the United States
Geological Survey’s (USGS), Modular Groundwater
Flow Model (MODFLOW) simulating groundwater
flow, and the USGS Precipitation-Runoff Modeling
System simulating surface water flow (Risser et al.,
2005; Markstrom et al., 2008). Integrated GSFLOW

We apply (Figure 2) projections of future runoff
due to climate change (Surfleet and Tullos, 2012) and
land use change (Baker et al., 2004) to investigate
future water supply in the SRB at nine locations
(Figure 1). Each location represents a collection of
runoff and land use projections of subbasins that
drain to that point. We calculated historical precipitation elasticity (Ɛp) and temperature sensitivity (S) to
JAWRA
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TABLE 2. Land Use Projections in the North Santiam Basin (NSB) and South Santiam Basin (SSB) at Low-, Mid-, and
High-Elevation Locations for Historic Time Period (2010), and Percent Changes in Land Use from Historic
to Conservation 2050 and Development 2050 Scenarios. Low elevations: NSB_Mouth and SSB_Mouth; Mid elevation:
NSB_Mehama and SSB_Waterloo; High elevation: NSB_Boulder and SSB_Cascadia.
NSB

Low elevation
Agriculture
Forest
Range
Urban
Water
Mid elevation
Agriculture
Forest
Range
Urban
Water
High elevation
Agriculture
Forest
Range
Urban
Water

SSB

Historic
(km2)

Conservation
2050 (%)

Development
2050 (%)

Historic
(km2)

Conservation
2050 (%)

Development
2050 (%)

98
1,574
323
27
14

2
6
11
1
2

2
6
11
1
2

62
2,156
404
45
16

5
1
7
0
1

6
1
9
1
1

60
1,511
28
22
39

1
0
1
0
0

1
0
1
0
0

23
1,086
40
21
24

0
0
0
0
0

0
0
0
0
0

0
1,132
0
7
33

0
0
0
0
0

0
0
0
0
0

0
450
1
2
2

0
0
0
0
0

0
0
0
0
0

FIGURE 2. Study Approach Flowchart. White boxes represent the inputs used in the model, the white circle
represents future streamflow projections used for this analysis, and the gray boxes represent the metrics
used to assess hydrologic sensitivity to projected changes in climate and land use.

and the low-elevation, alluvial basins (SR_Mouth,
SR_Morgan, NSB_Mouth, and SSB_Mouth). For the
Upper North Fork subbasin, leakage of groundwater
from the High Cascades to the east side toward the
Deschutes basin was represented by applying estimates of groundwater loss from Lee and Risley
(2002). Groundwater flow from the High Cascades
(Boulder Creek) was not transferred as surface water
flow to the mid-elevation basins of the NSB under

modeling for the SRB was parameterized for 13 subbasins that consisted of hydrologic response units
(HRUs), delineated by Chang and Jung (2010) based
on the similarity in elevation, geology, soil type,
slope, and aspect. For computational efficiency, MODFLOW was applied only in the subbasins where
substantial groundwater interactions occur. These
include subbasins draining the High Cascades (Upper
North Fork Santiam where Boulder Creek is located)
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global climate model inputs, and model validation are
reported in Surfleet and Tullos (2012).
Climate change was simulated within GSFLOW
(Surfleet and Tullos, 2012) using eight Global Climate Model (GCM) projections and two greenhouse
gas (GHG) emission scenarios (A1B and B1) (IPCC,
2007) for the SRB. GCM results were statistically
downscaled using the bias correction and spatial
downscaling method (Wood et al., 2002). While the
downscaled GCM projections of changes in precipitation and temperature were applied consistently over
the spatial domain, the timing and delivery of runoff
were projected to vary spatially across the basin due
to the changes in precipitation type. For example,
the spatial distribution of precipitation varies
between the High and Western Cascades as a result
of precipitation falling primarily as snow at the
higher elevations of High Cascades and primarily
as rain at lower elevations of the Western Cascades
(Tague and Grant, 2004). It was predicted that High
Cascades areas of the SRB will have a greater proportion of precipitation falling as rain in the future
relative to the past, along with a shift to smaller but
more frequent rain-on-snow events (Chang and Jung,
2010; Surfleet and Tullos, 2012). The Western
Cascades, generally at lower elevations than High
Cascades, was also predicted to have increased
proportion of precipitation as rain but lower proportions of rain-on-snow events due to less snow precipitation.
Land use changes were simulated in GSFLOW by
adjusting model parameters representing percent
impervious areas, vegetation interception for rain
and snow for summer and winter, vegetation cover
density for summer and winter, and parameters controlling snow interception. GSFLOW calculates the
hydrologic response of a subbasin based on a
weighted average of each parameter from HRUs
within subbasins. Each land use was assigned a
parameter value indicative of that land use (Table 3).
To simulate land use changes, model parameters
were adjusted based on the proportion of change in
land use area within HRUs. Changes in land use
were represented by adjusting both the vegetation
cover parameter as well as the amount of interception
due to a change in vegetation. Interception of precipitation by plants in GSFLOW is computed as a function of plant-cover density and the storage available
on the plant cover type in each HRU. The interception term was not adjusted within the uncertainty
assessment when parameter distributions were developed. Interception was only modified due to changing
vegetation cover with land change, following the
model uncertainty assessment.
Land use projections were based on Conservation
and Development scenarios obtained from the alter-

the assumption that the groundwater flow is stored
in deep storage. Implications of this assumption are
considered in the Discussion section of this paper.
Groundwater flow was simulated in the low-elevation,
alluvial locations, calibrated by both streamflow and
well observations. Thus, the lower basin groundwater
simulations included groundwater contribution from
the alluvial aquifer but not from the High Cascades.
To represent the uncertainty attributed to hydrologic modeling parameters and to address equifinality
in GSFLOW simulations, Surfleet and Tullos (2012)
developed posterior distributions for 13 of the hydrologic model parameters using a formal Bayesian
parameter uncertainty approach, Differential Evolution Adaptive Metropolis (DREAM) (Vrugt et al.,
2009). DREAM applies a Markov Chain Monte Carlo
Sampling algorithm to a priori parameter distributions for the subbasins from Chang and Jung (2010).
The posterior distributions of parameter values for
behavioral solutions were determined in the DREAM
assessment when the Gelman-Rubin convergence
diagnostic was less than 1.2 for each of the Markov
sampling chains, where an evolution of a chain is
conducted for each parameter assessed. Due to computational and time constraints, this uncertainty
analysis and development of tuned parameter distributions were performed for only three study subbasins (SSB at Cascadia, NSB at Boulder Creek, and
SSB at Thomas Creek) representing the range of
topographical and hydrogeologic settings of the SRB
(High Cascades, Western Cascades, and transitional
area of foothills to Willamette Valley floor, respectively). The parameter distributions from these three
basins were then transferred to the remaining basins
based on similarity in the hydrogeology and topography.
Model fit to observed historic (1960-2006) streamflow is high for both daily and monthly records in the
three tuned parameter subbasins, with Nash Sutcliffe
Efficiencies (NSE) greater than 0.7 and 0.8, respectively. However, model fit to observations for the
basins to which parameter distributions were transferred varied between basins, ranging from a NSE
value of 0.73 for the Santiam River at Jefferson to
NSE of 0.52 for the South Santiam Waterloo site (Surfleet and Tullos, 2012). The differences in model fit
values are likely due to the differences between the
DREAM-tuned parameter subbasins and the transferred basins with respect to the proportion of the
basins draining the High Cascades geology. To represent this uncertainty associated with modeled monthly
streamflow, the lower (LCI, 2.5%), median (MCI, 50%),
and upper confidence intervals (UCI, 97.5%) are
reported for each of the metrics, as described below in
further detail. Further details on model development
and uncertainty assessment, parameter distributions,
JAWRA
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TABLE 3. Parameter Ranges for Varying Land Use and Vegetation Types and References.

Mature
Doug Fir

Cover Type
Percentage of
impervious
areas (%)
Cover density
(winter) (%)
Cover density
(summer) (%)
Snow interception
(max) (in)
Summer rain
interception
(max) (in)
Winter rain
interception
(max) (in)
Source

Hardwood

Grass

Urban Lots
Trees

Urban Med
Trees

Urban No
Trees

Shrubs

Corn

Road,
Structure,
etc.

0

0

0

10-50

10-50

10-50

0

0

100

10-20

8-15

0.1

7-11

4-8

2-5

10-20

5-10

0

24-35

10-20

0.2

30-36

10-18

1-10

10-20

20-35

0

2-6

1-3

0

1-2

0.5-1

0

1-2

0

0

2-3

2-4

0.1-0.3

0.5-1.5

0.2-1.0

0-0.2

0.1-0.3

0.1-0.3

0

10-15

1-2

0.1

0.5-1.5

0.2-1.1

1-0.2

0.1-0.3

0.1-0.3

0

(i)

(ii)

(ii)

(iii)

(iii)

(iii)

(ii)

(ii)

Source: (i) Rothacher, 1963; (ii) Crockford and Richardson, 2000; (iii) Xiao et al., 1998.

emphasizing ecosystem protection and restoration.
Projections indicated increases in forested and range
areas with reductions in urban and agriculture areas
(Table 2). For consistency with GSFLOW projections
using current land use, we grouped the 101 land uses
of PNW-ERC (2011) into five classes: forest, range,
urban, water, and agriculture. Across the entire
basin, these policy scenarios primarily lead to differences (Table 2) in the area occupied by range, agriculture, and water. Differences between the NSB and
SSB exist, with the SSB experiencing substantially
smaller changes for nearly all land use categories.

nate futures analysis developed by the Pacific Northwest Ecosystem Research Consortium (PNW-ERC,
2011) for historic (2010) and future (2050) time periods (Table 2). The PNW-ERC alternate futures analyses were reported as projected changes relative to
historic conditions. Future land use scenarios reflect
assumptions about land and water use, as well as the
impact of these land use scenarios on ecological (terrestrial wildlife, water availability, ecological condition of streams) and socioeconomic endpoints (Baker
et al., 2004). Their scenario approach was based on a
set of plausible assumptions from stakeholders and
ecological consequences regarding future trends of
potential management actions, reflecting potential
future trends in urbanization, rural residential development, agriculture, forestry, and water use (Baker
et al., 2004). Thus, Conservation and Development
land use scenarios were not predictions of future
change, but rather visualizations of the likely outcomes of the stakeholder assumptions. Under both
scenarios, population for the entire WRB was
expected to nearly double by 2050, resulting in
changes in land use. Land use change projections
(e.g., from forest to agriculture or urban areas)
reflected the shift from past human uses to new uses,
rather than the expansion of the impacted area of
natural ecosystems. The Development scenario
assumed market-oriented approaches to land use and
water use, and reflected loosening of current land use
restrictions. This policy was represented in the Development scenario as reductions in agricultural areas
and increases in urban and rural residential uses
(Table 2). The Conservation scenario assumed restrictive development policies would be implemented,
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Estimating Historical Sensitivities to Precipitation and Temperature. To evaluate streamflow
sensitivity of the basins to changes in precipitation
and temperature, we conducted a precipitation elasticity (Ɛp) and temperature sensitivity (S) analysis on
historical discharge (USGS NWIS, 2010), daily precipitation, and air temperature data (NOAA COOP,
2010; NRCS SNOTEL, 2010). We compared Ɛp and S
for Boulder in the NSB and Cascadia in the SSB
since both USGS gauge stations are located above the
reservoirs. Ɛp was calculated following the methods of
Sankarasubramanian et al. (2001), which applies a
nonparametric estimator to evaluate the simulated
impacts of climate change on annual streamflow. We
were unaware of any definitive method for estimating
temperature elasticity in basins due to the many
challenges associated with delayed timing of runoff
response to changes in temperatures and the interactions between temperature and other system variables that influence runoff (e.g., precipitation,
evapotranspiration, etc.). For these reasons, tempera7
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ratio of the standard deviation (r) for either December, to represent the winter season, or August, to
represent the summer season, to its mean (l) (Vogel
et al., 2007).
To evaluate the degree to which variation in
December and August runoff is influenced by changes
in land use or climate, we performed a sensitivity
analysis taking into account three forcing variables:
(1) percent change in land use over time; (2) percent
change in precipitation for A1B and B1 scenarios;
and (3) percent change in air temperature for A1B
and B1 scenarios. We performed a linear regression
sensitivity analysis to evaluate the strength of the
relationship (R2) and the effect (slope, b1) between
hydrologic responses and forcing variables.

ture elasticity is generally modeled (e.g., Dooge, 1992;
Vano et al., 2012). Instead, we applied a simplified
approach using historical data at the monthly time
scale to develop a general understanding of the relative sensitivity between the two study basins. We calculated S for August to represent the summer
months and December to represent the winter
months separately as the percent change in mean
monthly flow to the percent change in mean monthly
temperature. In reporting the results, we acknowledge that their interpretation is greatly limited by
assuming that any interactions across processes and
time are not fully represented in this analysis. Historical observations of mean annual precipitation
across the 1974-2006 water years (October-September) were 1,620 mm at Cascadia, while the mean
annual runoff depth was 1,583 mm. Over the same
time period, Boulder’s mean annual precipitation was
2,099 mm, while the mean annual streamflow was
1,593 mm. Therefore, about 98% of precipitation was
translated into streamflow for the Cascadia site,
whereas only 76% of precipitation was translated into
streamflow for the Boulder site.

Estimating Sensitivity to Water Scarcity
within and across Basins. Consistent with the
water stress index (Water Systems Analysis Group,
UNH, 2009), we evaluated scarcity as the ratio of
demand to supply (Equation 1), with changes in
water supply derived from GSFLOW simulations and
the distribution of water demand estimates derived
from water rights in the OWRD (2011), described in
further detail below. Under this approach, a region
was considered to experience water scarcity if
demand was greater than supply, with a water scarcity ratio less than one. We assessed water scarcity
at eight locations in the SRB (Figure 1, Table 1),
based on the availability of demand estimates from
the OWRD and on the differences in geology and elevation: at the mouth and at Morgan Creek in the
Santiam River; at the mouth, Mehama and Boulder
Creek in the North Santiam River; and at the mouth,
Waterloo and Deer Creek in the South Santiam
River. We note that one location (Deer Creek) in the
SSB is different from the calculations of hydrologic
responses due to the differences in the availability of
water demands. However, because Deer Creek and
Cascadia are of similar drainage areas, elevations,
land use, and geology (Table 1), we believed that
these two sites represent similar hydrogeologic settings.

Characterizing Hydrologic Responses within
and across Basins. We analyzed seasonal runoff
change and seasonal runoff variability at six locations
in the SRB (Table 1, Figure 1) to represent different
aspects of hydrologic responses to climate and land
use changes. We selected six basins for analysis
based on availability of projected streamflow and differences in basin geology and water sources: the
North Santiam River at the mouth, Mehama and
Boulder Creek and in the South Santiam River at the
mouth, Waterloo and Cascadia. Analysis was conducted at each of the six locations for three scenarios
representing combinations of land use and climate
changes: (1) Climate Change only (CC); (2) Development + Climate Change (Dev-CC); and (3) Conservation + Climate Change (Cons-CC). For the analysis of
hydrologic responses to these scenarios, we represent
the future time as the average of the water years
2030-2059, and the simulated historical time period
as the average of the water years from 1960 to 2010.
To analyze the seasonal runoff change, we estimated the change in monthly runoff (mm) for the
2.5 (LCI), 50 (MCI), and 97.5 (UCI) percentile values
for the future time period compared to simulated
historical at each location and for scenarios (1), (2),
and (3). Monthly streamflow was represented as the
modeled average daily streamflow for each month
multiplied by the number of days in that month. To
analyze the changes in seasonal variability of the
streamflow and uncertainty in future seasonal runoff
under different scenarios, we used a coefficient of
variation (CV) of the seasonal streamflow. CV is the
JAWRA

AND

Water Scarcity ¼

Demand CU þ IS
¼
½cm
Supply
Q þ ST

ð1Þ

where Q is the mean monthly streamflow obtained
from GSFLOW simulations for the 2.5, 50, and 97.5
percentiles; ST defines the existing storage in reservoirs; CU are the out-of-stream consumptive uses;
and IS represents existing instream water rights.
Thus, the water scarcity ratio indicates pressures
from irrigation, industrial, commercial, municipal,
and domestic sectors as well as environmental flows.
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season were different than those needed for reproduction during the Summer Chinook spawning season
between September and October.

The approach used to calculate existing storage
(ST), consumptive uses (CU), and instream uses (IS)
is based on the OWRD methodology (Cooper, 2002).
For this analysis, we considered water demand to be
constant in the future based on the assumption that,
under Oregon’s water rights law, surface water is no
longer available for new uses and groundwater supplies may also be limited (OWRD, 2012). Therefore,
future changes in water use will result in changes in
the locations where the water is extracted, rather
than the amount of water being extracted. In addition, by representing water demand as the entire
allocation of water rights in the basin, we overestimated the actual amount of water diverted from the
stream, making our evaluation of the potential for
water scarcity higher than the actual scarcity experienced in the basins. However, this assumption was
not in conflict with the goal of this analysis, which
was to evaluate the spatial and temporal patterns
and geographic relationships with water scarcity,
rather than the absolute magnitude of change in each
basin. Therefore, our results should be interpreted
not as absolute values but as the relative potential
for scarcity across basins.
The water that is retained in the four reservoirs is
allocated as existing storage. ST was calculated as
the volumetric change in reservoir storage from one
month to the next, as reported at the end of each
month for each reservoir based on historical storage.
ST was then converted to a discharge (e.g., cm) by
dividing by the time between the two months. Consumptive uses account for irrigation, municipal,
industrial, commercial, and domestic demands. The
CU values were based on the part of the diversion
consumed via evaporation and transpiration, assuming that evaporation and transpiration rates will
remain constant in the future, irrespective of land
use change. Water not consumed, for example, with
municipal use, was assumed to return to the stream
and was not subtracted from the total supply. CU
was calculated by multiplying the maximum diversion rate allowed for the water right by a CU coefficient. For example, consumptive uses for municipal
use was the actual diversion multiplied by a consumptive use coefficient for summer (0.45) and winter
(0.15). In the case of consumptive uses for irrigation,
the number of irrigated acres was multiplied by crop
type, irrigation method. Therefore, return flows were
calculated by subtracting the water being withdrawal
from the CU. IS uses were not considered consumptive because they represent water rights and scenic
waterway flows held by the OWRD for beneficial uses
such as recreation or wildlife protection. IS uses of
water depended on the stream, the intended use, and
varied by season. For example, minimum flows that
are provided for adult fish habitat during the summer
JOURNAL
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RESULTS

Historical Sensitivities of Upper Basins to
Precipitation and Temperature
The sensitivity of two sites in the upper basins to
changes in precipitation and temperature indicated
that the SSB hydrogeology may have greater sensitivity to climate change than the NSB. Results of the
elasticity analysis indicated that increases in precipitation could increase streamflow by a factor of 1.47 at
Cascadia and 1.0 at Boulder. Values of the CV for
the precipitation elasticities were lower at Cascadia
than at Boulder, with elasticity CV values of 37 and
46%, respectively. The results of our simplified analysis of monthly discharge and temperature ratios indicated that the upper SSB also exhibited greater
sensitivity to temperature than the NSB in the historical record. Increases in temperature were related
to a decrease in streamflow by a factor of 0.5 at Cascadia and to no change in streamflow at Boulder
during the winter months. The impact of increasing
temperature on summer month runoff appeared to be
a decrease at both Cascadia and Boulder, by factors
of 5.5 and 1.3, respectively. Both the temperature
and precipitation elasticity analyses indicated that
the groundwater basin was historically less affected
by changes in precipitation and temperature compared to the surface water basin. We speculated that
the greater historical sensitivity to precipitation and
temperature in the unregulated SSB was associated
with rapid runoff response due to the lack of groundwater storage.

Hydrologic Responses within and across Basins
Projected
Change
in
Seasonal
Runoff
Depth. Whereas the depths of December runoff
were projected to increase for all subbasins except
SSB at Waterloo (Figure 3a), August low flows were
projected to decline in the future for all subbasins
(Figure 3b). These projections were consistent across
all land use and climate scenarios. However, while
subbasins exhibited similar trends in monthly runoff,
the magnitude of projected changes varied by land
use, GHG emission scenario, and location within the
basin. To illustrate the differences between the hydrogeologic settings of the NSB and SSB, we com9
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FIGURE 3. Monthly Change in Runoff Depth (mm) for (a) December and (b) August for the North Santiam Basin at: the Mouth of the North
Santiam River (NSB_Mouth), Boulder Creek (NSB_Boulder), and Mehama (NSB_Mehama); and for the South Santiam Basin at: the Mouth
of the South Santiam River (SSB_Mouth), Waterloo (SSB_Waterloo), and Cascadia (SSB_Cascadia) under Conservation Scenario (x axis) and
Development Scenario (y axis). Black figures represent A1B scenario and gray figures represent B1 scenario; solid figures represent the NSB
and figures with a pattern represent the SSB. The black lines represent the upper and lower confidence interval for each scenario. Note that
the scales for December and August plots are different, but the grid line spacing is consistent.

At the mid-elevation basins, SSB_Waterloo and
NSB_Mehama (Figure 1), located 21- and 34-km
upstream in the respective basins, projected winter
and summer runoff indicate that elevation and geology play an important role in differentiating runoff
responses at these locations. At SSB_Waterloo, a
rainfall dominated subbasin draining the Western
Cascades geology, substantial decreases in runoff
depths are projected for both December (Figure 3a)
and August (Figure 3b). In contrast, the NSB_Mehama subbasin, located in a transient zone with mixed
rain and snow due to its mid-range elevations, is projected to undergo increases in winter runoff and
small decreases in summer runoff relatively to Waterloo. Larger decreases in summer runoff are projected
for SSB_Waterloo compared to NSB_Mehama, suggesting higher sensitivity to changes in climate and
land use for SSB_Waterloo during the summer
months. Changes in both winter and summer runoff
depth at these mid-elevation locations are all significant when uncertainties are considered.
The most upstream locations in the basin, NSB_
Boulder and SSB_Cascadia, were projected to
undergo consistently low changes in winter and summer runoff regardless basin hydrogeology. For both

pared pairs of sites across the two basins of similar
elevation and drainage areas. Differences that were
larger than the uncertainties are discussed below.
Considering the entire NSB and SSB, we found
indications of differences in the two basins’ sensitivity
to climate and land use changes. For example, while
winter runoff (Figure 3a) was projected to increase at
the mouth of both the SSB and NSB, the increase in
winter runoff was higher for the SSB_Mouth than
the NSB_Mouth. The higher runoff in the SSB
occurred for the median confidence intervals under
all GHG emission and land use scenarios, although
the differences were not larger than the uncertainties
when considering the upper and lower confidence
intervals. This result suggested that, taken as the
entire basin, the SSB may be more sensitive than the
NSB to both land use and climate changes that influence winter runoff over the next 40 years. Reductions
in summer runoff depths were also larger for the
SSB_Mouth than the NSB_Mouth (Figure 3b), with
all differences larger than the modeled uncertainties.
Thus, the larger reductions in summer runoff indicated that the SSB broadly is also more sensitive
than the NSB to land use and climate changes that
influence summer runoff.
JAWRA
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At the low-elevation locations in the basin, a
greater decrease in streamflow variability was projected during August for SSB_Mouth than
NSB_Mouth (Figures 5a-5f). August streamflow variability for A1B CC, CC-Cons, and CC-Dev was projected to decrease by 0.06, 0.1, and 0.09, respectively,
at SSB_Mouth, whereas the same scenarios produced
relatively small (0.01) changes for the NSB_Mouth.
For the B1 scenario, August streamflow variability at
the SSB_Mouth was projected to decrease by 0.05 for
the CC scenario and 0.08 for CC-Cons and CC-Dev
scenarios, whereas changes were again small (0.02)
at the NSB_Mouth. All changes in August streamflow
variability are all significant when model uncertainty
was considered.
While December streamflow variability was projected to undergo small decreases at the mouth of
both basins under all scenarios (Figure 4), slightly
greater decreases in variability were projected for the
NSB_Mouth (Figures 4b-4f) than the SSB_Mouth,
with the exception of A1B scenario under CC land
use scenario (Figure 4a). December variability for
A1B at the SSB_Mouth was projected to decrease by
0.02, 0.01, and 0.02 for CC, CC-Cons, and CC-Dev,
respectively, whereas these same scenarios projected
a decrease of 0.02, 0.02, and 0.03 for the NSB_Mouth,

locations, small increases in December runoff (Figure 3a) were projected for the future, with higher
increases for the NSB than the SSB. However,
increases in winter runoff were only larger than
uncertainties for the SSB_Cascadia location and only
for the B1 Conservation scenario. Summer runoff
(Figure 3b) was projected to decrease in the future
for both locations, although changes were smaller
than the uncertainties under all scenarios. These
results suggested that seasonal runoff responses to
changes in climate and land use were similar at the
two high-elevation locations.
Projected Change in Streamflow Variability. Differences in seasonal streamflow variability
are projected across GHG emission scenario, land use
scenario, and location within the basins. August
streamflow variability (Figure 5) was generally
higher in the SSB than the NSB, indicating greater
variability in summer water supply for the SSB compared to the NSB in the future. No consistent patterns in the projections for December streamflow
variability (Figure 4) was observed for the both
basins. These results suggested that, in terms of variability, summer streamflow may distinguish the two
basins better than winter streamflow.
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FIGURE 4. Coefficient of Variation for December for: A1B (top) and B1 (bottom) Climate Scenarios, and Climate Change (CC);
Conservation + Climate Change (Cons-CC); and Development + Climate Change (Dev-CC) Land Use Scenarios. The squares represent
the historic time period, the diamonds represent the future time period, and the vertical black lines represent the uncertainty
associated with each location. The scale for CC scenario differs from the scale for Cons-CC and Dev-CC.
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FIGURE 5. Coefficient of Variation for August for: A1B (top) and B1 (bottom) Climate Scenarios, and Climate Change (CC);
Conservation + Climate Change (Cons-CC); and Development + Climate Change (Dev-CC) Land Use Scenarios. The squares
represent the historic time period, the diamonds represent the future time period, and the vertical black lines represent the
uncertainty associated with each location. The scale for CC scenario differs from the scale for Cons-CC and Dev-CC.

basins’ response to land use and climate changes. All
of these changes in seasonal streamflow variability
were outside the uncertainty bands, indicating that
December and August streamflow variability may
decrease at both sites in response to both climate and
land use changes, but that the degree of decrease
depends on the land use and climate scenarios.
For the farthest upstream locations in the basin,
in most scenarios, August and December streamflow
variabilities were projected to increase at SSB_Cascadia and to decrease at NSB_Boulder. Historically,
August variability was lower at NSB_Boulder and
was projected to further decrease, whereas the
higher historical values of variability at SSB_Cascadia were projected to further increase in the future
(Figure 5), creating a greater distinction between the
streamflow variability at the two sites. All the
changes in August streamflow variability were significant when model uncertainty is considered. For
December streamflow variability (Figure 4), values
were much more similar historically between the two
basins than for the summer flow variability. In the
future, only CC and Dev-CC scenario differences
were outside the uncertainty bands, with small
increases in December streamflow variability projected for both sites.

respectively. For B1 scenario, the SSB_Mouth is projected to undergo a 0.02, 0.01, and 0.01 smaller
reduction in December runoff for CC, CC-Cons, and
CC-Dev, respectively, compared to the NSB_Mouth.
Changes in winter streamflow variability were small
but significant under all scenarios when uncertainties
were taken into account with the exception of A1B
Development scenario (Figure 4e).
At mid-elevation locations, December and August
streamflow variabilities were both generally projected
to decrease in the future, with the exception of some
mixed trends in August variability. While December
streamflow variability was projected to decrease for
both SSB_Waterloo and NSB_Mehama under all scenarios (Figure 4), there were no clear trends in
December runoff to distinguish the two basins’ hydrologic response to land use or climate change scenarios. In most cases, SSB_Waterloo had higher
variability for December streamflow compared to
NSB_Mehama, with the exception of A1B-CC scenario (Figure 4a). Historic August streamflow variability was also higher at SSB_Waterloo compared to
NSB_Mehama (Figure 5), but the change to future
variability is mixed at both locations. Similar to
December runoff, there were no clear trends in
August runoff variability to distinguish the two
JAWRA
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based on R2 values, the effect is opposite with a positive relationship between temperature and December
runoff and a negative relationship between temperature and August runoff. In both December and
August, the magnitude of the effect of temperature
changes on runoff is greater under the B1 scenario
than under A1B. Therefore, increases in December
runoff and decreases August runoff due to changes in
temperature are significant regardless of land use
changes.
The strength of the relationship between precipitation change and runoff change was weakest for the
scenarios with land use change relative to the scenario with climate change only. Based on the very
low R2 values, there was a stronger negative relationship between precipitation change and December
runoff under the climate change scenario compared
to scenarios that included land use changes. While
the relationship between precipitation and December
runoff for B1 existed under the land use scenarios,
there was no relationship between precipitation and
December runoff for A1B. Therefore, the relationship
between precipitation and runoff change appears to
be significant only for winter runoff when land use
changes are not considered.

Relative Influence of Projected Land Use and
Climate Changes on Seasonal Runoff. To evaluate whether land use or climate was driving higher
winter and lower summer runoff at the basin scale,
we evaluated the strength of relationships between
runoff depths and changes in land use, precipitation,
and temperature. Changes in winter and summer
runoff exhibited a weak relationship with percent
change in land use, based on the low R2 (Table 4).
The larger magnitude of the b1 coefficient for land
use change under A1B indicated that land use change
has a stronger influence on runoff under the more
aggressive land use scenario, Development, than Conservation (Table 4). Comparing sensitivities to land
use change between winter and summer runoff, we
found that the slope, b1, for December runoff was
positive and steeper than the negative slopes for
August runoff, indicating a stronger influence of land
use change on December runoff than on August runoff. Furthermore, the very low R2 values for August
runoff indicated that land use has very little effect
on summer streamflows in the basin. Thus, results
suggest that land use appeared to have limited effect
on summer and winter runoff.
In considering the effect of temperature on runoff
depths, we find that runoff is most strongly related to
temperature changes when no land use change is
considered. When adding the effect of the two land
use scenarios to the climate change scenarios, the
relationship between temperature and runoff depths
is far weaker (Table 4). However, while the strength
of the relationship is similar between December and
August for the scenario with no land use change,

Water
Scarcity
within
and
across
Basins. Defining water scarcity as the condition
when demand exceeds supply, projections indicated
that summer sensitivity to water scarcity was generally higher in the NSB, but varied with intensity of
water demands and elevation. Water scarcity was
found to be more prevalent under current hydrologic

TABLE 4. Sensitivity Analysis: Represented by the Strength of the Relationship (R2) and the Size of the Effect (slope, b1)
between Hydrologic Responses and Forcing Variables for Climate Change Projections Only (CC), Climate Change +
Conservation Land Use Projections (CC-Cons), and Climate Change + Development Land Use Projections (CC-Dev).
Values with the strongest relationships are highlighted in gray.
December
Y = b0 + b1x

b1

% Change in land
use vs. % change
in runoff
% Change in
temperature vs.
% change in runoff

A1B
B1
A1B

B1

% Change in
precipitation vs.
% change in runoff

A1B

B1
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CC
CC-Cons
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CC
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CC
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CC
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b0

0.70
0.90
0.01
0.26
3.09
1.59
0.59
3.32
1.54
3.66
3.58
3.48
0.83
2.86
3.25
5.53

4.94
0.85
11.27
4.64
24.95
27.09
11.54
32.64
5.70
34.22
27.14
26.32
9.00
17.98
44.08
33.06

13

August
R2
0.13
0.38
0.00
0.04
0.39
0.01
0.00
0.67
0.01
0.11
0.27
0.03
0.00
0.27
0.15
0.13

b1
0.30
0.28
0.11
0.09
3.79
1.63
1.79
4.17
3.80
4.07
0.86
5.71
4.87
1.86
9.71
9.43

b0
15.03
16.01
17.79
19.09
67.04
53.07
57.34
53.25
79.58
85.56
18.72
4.43
7.15
9.75
2.87
1.08

R2
0.02
0.02
0.00
0.00
0.31
0.04
0.04
0.22
0.08
0.09
0.00
0.01
0.01
0.00
0.03
0.03
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FIGURE 6. Subbasins Sensitivity to Water Scarcity (demand > supply) in the Santiam River Basin under Current 2010, Conservation 2050,
and Development 2050 Land Use Scenarios. (1) Santiam River at the Mouth; (2) Santiam River at Morgan; (3) North Santiam River at the
mouth; (4) North Santiam River at Mehama; (5) South Santiam River at the mouth; (6) South Santiam River at Waterloo; (7) South Santiam
River at Deer Creek. Vulnerability to water scarcity varies across subbasins and is localized in lower regions of the basin.

demands decrease and water supply begins to have
more influence.
In the valley bottom (SR_Morgan and SR_Mouth),
water demands exerted a strong influence on estimated sensitivity to water scarcity (Figure 7). Below
the confluence of NSB and SSB, demand was greater
than supply from July to September for both Conservation and Development scenarios at SR_Morgan
(Figures 7c-7d). However, moving 9 km downstream
to the mouth of the Santiam River, demand was
greater than supply only for the low confidence (Figures 7a-7b). Both locations have similar hydrogeology, with groundwater recharge from the alluvial
areas of the Willamette River aquifer. However, the

conditions for the lower elevation locations of the
NSB (Figures 6, 7c-d, and 8a-b) than the SSB (Figures 6, 7a-b, 8c-d). The higher scarcity of the entire
NSB, relative to the SSB, was projected to further
increase in the future (Figure 6) as supply drops.
However, basin sensitivity to water scarcity appeared
to be primarily driven by intensity of water demands
at each location. In fact, for both NSB and SSB, subbasins’ sensitivities to water scarcity decreased moving upstream (Figure 6), due primarily to decreasing
water demand. However, groundwater contribution to
summer low flows also appeared to influence sensitivity to water scarcity farther upstream in the NSB
and SSB basins (Figures 9a-b and 10b), where water
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FIGURE 7. Summer Streamflow Supply and Demand Comparisons for Low-Elevation Sites: Santiam River Mainstem at the Mouth
(SR_Mouth) and Santiam River at Morgan Creek (SR_Morgan) under Conservation (left) and Development (right) Land Use Scenario. Supply
is presented as the median streamflow with gray lines and the error bars representing the lower confidence interval and upper confidence
interval. B1 scenario is represented by the dashed lines and the solid lines represent A1B scenario. Water demand is represented by the solid
thick black line.

and future time period under Conservation for both
A1B and B1 scenarios (Figure 6). Thus, despite the
slightly higher supply generated by the upstream
hydrogeology in the NSB relative to the SSB, substantially larger water demands in the NSB_Mouth
resulted in greater sensitivity to water scarcity for
current and future climate and land use conditions.
At the mid-elevation locations, NSB_Mehama and
SSB_Waterloo, sensitivity to late summer water scarcity appeared to be driven less by water demands and
more by water supply, although the current threat of
water scarcity was low for both sites (Figure 9).
While demand was higher at NSB_Mehama, late
summer supply was also higher at this site, relative
to SSB_Waterloo. Thus, despite lower demands,
SSB_Waterloo appeared to have slightly greater
potential for late summer water scarcity (Figure 6)
both currently and into the future. Water scarcity at
SSB_Waterloo was projected only for the LCI during
August and September for the current (Figure 9c)
and future (Figure 9d) scenarios. Only small
increases in water scarcity were projected for
SSB_Waterloo that were not outside the uncertainty
bounds of the analysis. Water scarcity at NSB_Mehama was projected only for the LCI during August
under Conservation and Development scenario for

water demands at SR_Morgan were 111 cm higher
than SR_Mouth from June to October, associated
with irrigation diversions and municipal water diversions for the City of Jefferson. These diversions led to
scarcity at SR_Morgan during summer months under
both the current and future scenarios. In contrast, at
SR_Mouth, only the LCI values under the future scenario for July-September fell below the demand line
(Figures 7a-7b), indicating that this reach generally
is unlikely to experience water scarcity in the future.
Changes in land use, which do not modify water
demands in our analysis, had minimal impact on
supply and thus on potential scarcity for these two
locations.
Moving upstream to the NSB_Mouth and
SSB_Mouth sites, differences in water supply were
small, but differences in water demands greatly distinguished the basins’ sensitivity to water scarcity
(Figure 8). Despite slightly greater supply from the
upper NSB, demand at the NSB_Mouth was greater
than supply (Figures 8a-8b) under both current and
future time periods. Demands at the NSB_Mouth
were up to 100 cm higher than the SSB_Mouth.
Thus, SSB_Mouth was projected to experience water
scarcity only for the LCI (Figures 8c-8d) under current time period for Development and A1B scenario,
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FIGURE 8. Summer Streamflow Supply and Demand Comparisons for Low-Mid-Elevation Sites: North Santiam River (NSB) at the Mouth
(NSB_Mouth) and South Santiam River (SSB) at the Mouth (SSB_Mouth) under Conservation (left) and Development (right) Land Use Scenario. Supply is presented as the median streamflow with gray lines and the error bars representing the lower confidence interval and upper
confidence interval. B1 scenario is represented by the dashed lines and the solid lines represent A1B scenario. Water demand is represented
by the solid thick black line.

the current time periods (Figures 9a-9b). Despite projected reductions in water supply, the late summer
differences between supply and demand were projected to remain low, with similar levels of water
scarcity at the two sites due to contrasting levels of
supply and demand.
We found little evidence of water scarcity at the
most upstream locations in both subbasins
(NSB_Boulder and SSB_Deer) due to the low water
demands, regardless of the differences in hydrogeology (Figure 6). The NSB_Boulder subbasin, located
59 km upstream from the mouth of the North Santiam River, exhibited no evidence of water scarcity for
all time periods and scenarios (Figures 10a-10b).
Although demand is projected to be higher at
NSB_Boulder than at SSB_Deer, summer supply was
also higher in the NSB due to groundwater contributions sustaining base flow. As a result, it appears
unlikely that the NSB_Boulder will experience water
scarcity now or in the projected future. The
SSB_Deer, located 46 km above the mouth of the
Santiam River, was found to also experience little
scarcity, with supply dropping below demand only for
the LCI under both land use scenarios in August and
September for the current time period (Figures 10c
and 10d).
JAWRA

DISCUSSION

While we found evidence of basin-wide patterns in
hydrologic responses and sensitivity to climate and
land use changes, it appears that subbasin characteristics, including elevation, intensity of water
demands, and groundwater interactions, influence
the direction and degree of hydrologic response, as
well as sensitivity to water scarcity, in several key
ways.

Hydrologic Responses and Sensitivity to Climate and
Land Use Changes across Hydrogeologic Settings
Patterns of hydrologic response to climate and land
use changes vary between subbasins in SRB by
hydrogeology and elevation. Beginning with runoff
depth changes, we projected that future water supply
will decrease during the dry months and increase
during the wet months in most subbasins (Figure 3),
consistent with other studies in the PNW (Tague and
Grant, 2004; Tague et al., 2008; Chang and Jung,
2010; Hamlet et al., 2010). However, the direction
and magnitude of changes in summer and winter
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FIGURE 9. Summer Streamflow Supply and Demand Comparisons for Mid-Elevation Sites: North Santiam River (NSB) at Mehama
(NSB_Mehama) and South Santiam River (SSB) at Waterloo (SSB_Waterloo) under Conservation (left) and Development (right) Land Use
Scenario. Supply is presented as the median streamflow with gray lines and the error bars representing the lower confidence interval and
upper confidence interval. B1 scenario is represented by the dashed lines and the solid lines represent A1B scenario. Water demand is represented by the solid thick black line.

ter-driven systems have slow summer recession and
are likely to experience greater magnitude of change
in low flows, relative to surface water systems that
already have very little water in late summer, due to
groundwater depletion. We note that the configuration
of the groundwater model may have impacted our estimates of August streamflow variability for the midand low-elevation sites. As noted in the Methods, the
upper and lower NSB were modeled separately with
no transfer of groundwater from the high-elevation
subbasin (Boulder Creek) to the mid-elevation subbasins such that only surface runoff was transferred to
the mid-elevation subbasins from Boulder Creek.
Thus, any groundwater generated from recharge was
assumed to be stored deep in the aquifer and did not
contribute to summer base flow at the lower elevations
in the system. As such, the model configuration likely
underestimated the impact of groundwater discharge
contributing to base flow on the NSB. However, given
the effects of lower historical precipitation elasticity
and lower temperature sensitivity for the NSB relative
to the SSB, as well as the effect of elevation, which
influences the type of precipitation, it is not clear how
important the model configuration is on the results.
While the degree of change in seasonal streamflow
variability varies at each location and scenario, gen-

streamflow varied between and along the two basins.
The largest increase in December runoff was projected for the SSB_Mouth and the greatest decrease
in August runoff was projected for the SSB_Mouth.
At most sites, including the low- and high-elevation
locations, the differences in December runoff change
between the NSB and SSB were not significant when
uncertainty was considered.
More important to water scarcity, we found significant differences between the basins for late summer
flow at low- and mid-elevation locations, where we projected larger reductions in summer runoff at SSB relative to NSB. These results were supported by the
elasticity analysis for the upper basin sites, which
indicated that the SSB has historically been more sensitive to changes in temperature and precipitation.
These results may also reflect the impact of elevation
(Nolin and Daly, 2006; Safeeq et al., 2013), whereby
late summer flow may be more sensitive to changes in
climate in systems located along the rain-snow transition, of which the SSB occupies a greater proportion,
than higher elevation with snow precipitation, of
which the NSB occupies a higher proportion. However,
these results contradict findings in other Cascades
basins (Tague and Grant, 2004, 2009; Safeeq et al.,
2013), where it has been demonstrated that groundwaJOURNAL
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FIGURE 10. Summer Streamflow Supply and Demand Comparisons for High-Elevation Sites: North Santiam River (NSB) at Boulder Creek
(NSB_Boulder) and South Santiam River (SSB) at Deer Creek (SSB_Deer) under Conservation (left) and Development (right) Land Use
Scenario. Supply is presented as the median streamflow with gray lines and the error bars representing the lower confidence interval
and upper confidence interval. B1 scenario is represented by the dashed lines and the solid lines represent A1B scenario. Water demand is
represented by the solid thick black line.

managers that both influences and is influenced by a
range of anthropogenic and environmental factors.
This study’s results demonstrated how, regardless of
hydrogeology, demand for the water has a strong
influence on the potential for water scarcity. Areas
most sensitive to water scarcity in the SRB were
found in the lower reaches of the basin (Figures 7c-d,
8a-b, 9b), where municipal and agricultural water
demands were high. While water supply generated by
the upstream hydrogeology of the NSB (Figures 8a8b) was higher compared to the SSB (Figures 8c-8d),
higher water demands in the NSB resulted in greater
sensitivity for current and future climate and land
use conditions. Thus, an elevation gradient in sensitivity to water scarcity was evident in our results,
with areas sensitive to water scarcity decreasing in
the upstream direction (Figure 6) due to decreasing
demands. In the NSB, the upstream reduction in
water scarcity was due to both reductions of water
demand and sustained base flow during the dry
months sourced by the High Cascades hydrogeology.
While geologic distinctions and elevation differences
in snow accumulation and melt are the two mecha-

erally, the projected summer and winter variability
in streamflow for the two basins indicated that the
low variability in NSB streamflow will become even
less variable, while the higher variability in SSB
streamflow will increase. The historical and future
differences between these basins are likely associated
with hydrogeology. Lower groundwater contribution
and rapid runoff responses at the SSB influenced by
flashier Western Cascades geology may explain the
higher variability in this basin compared to the
highly porous High Cascades geology that drains
most of the NSB, providing less variable flow
throughout the year. From a management perspective, this result was interpreted that summer water
supply will be less predictable in the future in the
SSB than in the NSB.

Influence of Demand on Sensitivity to Water Scarcity
Water scarcity, defined as the value of allocating
units of water to different users in a certain area
(Jaeger et al., 2013), is a major concern for water
JAWRA
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nisms controlling summer streamflow (Tague and
Grant, 2004; Tague et al., 2008), our results demonstrated the need for a third mechanisms of water
demand to be included in the analysis of water
resources to translate the impact of water scarcity
into impacts on people.
The assumption that water demand will remain
constant in the future, based on currently allocated
rights, likely resulted in conservative estimates of
water scarcity. By allocating the full water right to
each location, we estimated the potential for water
scarcity as a worst-case scenario, in which all water
rights were exercised. While some have argued that
future changes in water use will mostly result in
changes in the locations where water is extracted,
rather than the amount of water being extracted
(OWRD, 2008), others (Baker et al., 2004) indicate
that water demands in WRB may increase in the
future, a scenario that will lead to further scarcity
than was estimated herein.

IN THE

SANTIAM RIVER BASIN, OREGON

logic responses varied with subbasins and the characteristics that contribute to a basin’s hydrologic
sensitivity to climate and land use, including elevation, apparent intensity of groundwater interactions,
and intensity of water demands. In addition, we evaluated the relative importance of changing water supply and the spatial distribution of water demands on
water scarcity, assuming that demand remained constant due to policy constraints for each subbasin. Our
results highlighted how: (1) Water demand exerts a
strong influence on basin’s sensitivity to water scarcity regardless of basin characteristics, whereby sensitive areas in our study basins tended to be located
in the lower reaches where agricultural and municipal demands were highest; (2) Changes in land use,
which did not modify water demands in this analysis,
had minimal impact on supply, thus on potential
scarcity, but did reduce the signal of climate change;
(3) Late summer low flow in low-elevation areas with
mixed rain-snow catchments and a mixed groundwater-surface water system can be more sensitive to
changes in climate and land use relative to high-elevation areas with snowmelt runoff patterns and substantial groundwater interactions; (4) Though the
degree of change varies with future scenario and elevation, summer runoff variability was projected to
distinguish surface water and groundwater-driven
basins more than winter runoff variability, with summer runoff variability increasing in the surface water
system and decreasing in the groundwater system.
Results emphasize the need for water managers to
consider water demands, basin hydrogeology, elevation, projected land use and climate changes, and
hydrologic model uncertainties when allocating and
distributing water to different users within the basin.
For example, lower groundwater contribution and
rapid runoff response at the SSB may generate a
flashier and more variable hydrograph with larger
winter peak flows and smaller summer base flows
now and in the future. However, the degree of sensitivity even within the SSB varies with elevation,
intensity of water demands, and degree of land use
change. While our results apply to a basin with
unique hydrogeologic characteristics, improving the
understanding of the sensitivity to and increased
uncertainty caused by climate and land use changes,
and thus its effect on water resources, will increase
the capacity for planning the storage and allocations
of water resources across basins with variable hydrogeologic settings.

Relative Influence of Land Use and Climate Changes
Results from the sensitivity analysis on land use
and climate change impacts suggested that the
strength of the relationship and the effect between
percent change in runoff and percent change in land
use, temperature, and precipitation vary depending
on the season and scenario. The strongest relationship between runoff and climatic forcing variables of
temperature and precipitation existed under the climate-only scenarios. In almost all cases, adding land
use change to climate projections via the Development and Conservation scenarios reduces the
strength of the relationships between temperature
and precipitation climatic forces and runoff to insignificant values of R2. Thus, land use change diminished the portion of the runoff change explained by
climate change alone. In addition, runoff sensitivities
to land use change indicated that land use has a
stronger influence on December runoff than August
runoff. Finally, while temperature and precipitation
changes did not explain the majority of the variation
in runoff, temperature changes appeared to have
stronger impact on runoff compared to precipitation
changes.
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