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Annual Average Temperature
Average daily temperature from 
January to December.

Emissions Time Value Change
Historical 1990 42.6 °F
Low 2010-

2039
45.2+/-0.7  °F +2.5 °F

Low 2040-
2069

47.2+/-1.2  °F +4.5 °F

Low 2070-
2099

48.2+/-1.4  °F +5.6 °F

High 2010-
2039

45.5+/-0.7  °F +2.9 °F

High 2040-
2069

48.7+/-1.4  °F +6.1 °F

High 2070-
2099

52.3+/-2.0  °F +9.7 °F

Data Source: MACAv2-METDATA

Carol Ann Woody
Source: Krosby, M., Hegewisch, K.C., Norheim, R., Mauger, G., Yazzie,K., H. Morgan. 2018."Tribal Climate Tool" web tool. Climate Impacts Group(https://cig.uw.edu/resources/tribal-vulnerability-assessment-resources/) and Climate Toolbox (https://climatetoolbox.org/) accessed on [10/1/2024]. Report prepared by the Climate Impacts Group, University of Washington. Downloaded from the Tribal Climate Tool on 9/30/2024 (https://climate.northwestknowledge.net/NWTOOLBOX/tribalProjections.php)



Jun.-Aug. Maximum Temperature
Average daily maximum 
temperature from June to August.

Emissions Time Value Change
Historical 1990 75.1 °F
Low 2010-

2039
78.3+/-0.9  °F +3.1 °F

Low 2040-
2069

80.7+/-1.5  °F +5.5 °F

Low 2070-
2099

81.9+/-1.7  °F +6.8 °F

High 2010-
2039

78.7+/-0.9  °F +3.6 °F

High 2040-
2069

82.7+/-1.8  °F +7.6 °F

High 2070-
2099

87.2+/-2.6  °F +12.1 °F

Data Source: MACAv2-METDATA

Warm Days (above 86°F (30°C) )
Average number of days each year 
in which the daily maximum 
temperature is above 86°F (30°C).

Emissions Time Value Change
Historical 1990 16.6 days
Low 2010-

2039
26.9+/-2.8  days +10.2 days

Low 2040-
2069

36.3+/-5.5  days +19.7 days

Low 2070-
2099

42.4+/-6.7  days +25.7 days

High 2010-
2039

28.6+/-2.8  days +11.9 days

High 2040-
2069

45.0+/-6.8  days +28.3 days

High 2070-
2099

66.1+/-10.8  days +49.5 days

Data Source: MACAv2-METDATA



Freeze Free Days
Average number of days each year 
when the minimum daily 
temperature remains above 
freezing at 32°F (0°C).

Emissions Time Value Change
Historical 1990 175.2 days
Low 2010-

2039
198.7+/-7.6  days +23.5 days

Low 2040-
2069

216.6+/-13.0  
days

+41.4 days

Low 2070-
2099

227.6+/-16.0  
days

+52.4 days

High 2010-
2039

201.6+/-8.4  days +26.4 days

High 2040-
2069

230.5+/-15.5  
days

+55.3 days

High 2070-
2099

262.8+/-18.6  
days

+87.6 days

Data Source: MACAv2-METDATA

Annual Precipitation
Total precipitation from January to 
December.

Emissions Time Value Change
Historical 1990 34.1 in
Low 2010-

2039
35.4+/-1.3  in +1.3 in

Low 2040-
2069

35.5+/-1.1  in +1.4 in

Low 2070-
2099

36.0+/-1.6  in +1.9 in

High 2010-
2039

34.9+/-1.1  in +0.7 in

High 2040-
2069

35.9+/-1.6  in +1.8 in

High 2070-
2099

37.1+/-1.9  in +3.0 in

Data Source: MACAv2-METDATA



Oct.-Mar. Precipitation
Total precipitation from October to 
March.

Emissions Time Value Change
Historical 1990 20.9 in
Low 2010-

2039
21.8+/-0.7  in +0.9 in

Low 2040-
2069

22.1+/-0.8  in +1.2 in

Low 2070-
2099

22.4+/-1.0  in +1.5 in

High 2010-
2039

21.5+/-0.9  in +0.5 in

High 2040-
2069

22.3+/-1.0  in +1.4 in

High 2070-
2099

23.6+/-1.0  in +2.7 in

Data Source: MACAv2-METDATA

Apr.-Sept. Precipitation
Total precipitation from April to 
September.

Emissions Time Value Change
Historical 1990 13.2 in
Low 2010-

2039
13.5+/-0.8  in +0.3 in

Low 2040-
2069

13.4+/-0.9  in +0.2 in

Low 2070-
2099

13.6+/-1.1  in +0.4 in

High 2010-
2039

13.4+/-0.6  in +0.2 in

High 2040-
2069

13.6+/-1.1  in +0.4 in

High 2070-
2099

13.5+/-1.4  in +0.3 in

Data Source: MACAv2-METDATA



Apr. 1st Snow
Amount of water contained in the 
snowpack on April 1st.

Emissions Time Value Change
Historical 1990 13.6 in
Low 2010-

2039
12.0+/-0.8  in -1.6 in

Low 2040-
2069

10.6+/-0.7  in -3.0 in

Low 2070-
2099

9.4+/-1.1  in -4.2 in

High 2010-
2039

12.0+/-0.8  in -1.7 in

High 2040-
2069

9.6+/-1.4  in -4.0 in

High 2070-
2099

6.1+/-1.6  in -7.5 in

Data Source: VIC-MACAv2-LIVNEH

May 1st Snow
Amount of water contained in the 
snowpack on May 1st.

Emissions Time Value Change
Historical 1990 11.5 in
Low 2010-

2039
9.1+/-1.0  in -2.4 in

Low 2040-
2069

7.5+/-0.7  in -4.0 in

Low 2070-
2099

5.8+/-1.1  in -5.7 in

High 2010-
2039

9.0+/-0.9  in -2.5 in

High 2040-
2069

6.2+/-1.2  in -5.3 in

High 2070-
2099

3.0+/-1.0  in -8.5 in

Data Source: VIC-MACAv2-LIVNEH



Jul.-Sept. Soil Moisture
Average amount of water contained 
in the upper meters of soil from 
July to September.

Emissions Time Value Change
Historical 1990 20.7 in
Low 2010-

2039
19.4+/-0.4  in -1.3 in

Low 2040-
2069

18.7+/-0.5  in -2.0 in

Low 2070-
2099

18.4+/-0.7  in -2.3 in

High 2010-
2039

19.5+/-0.5  in -1.2 in

High 2040-
2069

18.2+/-0.7  in -2.6 in

High 2070-
2099

17.1+/-1.1  in -3.6 in

Data Source: VIC-MACAv2-LIVNEH

Heat Accumulation (above 32°F (0°C) )
Measure of the heat accumulation 
in plants, calculated as the annual 
daily sum of degrees in which the 
average daily temperature exceeds 
32°F (0°C), an important 
temperature threshold for species 
in achieving different phases in 
their life cycles. This metric is also 
called the cumulative degree days.

Emissions Time Value Change
Historical 1990 4750.4 GDD (°F)
Low 2010-

2039
5450.9+/-190.0  
GDD (°F)

+700.5 GDD 
(°F)

Low 2040-
2069

6017.4+/-361.4  
GDD (°F)

+1267.0 
GDD (°F)

Low 2070-
2099

6354.4+/-442.5  
GDD (°F)

+1604.0 
GDD (°F)

High 2010-
2039

5544.3+/-196.3  
GDD (°F)

+793.9 GDD 
(°F)

High 2040-
2069

6492.4+/-436.4  
GDD (°F)

+1741.9 
GDD (°F)

High 2070-
2099

7649.1+/-667.4  
GDD (°F)

+2898.7 
GDD (°F)

Data Source: MACAv2-METDATA



Heat Accumulation (above 40°F (3°C) )
Measure of the heat accumulation 
in plants, calculated as the annual 
daily sum of degrees in which the 
average daily temperature exceeds 
40°F (3°C), an important 
temperature threshold for species 
in achieving different phases in 
their life cycles. This metric is also 
called the cumulative degree days.

Emissions Time Value Change
Historical 1990 3456.2 GDD (°F)
Low 2010-

2039
4052.2+/-164.1  
GDD (°F)

+596.0 
GDD(°F)

Low 2040-
2069

4538.0+/-315.2  
GDD (°F)

+1081.7 
GDD(°F)

Low 2070-
2099

4829.0+/-382.5  
GDD (°F)

+1372.8 
GDD(°F)

High 2010-
2039

4132.4+/-167.7  
GDD (°F)

+676.1 
GDD(°F)

High 2040-
2069

4956.6+/-382.4  
GDD (°F)

+1500.4 
GDD(°F)

High 2070-
2099

5978.7+/-604.1  
GDD (°F)

+2522.5 
GDD(°F)

Data Source: MACAv2-METDATA

Heat Accumulation (above 45°F (5°C) )
Measure of the heat accumulation 
in plants, calculated as the annual 
daily sum of degrees in which the 
average daily temperature exceeds 
45°F (5°C), an important 
temperature threshold for species 
in achieving different phases in 
their life cycles. This metric is also 
called the cumulative degree days.

Emissions Time Value Change
Historical 1990 2726.8 GDD (°F)
Low 2010-

2039
3255.2+/-146.8  
GDD (°F)

+528.4 
GDD(°F)

Low 2040-
2069

3689.1+/-282.8  
GDD (°F)

+962.3 
GDD(°F)

Low 2070-
2099

3947.7+/-340.7  
GDD (°F)

+1220.9 
GDD(°F)

High 2010-
2039

3327.6+/-149.4  
GDD (°F)

+600.8 
GDD(°F)

High 2040-
2069

4068.5+/-343.6  
GDD (°F)

+1341.7 
GDD(°F)

High 2070-
2099

4993.4+/-553.0  
GDD (°F)

+2266.6 
GDD(°F)

Data Source: MACAv2-METDATA



Heat Accumulation (above 50°F (10°C) )
Measure of the heat accumulation 
in plants, calculated as the annual 
daily sum of degrees in which the 
average daily temperature exceeds 
50°F (10°C), an important 
temperature threshold for species 
in achieving different phases in 
their life cycles. This metric is also 
called the cumulative degree days.

Emissions Time Value Change
Historical 1990 1321.4 GDD (°F)
Low 2010-

2039
1694.6+/-109.0  
GDD (°F)

+373.1 
GDD(°F)

Low 2040-
2069

2010.3+/-209.9  
GDD (°F)

+688.9 
GDD(°F)

Low 2070-
2099

2196.3+/-250.2  
GDD (°F)

+874.9 
GDD(°F)

High 2010-
2039

1749.1+/-109.2  
GDD (°F)

+427.6 
GDD(°F)

High 2040-
2069

2298.9+/-256.0  
GDD (°F)

+977.4 
GDD(°F)

High 2070-
2099

3003.7+/-430.5  
GDD (°F)

+1682.2 
GDD(°F)

Data Source: MACAv2-METDATA

Growing Season Length
Average number of consecutive 
days each year when the minimum 
daily temperature remains above 
freezing at 32°F (0°C).

Emissions Time Value Change
Historical 1990 95.2 days
Low 2010-

2039
120.4+/-9.6  days +25.2 days

Low 2040-
2069

138.8+/-16.1  
days

+43.6 days

Low 2070-
2099

140.6+/-18.2  
days

+45.4 days

High 2010-
2039

124.0+/-10.8  
days

+28.8 days

High 2040-
2069

152.2+/-18.3  
days

+57.0 days

High 2070-
2099

175.3+/-22.5  
days

+80.1 days

Data Source: MACAv2-METDATA



Report prepared by the Climate Impacts Group, University of Washington.
Downloaded from the Tribal Climate Tool on 9/30/2024
(https://climate.northwestknowledge.net/NWTOOLBOX/tribalProjections.php)

Data Sources:
MACAv2-METDATA: MACAv2-METDATA: downscaled climate data from CMIP5 bias corrected to 
climate observations from METDATA dataset.
VIC-MACAv2-LIVNEH: VIC-MACAv2-LIVNEH: modeled hydrology data using the VIC hydrology 
model forced with climate data from MACAv2-LIVNEH bias corrected to climate observations 
from LIVNEH dataset.



BEFORE THE DEPARTMENT OF WATER RESOURCES 

OF THE STATE OF IDAHO 

IN THE MATTER OF APPLICATION ) 
FOR PERMIT 77-14378 AND ) 
APPLICATIONS FOR TRANSFER ) 
85396, 85397, AND 85398, AND ) 
APPLICATION FOR EXCHANGE ) 
85538 IN THE NAME OF PERPETUA ) 
RESOURCES IDAHO, INC. ) 

PRELIMINARY ORDER 
APPROVING APPLICATIONS 

BACKGROUND 

On October 8, 2021, Perpetua Resources Idaho, Inc. ("Perpetua") filed Application for 
Permit 77-14378 and Applications for Transfer 85396, 85397, and 85398 with the Idaho 
Department of Water Resources ("Department"). On November 15, 2021, Perpetua filed 
Application for Exchange 85538 and an amendment for Application 85398 with the Depat1ment. 
On November 18, 2021, Perpetua filed an amendment for Application 77- 14378. USDA Forest 
Service ("USFS"), Nez Perce Tribe ("NP Tribe"), Save the South Fork Salmon, Inc. ("SSFS"), 
and Jdaho Conservation League ("ICL") filed separate protests against all five applications. 

On August 19, 2022, the hearing officer for the Department issued an Interlocutory 
Order Deciding Questions of Law ("Interlocutory Order") specific to Application 77-143 78. The 
Interlocutory Order rejected one of the water sources proposed on Application 77-14378 but did 
not change the quantity of water sought or the other water sources described in the application. 

On March 1, 2023, Perpetua and the USFS filed a Stipulation and Joint Motion to 
Approve Settlement and Dismiss Protest ("Stipulation"). The Stipulation set forth the terms and 
conditions that would resolve the protests filed by the USFS and asked the hearing officer to 
issue an order approving the settlement and confirming that certain water right conditions would 
be included on any approvals issued by the Department. On April 17, 2023, the hearing officer 
issued an Order Approving Settlement and Confirming Withdrawal ~f Protests. 

Pursuant to Rule 555 of the Department's Rules of Procedure (lDAPA 37.01.01), the 
Department consolidated Applications 77-14378, 85396, 85397, 85398, and 85538 with 
Applications for Permit 77-14377 and 77-14379 and Application for Transfer 85399 for hearing. 
The Department conducted an administrative hearing for these consolidated cases on December 
11-15, 2023, in Boise. Perpetua was represented by attorneys Elijah Watkins and Wade Foster, 
NP Tribe was represented by attorneys Michael Lopez and Amanda Rogerson, at1d SSFS and 
ICL were represented by attorney Julia Thrower. 

Exhibits 1 a through lh, 4, 5, 22, 23 (limited to pages 1-40 and 60-65), 25b, 26 (limited to 
pages 1•36 and 80·185), 27a, 29, 34, 46, 47, 58, 59, 60, 61, 63, 64, and 68 offered by Perpetua; 
Exhibits 201 ,206, 238,259, 260, 261, and 262 offered by NP Tribe; Exhibit 318 offered by 



SSFS; and Exhibits 72 and 219A designated by the hearing officer through official notice were 
admitted into the record. Exhibits 18, 52, and 71 offered by Perpetua; and Exhibits 246, 277, 
281, and 283 offered by NP Tribe were excluded from the record. 

Perpetua called Alan Haslam, Terry Scanlan, Dan Stanaway, Gene Bosley, Doug Durbin, 
Paul Leonard, and Rob Richardson; ICL called John Robison; SSFS called Fred Coriell; and NP 
Tribe called Wes Keller, Betsy Semmens, Kendra Kaiser, and Ryan Kinzer as witnesses. Ted 
McManus, Kyle Smith, Rich Wensel, Dan Ostermiller, Zak Sears, Gary Brown, Michael Gibson, 
and Nick Kunath testified as public witnesses. Consistent with Rule 651 of the Department's 
Rules of Procedure (IDAPA 37.01 .01), after the hearing the parties used a private company, K & 
K Reporting, to prepare a transcript of the hearing. 

The hearing officer allowed the parties to file post-hearing briefs. On January 31, 2024, 
Perpetua filed Perpetua Resources Idaho, Inc. 's Post Hearing Brief("Perpetua Brief') and NP 
Tribe, SSFS and ICL filed Protestants' Joint Post-Hearing Brief("Protestants' Brief'). 

After carefully considering the evidence in the administrative record and the arguments 
made by the parties, the hearing officer finds, concludes, and orders as follows: 

FINDINGS OF FACT 

l. Pcrpetua proposes to develop a mining project, known as the Stibnite Gold 
Project ("SOP"), in Valley County. Ex. 22 at 10.1 Perpetua proposes to extract gold, silver, and 
antimony at the SGP. Id. 

2. The project site includes private land owned by Perpetua and land that is held by 
the USFS. Ex. 22 at 16. Perpetua is currently seeking an approved plan of operations from the 
USFS. Ex. 22. 

3. Perpetua projects that it will take approximately three years to construct the 
infrastructure and facilities needed to commence mining. Ex. 29 at 68; Ex. 22 at 36. Active 
mining will last approximately twelve years, followed by three years of additional ore 
processing. Id. The SGP will be comprised of three open pit mines, a mill site, various 
industrial buildings, a worker housing facility, and a tailings storage facility ("TSF"). Ex. 22. 

4. The open pit mining areas will include two existing pits, the Yellow Pine Pit and 
the West End Pit, which are remnants of previous mining activities at the site, and one new open 
pit, the Hangar Flats Pit. Ex. 22 at 36~37. Ore mined at the open pits will be hauled to the 
proposed on-site ore processing facility or stored at the SGP in stockpiles. Id. at 38-39. In 
addition to ore mined at the open pits, Perpetua will reprocess legacy tailings from past mining 
activities at the SGP site. Id. at 41-42. Tailings from the ore processing facility will be pumped 
in a slurry to the TSF for pennanent storage. Ex. 27a at 31-32. 

1 All references to page numbers in this order indicate the page of the exhibit pdfnot necessarily the page number 
shown on the document. 
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5. In Application 77-14378, Perpetua proposes to divert up to 9.60 cubic feet per 
second ("cfs") from ground water wells or from the East Fork of the South Fork Salmon River 
("EFSFSR"). Ex. lg at 1. 

6. The proposed point of diversion from the EFSFSR is a pump station ("River 
Pump") to be constructed in the NESE of Section 3, T18N, R09E. Ex. lg at 13-15. 

7. The proposed points of diversion from ground water include thirteen industrial 
supply wells, thirty-seven dewatering wells, three diversions of ground water from open pits, and 
two diversions of ground water through underground drains. Ex. 1 g at 13-15. These ground 
water points of diversion are located within Sections 2, 3, 11, 14, 15, and 22, Tl 8N, R09E. Id. 

8. The proposed industrial place of use in Application 77-14378 is the industrial and 
mining areas of the SGP ("industrial/mining POU") and encompasses portions of Sections 2, 3, 
10, 11, 14, 15, 16, 17, 20, 21, 22, and 28, Tl8N, R09E, and Sections 34 and 35, T19N, R09E. 
Ex. lg at 14. 

9. In Application 85396, Perpetua proposes to change the point of diversion and 
place of use for water right 77-7122. Ex. 1 a at 7. 

10. Water right 77-7122 bears a priority date of April 16, 1981 , and authorizes the 
diversion of 0.33 cfs and 7 .1 acre-feet per year from the EFSFSR for mining storage. Ex. 1 a at 
10. 

11. The proposed point of diversion for Application 85396 is the River Pump. Ex. la 
at 2-6, 13. The proposed place of use for mining storage is the TSF. Id. The TSF will serve as a 
reservoir and a storage facility for processed mining tailings. Ex .. 27a at 31-32. Water stored in 
the TSF will be used for industrial and mining purposes throughout the SGP area. Id. The 
proposed place of use for mining from storage is the industrial/mining POU. Ex. 1 a. 

12. In Application 85397, Perpetua proposes to change the point of diversion and 
place of use for and add points of diversion to water right 77-7285. Ex. 1 c at 2. 

13. Water right 77-7285 bears a priority date of November 7, 1988, and authorizes the 
diversion of 0.50 cfs and 30.2 acre-feet per year from ground water for mining. Ex. le at 11. 9.0 
acre-feet of the 30.2 acre-feet authorized under the right may be diverted for mining storage. Id. 

14. The proposed points of diversion for Application 85397 are the thirteen industrial 
supply wells described in Application 77-14378. Ex. 1 cat 8. These wens will be located in 
Section 15, T18N, R09E. Id. The proposed place of use for mining storage is two contact water 
detention ponds in Section 15, Tl 8N, R09E. Id. at 14. The proposed place of use for mining and 
mining from storage is the industrial/mining POU. Id. 

15. In Application 85398, Perpetua proposes to change the place of use for water right 
77-7293. Ex. le at 2. 

3 



16. Water right 77-7293 bears a priority date of April 19, 1989, and authorizes the 
diversion of 0.25 cfs and 20 acre-feet per year from an Unnamed Stream (known locally as 
Hennessey Creek) for mining use. Ex. I e at 1 0. 

17. The proposed place of use for Application 85398 is the industrial/mining POU. 
Ex. le at 13. 

18. In Application 85538, Perpetua proposes to change the point of diversion for 
water right 77-7293 from Hennessey Creek to the EFSFSR, at a location upstream of the 
confluence of Hennessey Creek and the EFSFSR. Ex. ld at 4. Application 85538 is an 
application for exchange because the proposed point of diversion is upstream of the confluence. 

19. The proposed point of diversion for Application 85538 is the River Pump and is 
located approximately 2,000 feet upstream of the confluence of Hennessey Creek and the 
EFSFSR. Ex. ld at 4. 

20. Currently, Hennessey Creek is diverted around the Yellow Pine Pit and injected 
into the EFSFSR near the confluence ofEFSFSR and Sugar Creek. See Ex. 25b at 85 (map 
depicting current streamflow path of Hennessey Creek). 

2 t . During the period when the Yellow Pinc Pit is actively mined, Perpctua will pipe 
Hennessey Creek around the mining area and will inject the water into the EFSFSR upstream of 
the River Pump. Ex. 22 at 63; Ex. 25b at 18-35. After the Yellow Pine Pit area is reclaimed, 
Hennessey Creek will flow into the EFSFSR near its historic confluence with the EFSFSR. Id. 

22. The following table summarizes Perpetua's industria] and mining applications: 

Anolication Water Rieht Source Diversion Rate ( cfs) 
77-14378 77-14378 Ground Water / EFSFSR 9.60 

85396 77-7122 EFSFSR 0.33 
85397 77-7285 Ground Water 0.50 

85398 / 85538 77-7293 Unnamed Stream (Hennessey Cr.) 0.25 
Total: 10.68 

23. Although the water rights, in combination, could be used to divert up to 10.68 cfs, 
Perpetua seeks a maximum diversion rate of 9.60 cfs for industrial, diversion to storage, and 
mining use. Ex. 61 at 3. The 9.60 cfs could be diverted from the EFSFSR, ground water, or both 
sources at the same time. 

24. The peak water demand for industrial and mining use at the SGP wi11 be 9.60 cfs. 
Ex. lg at 48-58. This number represents the combined individual water demands associated with 
the SGP: 4.5 cfs for ore processing at the mill, 0.7 cfs for dust control, 0.1 cfs for drilling 
activities and 4.3 cfs for dewatering. Id. Even though these individual demands will likely not 
occur simultaneously, there are operational circumstances that may require Perpetua to divert the 
full 9.60 cfs. Id.; Scanlan Test., Tr. at 138-141. 
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25. Perpetua proposes to capture and store up to 600 acre-feet per year for industrial 
use under Application 77-14378. Ex. lg at 55-57. This volume is comprised of the initial fill of 
the TSF and storage in the contact water detention ponds, with an approximate 35 percent 
contingency to account for variation in precipitation. Id. 

26. The River Pump will have a capacity of approximately 4.5 cfs. Ex. 34 at 124, 139 
(describing "maximum withdrawal rate" from the EFSFSR as 4.5 cfs); Ex. 47 at 2 ("Perpetua 
intends to supplement the site water balance with as much as 4.5 cfs of raw water from the 
EFSFSR."). 

27. The EFSFSR will supply more of the annual water demand for the SGP in the 
early years of the project. Bosley Test., Tr. at 391-393. In later years, contact water, dewatercd 
ground water, and effluent from the TSF will supply most of the annual water demands. Id. 

28. "The most significant [SGP] water use will be for ore processing during 
operations, which accounts for 97 percent of the total water usage for the life of the project and 
includes tailings management." Ex. 26 at 84. "The primary source of water to be used in the ore 
processing circuit will be water recycled from the TSF." Id. "During normal operations, it is 
anticipated that, on average, approximately 80 percent ... of the water used for ore processing 
will be reclaim[ed] water while the remaining 20 percent will [come from freshwater sources]." 

Id. 

29. "The EFSFSR is designated critical habitat for Chinook salmon, steelhead, bull 
trout, and westslope cutthroat trout, all of which arc listed as threatened, endangered, or 
sensitive." Ex. 259 at 9 (citations and scientific names of species omitted). The SGP site 
includes stream reaches that are designated as critical habitat for Chinook salmon, steelhead, and 
bull trout. Ex. 29 at 19-20. 

30. The National Marine Fisheries Service ("NMFS") prioritizes actions for 
recovering ESA-listed species in the Salmon River drainage. These actions include removing 
fish passage barriers, eliminating impacts from legacy mining activities, and restoring degraded 
habitat. Leonard Test., Tr. at 655. 

31. The Yellow Pine Pit was first mined and excavated in the 1930s. Ex. 29 at 38-39. 
As the Yellow Pine Pit was actively mined, the EFSFSR was routed around the pit. Id. When 
the site was abandoned in the late 1950s, the EFSFSR was allowed to flow over an unreclaimed 
high wall of the pit, forming a steep cascade, creating a complete barrier for upstream fish 
passage, and isolating the upstream populations of bull trout and westslope cutthroat trout. id. 
The Yellow Pine Pit continues to be a complete barrier for upstream fish passage. Id. 

32. The EFSFSR above the Yellow Pine Pit, including Meadow Creek up to an 
existing fish passage barrier (located upstream of the confluence with Blowout Creek) is 
adequate spawning habitat for Chinook salmon. Kinzer Test., Tr. at I 086, 1163. 

33. Beginning in about 2000, the NP Tribe has operated a program to transplant 
Chinook salmon above the Yellow Pine Pit. Keller Test., Tr. at 921-22. Transplanted fish are 
released into Meadow Creek. Id. There are isolated populations of bull trout and westslope 
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cutthroat trout in the EFSFSR and its tributaries above the Yellow Pine Pit. Leonard Test., Tr. at 
633. 

34. During the construction phase of the SGP, Perpetua proposes to route the 
EFSFSR around the Yellow Pine Pit through an engineered stream channel and fishway tunnel to 
provide volitional fish passage to the upper reaches of the EFSFSR and to allow additional 
mining at the Yellow Pine Pit. Ex. 22 at 61-62 (map of proposed tunnel); Ex. 46 at 4; Ex. 29 at 
19. The stream channel and fishway tunnel will be approximately 0.9 miles long. Ex. 22 at 62. 

35. Volitional fish passage is the preferred means for ESA-listed species to access the 
available habitat in the upper reaches of the EFSFSR. Kinzer Test., Tr. at 1180-81. 

36. The administrative record includes a 2022 Design Manual from NMFS that 
"provides criteria and additional guidelines for the design and operation of facilities at barriers to 
fish migration and water intakes in California, Washington, Oregon, and Idaho." Ex. 246 at 17. 
These guidelines are intended to "create safe passage routes for adult and juvenile salmonids in 
rivers and streams and through reservoirs, restore habitat collllectivity within watersheds, and 
enhance salmonid population productivity." Id. 

37. Although the NMFS design criteria "are not universally appliable and should not 
replace site specific recommendations," they are nevertheless "based on decades of experience 
developing, testing, operating fish passage systems and relfy] on the best available scientific 
information." Ex. 246 at 17. 

38. According to the 2022 Design Manual from NMFS, "[t]he maximum hydraulic 
drop between fish ladder pools should be I foot or less,, and ''[f]ishway overflow weirs should be 
designed to provide at least 1 foot (+/- 0.1 foot) of flow depth over the weir crest." Ex. 246 at 
68. 

39. The proposed fishway will be a fish ladder comprised of a series of pools and 
weirs. Ex. 34 at 35-36. The weirs are spaced to maintain no greater than a one-foot hydraulic 
drop between pools. Id.; Ex. 47 at 6. 

40. Perpetua hired an engineering firm, McMillan Jacobs Associates ("MJA") to 
design the stream channel and fishway tunnel and to prepare a hydraulic model to "investigate 
the lowest possible tunnel fishway flow that satisfies established fish passage design criteria." 
Ex. 47 at 3. 

41. Using design standards from NMFS, MJA evaluated flow rates that would avoid 
flow velocities greater than 6.6 feet per second (the burst speed of bull trout) and avoid water 
depths less than one foot (the minimum flow depth for adult Chinook salmon passage). Ex. 46 at 
5-7; Ex. 47 at 3-4. Based on literature from NMFS, MJA also maintained a minimum weir 
length of 15 inches. Ex. 47 at 3. MJA reached the following conclusions: 

[ A flow rate of 7 .25 cfs in the fish way J wi 11 meet the minimum flow depth of 1 ft 
as well as the other design criteria such as velocity and hydraulic drop. Lower flow 
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rates will meet velocity and hydraulic drop criteria, but will have less than 1 foot 
of depth over the weir. 

Id. at 12. 

Results of the [ computational fluid dynamics J simulations indicate that a flow rate 
of 7.25 [cfsl (6.89 to 7.61 [cfs], ±5% confidence level) is required to achieve a 1-
foot weir flow depth over a 15-inch-wide weir; lower flows will result in flow 
depths not meeting the 1-foot criterion. Results also indicate that a flow rate of 
18.97 [cfs] (18.02 to 19.92 [cfs], ±5% confidence level) is required to achieve a 2-
foot weir flow depth. In both of these cases, the average velocity over the weir is 
expected to be less than 6.6 [feet per second], which satisfies fish passage criteria 
for maximum velocity. 

Id. at 15. 

42. At a flow rate of 5.00 cfs, the fishway would provide a weir depth of 0.72 feet, an 
average velocity of 5.8 feet per second, and a hydraulic drop of 0.64 feet. Ex. 47 at 15. This 
would be sufficient for safe passage of bull trout, steel head, and wests lope cutthroat trout. Id. 

43. The spawning season for adult Chinook salmon in the EFSFSR is between June 
30 and September 30. Ex. 219 at 3. If Perpetua maintains a flow rate of 7.25 cfs in the fishway 
between June 30 and September 30 and a flow rate of 5 .00 cfs during the rest of the year, the 
fishway will provide safe, timely, and effective passage for Chinook salmon, steelhead, bull 
trout, and westslope cutthroat trout. 

44. The stream channel and fishway tunnel was also designed to pass the 500-year 
flood flow for the EFSFS R. Ex. 4 7 at 2. 

45. In approximately Year 10 of the mining activities, the stream channel and fishway 
tunnel will be replaced by a restored stream channel through the reclaimed Yellow Pine Pit area. 
Ex. 22 at 86-88; Ex. 29 at 19. The restored stream channel will preserve fish passage to the 
upper reaches of the EFSFSR. Id. 

46. In June 2022, Perpetua sent a written request to the Idaho Department of Fish & 
Game ("IDFG") and the Idaho Governor' s Office of Species Conservation ("OSC"), seeking "a 
technical assistance review of Perpetua's water rights application [77~ 14378]." Ex. 206 at 3. 

47. Perpetua's request for a technical review by IDFG and OSC included a memo, 
dated June 27, 2022, which set forth a proposed water right condition intended to "minimize 
impacts to fish and aquatic habitat in the EFSFSR drainage." Id. at 9. The memo stated 
Perpetua's commitment to "operate in a manner that ensures sufficient fish passage between the 
EFSFSR POD [River Pump] and Sugar Creek." Id. The memo also noted that Perpetua and its 
consultant planned to update the design of the fishway and conduct additional analyses of the 
updated design but confirmed that any adjustments to the fishway would be constrained by the 
one-foot depth requirement to accommodate passage for adult Chinook salmon. Id. at 13. 
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48. Perpetua proposes the following water right condition as a voluntary restriction on 
its diversions: 

Net diversions from EFSFSR and groundwater under water rights 77-7122, 77-
7285, 77-7293, and 77-14378 shall not cause more than 20 percent depletion to the 
unimpaired streamflow in the EFSFSR below its confluence with Sugar Creek 
when unimpaired streamflow is less than 25 cfs. For purposes of this condition: 

a) Percent depletion is equal to net diversion divided by unimpaired 
streamflow. 

b) Net diversion is the sum of groundwater and EFSFSR diversions minus 
discharge of treated water to the EFSFSR and its tributaries. 

c) Unimpaired streamflow is defined as the gaged flow at Sugar Creek (USGS 
13311450), plus the gaged flow at EFSFSR above Sugar Creek (USGS 
13311250), plus the net diversion from EFSFSR and groundwater under water 
rights 77-7122, 77-7285, 77-7293, and 77-14378. 

d) Calculations shall be based on running 3-day averages of net diversion and 
gaged stream flows. 

Ex. 206 at 9; Perpelua Brief at 31. 

49. "[IDFG's] mission is to preserve, protect, perpetuate, and manage Idaho's fish 
and wildlife resources for the public interest." Ex. 206 at 1 (citation omitted). 

50. "[OSC] is dedicated to planning, coordinating, and implementing the State's 
actions to preserve, protect, and restore species listed as candidate, threatened, or endangered 
under the Endangered Species Act of 1973, while considering Idaho's economic vitality and 
values." Ex. 206 at 1 (citation omitted). 

51. On August 2, 2022, IDFG and OSC sent a joint letter to Perpetua stating that the 
"fishery and aquatic habitat protection measures" proposed by Perpetua, including the proposed 
condition restricting diversions during low flow periods, "will likely protect fisheries and aquatic 
habitat in the EFSFSR." Ex. 206 at 1. The letter also recommended that IDWR adopt additional 
water right conditions for water right 77-14378 that "would ensure fish passage at the [SGP]." 
Id. IDFG and OSC proposed the following water right condition: 

Id. 

Surface water diversions and infrastructure will not at any time impede the passage 
of any life stage of Chinook Salmon, Steelhead, Bull Trout, or Cutthroat Trout from 
the confluence of the EFSFSR and Sugar Creek upstream past the Point of 
Diversion [River Pump]. 
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52. The administrative record includes a summary of daily stream flow rates for the 
EFSFSR at USGS Gage No. 13311250 (EFSF Salmon River above Sugar Creek near Stibnite, 
ID) from January 2012 to October 2023. Ex. 261. Based on these flow records, the lowest flows 
in the EFSFSR occur from November to February. Id. The lowest average daily flow for that 
twelve-year period is approximately 10 cfs. Id. 

53. Perpetua hired Rio Applied Science and Engineering ("Rio ASE") to evaluate the 
effects of Perpetua's diversions on stream flow and fish passage in the EFSFSR from the 
proposed stream channel and fishway tunnel outlet to the confluence of the EFSFSR and Sugar 
Creek, a di stance of approximately 1,700 feet. Ex. 219 at 3 3. 

54. Rio ASE developed a hydraulic model using 2009 Light Detection and Ranging 
(LiDAR) data and topographic and bathymetric data collected by Rio ASE in 2021 and 2022. 
Ex. 219 at 35. 

55. "Fish passage is typically evaluated at 5% (high flow) and 95% (low flow) 
exceedance flows." Ex. 219 at 35. "Passage is typically inhibited or prohibited at high flow 
because maximum swim velocity is exceeded and at low flow because flow depth is too low." 
Id. 

56. "At the reach-scale ( evaluating all cross sections within the reach of interest) 
average conditions show that the flow depth is greater than minimum depth criteria at all species
specific 95% exceedance flows for existing and proposed conditions." Ex. 219 at 44. "Also, 
average reach conditions indicate the channel width meeting minimum depth criteria for existing 
and proposed conditions is greater than 32% and 26%, respectively, meeting requirements of a 
minimum 10% of the wetted width, as historically required by NMFS." id. 

57. At the cross-section scale, Perpctua's proposed diversions would increase the 
number of cross sections that are out of compliance with minimum standards for fish passage. 
Ex 219 at 44-45. 

58. Under existing flow conditions, many of the cross sections evaluated by Rio ASE 
already do not meet the depth and velocity criteria for fish passage through man-made hydraulic 
structures. Ex. 219 at 44-48. Despite these existing stream channel conditions, Chinook salmon, 
steelhead, bull trout, and westslope cutthroat trout have successfully traversed the EFSFSR reach 
between the confluence with Sugar Creek and the Yellow Pine Pit. Id. at 47. 

59. Meadow Creek is a tributary to the EFSFSR. Ex. 63 at 11. The confluence of 
Meadow Creek and the EFSFSR is in the middle of the SGP. Id. Base flows in Meadow Creek 
range between 2.0 cfs and 3.0 cfs in low to average water years. Ex. 201 at 5. 

60. In its analysis of the effects of ground water diversions on surface water streams, 
Perpctua assumed that ground water diversions have a one-to-one impact on surface water 
streams within the boundaries of the SGP. Ex. 206 at 14. 

61. Additional mining at the Yellow Pine Pit and the West End Pit and new mining at 
the Hangar Flats Pit will require the excavated areas to be dewatered. Application 77-14378 
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proposes to divert ground water in and around the open pits, at dozens of well sites, to dewater 
the pits and facilitate mining activities. Ex. 1 g. 

62. When the Hangar Flats Pit area is dewatcred, the ground water pumping would 
result in significant depletions to Meadow Creek. Stanaway Test. 

63. To prevent Meadow Creek from being affected by the dewatering of the Hangar 
Flats Pit, Perpetua proposes to construct a new channel for Meadow Creek and to line the 
channel to prevent communication with the ground water table. Ex. 25b at 24 (map depicting the 
section of Meadow Creek to be reconstructed and lined). The reconstiucted and lined section of 
Meadow Creek would be constructed in a way that maintains all the existing functions of the 
stream channel. Stanaway Test., Tr. at 259. 

64. Even with a liner in Meadow Creek, Perpetua acknowledges that ground water 
pumping in the Meadow Creek drainage will reduce the streamflow in the creek. Ex. 63 at 20-
21. 

65. During operations, Perpetua proposes to divert ground water from thirteen supply 
wells in Section 15, T l 8N, R09E for industrial use. Ex. 25b at 44. These wells are in the 
Meadow Creek drainage. Ex. 63 at 11. 

66. The cone of depression created by pumping ground water for industrial use or for 
dewatering could extend to areas of Meadow Creek upstream of the lined section. Stanaway 
Test., Tr. at 259-261. To attenuate the effects of ground water pumping on areas outside of the 
lined section, Perpetua proposes to limit its industrial production wells around Meadow Creek to 
an average monthly diversion rate of 0.5 cfs. Id.; Ex. 27a at 76. ("0.5 cfs was dete1mined from 
the groundwater flow model ... as an amount that could be withdrawn without adverse impacts 
on Meadow Creek."). An average monthly diversion rate of 0.5 cfs equates to a volume of 
approximately 31 acre-feet per month. 

67. Depending on its industrial water demands, Perpetua may have to treat water 
pumped for dewatering purposes and release the treated water into existing stream channels. 
Perpetua proposes to inject the treated dewatering water into Meadow Creek above the 
confluence with Blowout Creek. Ex. 25b at 31 (map showing SGP at full build out) and 45. 

68. The TSF will be constructed in the Meadow Creek drainage. Ex. 25b at 24. In 
addition to lining a lower section of Meadow Creek, Perpetua proposes to construct lined man
made stream channels to convey Meadow Creek and its tributaries around the TSF, during times 
when the TSF is actively used for tailings storage. Id. During the closure and reclamation phase 
of the SGP, Perpetua will line the top of the TSF and restore the Meadow Creek stream channel 
over the top of the TSF. Ex. 22 at 61, 89; Ex. 27a at 31-32; Ex. 29 at 69. 

69. Although dewatering activities may have some effect on flows in Sugar Creek, 
Perpetua does not propose to divert any water directly from Sugar Creek. Ex. 25b at 54-55 (map 
of modeling results showing ground water pumping impacts propagating to Sugar Creek). 
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70. The SGP site is currently a source of water contamination for the EFSFSR 
watershed. Ex. 259 at 9-11. Tailings and spent ore from previous mining activities on the site 
are uncontained. Id. As water flows through the project site, these legacy tailings release 
arsenic, antimony, and mercury into the water, contaminating the EFSFSR and its tributaries. Id. 
at 18; Ex. 23 at 28-29. Two of the primary sources of contamination are the Bradley Tailings 
Pile and the HECLA Heap. Haslam Test.; Ex. 259 at 9-11. 

71. Perpetua has been monitoring water quality at the SGP site since at least 2011. 
Ex. 259 at 9; Durbin Test. Current water quality conditions at the SGP site exceed the Idaho 
water quality limits for antimony, arsenic, mercury, and temperature. Ex. 259 at 9; Ex. 58 at 2; 
Durbin Test. Water samples confirm that the concentrations of dissolved antimony and 
dissolved arsenic exceed human-health based criterion. Ex. 259 at 9. 

72. "[Djecades of mining activity that largely pre-dated state and federal regulatory 
guidelines, standards and oversight left the [SGPJ area in need of repair and a legacy of millions 
of tons of unlined tailings, blocked fish passage and conditions degrading water quality." Ex. 72 
(2018 Joint Resolution of the Idaho House of Representatives). 

73. "The [SGP] area, in the headwaters of the EFSFSR, was intermittently mined for 
most of the 20th century." Ex. 259 at 24. "[D)ecades after mining ceased, water quality in the 
area continues to be impaired." Id. 

74. Perpetua has already removed 300,000 tons of tailings and waste rock from the 
riparian areas of the SGP site to improve water quality. Haslam Test., Tr. at 76-77. 

75. Perpetua proposes to reprocess the Bradley Tailings Pile and the HECLA Heap to 
extract additional minerals. Ex. 22 at 41. The reprocessed material will be stored in the TSF, 
designed as a fully contained tailings storage facility, to prevent the tailings from contacting 
water in the hydrologic cycle. Id. 

76. In addition to surface water contamination at the SOP site, ground water at the 
SGP site is contaminated because oflegacy mining impacts. 

77. During low flow periods, the base flow in the EFSFSR is primarily supported by 
ground water. Durbin Test. "The highest concentrations of both dissolved arsenic and dissolved 
antimony occur[] during low-flow periods (July -March), suggesting the constituents are present 
in groundwater." Ex. 259 at 9. Concentrations of contaminants during the low-flow period 
would be static. Durbin Test. Di version of surface water during the low flow period would not 
change the contaminant concentration. Id. 

78. Any ground water pumped for dewatering purposes is considered contact water. 
Bosley Test, Tr. at 437-38. If Perpetua pumps ground water to dewater the land in and around 
the open pits and discharges the water into existing streams, Perpetua must first treat the water to 
remove the contaminants before injecting the water into streams. Diversion and treatment of 
excess dewatering will result in water quality improvements for the EFSFSR watershed. 
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79. "Given the importance of the EFSFSR (and the [South Fork. Salmon Riverl 
downstream) as critical habitat for Chinook salmon, steelhead, bull trout, and westslope cutthroat 
trout, the remediation of the Stibnite mining area is a primity for many government and non
government organizations." Ex. 259 at 25. 

80. Summer water temperatures "frequently exceed[] water temperature criteria 
related to salmonid spawning and (or) bull trout." Ex. 259 at 15 (citation omitted). 
"Exceedances occur[] June-September, but [are] most common in July and August." Id. 

81. Between 2011 and 2023, water temperatures in Meadow Creek and the EFSFSR 
above Meadow Creek remained below the "maximum optimum temperature among the species 
and life stages ofinterest." Ex. 201 at 16, Figure 4. Although temperatures were higher in the 
EFSFS R between the confluence with Meadow Creek and the confluence with Sugar Creek, the 
temperatures did not reach the threshold where physiological stress and eventual mortality 
occurs. Id. 

82. The SGP, if implemented as described in the proposed plan of operations, will 
improve stream temperatures for aquatic species relative to baseline conditions during and after 
operations. Ex. 58 at 5. The River Pump is located at the entrance to the stream channel and 
fishway tunnel to minimize the effect of diversions at the River Pump on water temperature. 

83. Perpetua proposes to convey streams around or pipe streams through all areas 
disturbed by mining activities to avoid contact with and contamination of the water. Ex. 26 at 
98. Streams that are piped, including the 0.9-mile stream channel and fishway tunnel, will 
prevent some water temperature increases. Stream channel sections that are reconstructed or 
restored by Perpetua will also prevent temperature increases once the planted vegetation is tall 
enough to provide shade. Durbin Test. 

84. Blowout Creek, also known as East Fork Meadow Creek, is a tributary of 
Meadow Creek. Ex. 29 at 18. In 1965, a reservoir dam on Blowout Creek failed, introducing a 
large amount of sediment into the EFSFSR watershed. Id. at 69-70. Since that time, Blowout 
Creek has continued to erode the banks of the creek channel and is "one of the largest sources of 
fine sediment for the EFSFSR." Id. at 69; Richardson Test., Tr. at 729. 

85. As part of its operations, Perpetua will "stabilize and repair" Blowout Creek by 
constructing grade controls and a coarse rock drain system. Ex. 22 at 64-65. This will raise the 
ground water levels, significantly reduce current erosion, and prevent future erosion. Id. 

86. USFS holds water rights 75-13316 and 77-11941, which constitute the federal 
reserved water rights for the Salmon Wild and Scenic River between the mouth of the North 
Fork Salmon River and Long Tom Bar. Ex. 4 at 2. 

87. Water rights 75-13316 and 77-1194 l bear a priority date of July 23, 1980, and 
entitle the USFS to all flows in the Salmon River, up to 28,400 cfs, when the stream flow in the 
river is greater than or equal to 13,600 cfs. Ex. 4 at 2. The rights also establish the wild and 
scenic flow rates (when the stream flow is less than 13,600 cfs) in two-week increments 
throughout the year. Id. 
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88. Water rights 75-13316 and 77-11941 are subordinated to certain future water 
uses, including industrial uses, but are not subordinated to future water rights for storage use. 
Ex. 4 at 3. Perpetua's proposal to divert water to storage under Application 77-14378 would 
therefore be subject to water rights 75-13316 and 77-11941. Id. at 3-4. 

89. To mitigate the impacts of its industrial, mining and storage diversions on water 
rights 75-13316 and 77-11941, Perpetuaprepared a Mitigation Plan, dated May 18, 2021 , which 
proposes to hold water rights 72-149, 72-150, and 72-16273 from Morgan Creek and water rights 
72-4031, 72-4032, 72-4033, and 72-4034 from the Salmon River unused for the duration of the 
project. Mitigation water will be available under the Mitigation Plan between April 1 and 
October 31. 

90. The Stipulation resolving the protests of the USFS set forth three conditions to be 
added to water right 77-14378, Transfers 85396, 85397, and 85398, and Exchange 85538, if they 
were approved: 

Condition 1: Perpetua will implement the mitigation plan attached to its application, 
with mitigation water available from April 1 to October 31. 

Condition 2: When the minimum instream flows of the W &SR [ wild and scenic 
river] Water Right are not being met at the point of compliance between November 
1 and March 31, Pcrpetua will cUitail diversions to storage for Water Rights Nos. 
77-14378, 77-07122, and 77-07285. 

Condition 3: Diversions to storage during the period from April 1 to October 31, at 
times when minimum instream flows of the W&SR Water Right are not being met 
at the Point of Compliance will not exceed the mitigation water-rights that are in 
priority pursuant to the mitigation plan as follows: 

Ex. 4 at 7. 

a. Diversions to storage under Water rights Nos. 77-14378, 77-07122, and 77-
07285 will not exceed 10. 75 cfs; and 

b. Perpetua will maintain an annual cumulative accounting of the volume of 
water diverted to storage under Water Rights Nos. 77-14378, 77-07122, and 77-
07285 when flows at the point of compliance are at or below the minimum 
instream flows of the W&SR Water Right during the period from April 1 to 
October 31. If the cumulative accounting reaches 347-acre feet during the 
annual period, Perpetua will curtail diversions to storage for Water Rights Nos. 
77-14378, 77-07122, and 77-07285 when W&SR flows are not being met at the 
Point of Compliance for the remainder of the period in that year. 
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91. The "Point of Compliance" described in the Stipulation and its proposed 
conditions is "the Salmon River immediately below the mouth of the South Fork Salmon River." 
Ex. 4 at 5. Flow in the Salmon River at the Point of Compliance will be calculated using a 
formula described in the Stipulation. Id. at 5-6. 

92. The Idaho Water Resource Board holds water right 77 -14190 which establishes a 
minimum stream flow on the EFSFSR. Water right 77-14190 bears a priority date of April 1, 
2005, and would be senior to water right 77-14378. However, water right 77-14190 states that 
the right the right is subordinate to all future DCM] [domestic, commercial, municipal, and 
industrial] uses. 

93. Perpetua is actively pursuing other permits required by state and federal agencies. 
Bosley Test., Tr. at 389-390; see also Ex. 26 at 17-19 (summarizing the permits required to 
construct and operate the SGP). 

94. The initial cost of the SGP is $1.265 billion. Ex. 59 at 1. Perpetua is a publicly 
traded company with a strong shareholder base and will use a combination of financing options 
to fund the initial construction and operation of the SGP. Id. In addition to traditional funding 
sources, Perpetua has been awarded grants from the U.S. Department of Defense to offset some 
of the cost of environmental and engineering studies. Ex. 59 at 67. 

95. The public witnesses described the recreational activities occurring in the 
EFSFSR watershed. People who live in the area and people from outside of the watershed hike, 
fish, camp, kayak, and ski in the basin. EFSFSR is still a wild river with relatively few man
made alterations to streamflow. The public lands surrounding the river allow the public to access 
the river more easily. 

96. Public witnesses expressed concerns that the diversions at the SGP will reduce 
flows in the EFSFSR, negatively affecting water quality, fish habitat, and recreational 
opportunities within the basin. 

RELEVANT STATUTES 

Idaho Code§ 42-203A(5) sets forth the criteria used to evaluate applications for permit 
and states, in pertinent part: 

In all applications whether protested or not protested, where the proposed use is 
such: (a) that it will reduce the quantity of water under existing water rights, or (b) 
that the water supply itself is insufficient for the purpose for which it is sought to 
be appropriated, or ( c) where it appears to the satisfaction of the director that such 
application is not made in good faith, is made for delay or speculative purposes, or 
( d) that the applicant has not sufficient financial resources with which to complete 
the work involved therein, or (e) that it will conflict with the local public interest 
as defined in section 42-202B, Idaho Code, or (f) that it is contrary to conservation 
of water resources within the state of Idaho, or (g) that it will adversely affect the 
local economy of the watershed or local area within which the source of water for 
the proposed use originates, in the case where the place of use is outside of the 
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watershed or local area where the source of water originates; the director of the 
department of water resources may reject such application and refuse issuance of a 
permit therefor, or may partially approve and grant a permit for a smaller quantity 
of water than applied for, or may grant a permit upon conditions. 

Idaho Code§ 42-222(1) sets forth the criteria used to evaluate changes to water rights 
(applications for transfer) and states, in pertinent part: 

The director of the department of water resources shall examine all the evidence 
and available infmmation and shall approve the change in whole, or in part, or upon 
conditions, provided no other water rights are injured thereby, the change does not 
constitute an enlargement in use of the original right, the change is consistent with 
the conservation of water resources within the state of Idaho and is in the local 
public interest as defined in section 42-202B, Idaho Code, the change will not 
adversely affect the local economy of the watershed or local area within which the 
source of water for the proposed use originates, in the case where the place of use 
is outside of the watershed or local area where the source of water originates, and 
the new use is a beneficial use, which in the case of a municipal provider shall be 
satisfied if the water right is necessary to serve reasonably anticipated future needs 
as provided in this chapter. 

Idaho Code§ 42-202B sets forth the definition for "local public interest": 

"Local public interest" is defined as the interests that the people in the area directly 
affected by a proposed water use have in the effects of such use on the public water 
resource. 

Idaho Code § 42-240 sets forth the criteria used to evaluate applications to exchange 
water and states, in pertinent part: 

The director shall examine all the evidence and available information and shall 
approve the exchange in whole, or in part, or upon conditions, provided no other 
water rights are injured thereby, the exchange does not constitute an enlargement 
in use of the original right or rights, the exchange is consistent with the conservation 
of water resources within the state of Idaho, the exchange is in the local public 
interest as defined in section 42-202B, Idaho Code, and the exchange will not 
adversely affect the local economy of the watershed or local area within which the 
source of water for the proposed use originates, in the case where the place of use 
is outside of the watershed or local area where the source of water originates. 

ANALYSIS 

The criteria used to evaluate applications for permit are somewhat different than those 
used to evaluate applications for transfer and applications for exchange. The criteria used to 
evaluate applications for permit are set forth in Idaho Code§ 42-203A(5) and the Department's 
Water Appropriation Rules (fDAPA 37.03.08). The criteria used to evaluate applications for 
transfer are set forth in Idaho Code § 42-222(1). The criteria used to evaluate applications for 
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exchange arc set forth in Idaho Code§ 42-240 and are nearly identical to the evaluation criteria 
for transfer applications. Therefore, this order contains one section evaluating Application 77-
14378 and a separate section evaluating Applications 85396, 85397, 85398, and 85538. 

J. Evaluation of Application 77-14378 

Reduction to Existing Water Rights 

Rule 45.01.a of the Department's Water Appropriation Rules (IDAPA 37.03.08) sets 
forth the criteria used for determining whether a proposed use of water will reduce the quantity 
of water under an existing water right: 

A proposed use will be determined to reduce the quantity of water under an existing 
water right (i.e., injure another water right) if: 

i. The amount of water available under an existing water right will be 
reduced below the amount recorded by pennit, license, decree or valid claim 
or the historical amount beneficially used by the water right holder under 
such recorded rights, whichever is less. 

ii. The holder of an existing water right will be forced to an unreasonable 
effort or expense to dive11 his existing water right. Protection of existing 
groundwater rights are subject to reasonable pumping level provisions of 
Section 42-226, Idaho Code; or 

iii. The quality of the water available to the holder of an existing water right 
is made unusable for the purposes of the existing user's right, and the water 
cannot be restored to usable quality without unreasonable effort or expense. 

iv. An application that would otherwise be denied because of injury to 
another water right may be approved upon conditions which will mitigate 
losses of water to the holder of an existing water right, as determined by the 
Director. 

IDAPA 37.03.08.045.01.a. 

Although the Idaho Water Resource Board holds water right 77-14190, which would be 
senior to water right 77-14378, the right is subordinate to future industrial uses. The wild and 
scenic water rights held by the USFS, 75-13316 and 77-11941, are also subordinate to future 
industrial uses but are not subordinate to future storage uses. Therefore, diversions to storage 
under water right 77-14 3 78 could reduce the quantity of water available to satisfy water rights 
75-13316 and 77-11941. Perpetua filed a mitigation plan with Application 77-14378 to mitigate 
any impact to water rights 75-13316 and 77-11941. The USFS withdrew its protest against 
Application 77-14378 based on the mitigation plan and other provisions of the Stipulation. 
USFS confirmed that these provisions, if followed, will adequately protect its senior rights. The 
hearing officer agrees with that assessment as reflected in the Order Approving Settlement and 
Confirming Withdrawal of Protests. The record does not contain reference to, and the hearing 
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officer is not aware of, any other water rights that could be affected by the diversion from the 
EFSFSR or ground water as proposed in Application 77-14378. 

Sufficiency of Water Supply 

Rule 45.01.b of the Department's Water Appropriation Rules sets forth the criteria for 
determining whether the water supply is sufficient for a proposed project: "The water supply will 
be determined to be insufficient for the proposed use if water is not available for an adequate 
time interval in quantities sufficient to make the project economically feasible .... " IDAPA 
37.03.08.45.01.b. 

Based on stream flow data in the record, the lowest average daily flow for the EFSFSR 
near the River Pump between 2012 and 2023 was approximately 10.0 cfs. The low flow period 
occurs in the winter months (Nov-Feb). Even if ground water diversions have an immediate and 
direct effect on flows in the EFSFSR, the average daily minimum flow still exceeds the total 
diversion rate sought by Perpetua. Perpetua has agreed to conditions that would limit its 
diversion rate during low flow periods. In its Stipulation with the USFS, Perpetua agreed to 
suspend its diversion to storage between November l and March 31 if the USFS wild and scenic 
water rights are not satisfied. Further, Perpetua proposes to limit its diversion from the EFSFSR 
at the River Pump to 4.5 cfs. 

In addition to the diversion limits set forth in the Stipulation, Perpetua proposes to limit 
its depletion in the EFS.FSR basin to no more than 20% of the total unimpaired stream flow in 
the basin just below the confluence of the EFSFSR and Sugar Creek during times when the 
unimpaired stream flow at that location is less than 25 cfs. Also, to preserve fish passage 
through the stream channel and fishway tunnel, Perpctua may not divert water under its 
industrial and mining water rights unless there is at least 7.25 cfs flowing through the fishway 
between June 30 and September 30 and at least 5.0 cfs flowing through the fishway between 
October 1 and June 29. These additional limitations are described in greater detail in the local 
public interest analysis below. 

As a result of the low flow diversion limits, there may be times when Perpetua would 
have to scale back ore processing due to a lack of water. Bosley Test, Tr. at 542-48. The 
delayed production could be made up, however, when streamflow increases. Id. Perpetua will 
also be able to buffer water supply fluctuations with water from its storage facilities, including 
the TSF reservoir and contact storage ponds. Further, once the TSF is operational, much of the 
water used for ore processing will come from the TSF. Perpetua has demonstrated that water 
will be available for an adequate time interval and in sufficient quantities to make the project 
economically feasible. 

Lack of Good Faith / Speculation 

Rule 45.01 .c of the Department's Water Appropriation Rules sets forth the criteria for 
determining whether an application is filed in good faith and not for delay or speculative 
pw-poses. "The applicant shall have legal access to the property necessary to construct and 
operate the proposed project, has the authority to exercise eminent domain authority to obtain 
such access, or in the instance of a project diverting water from or conveying water across land 
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in state or federal ownership, has filed all applications for a right-of-way." IDAPA 
37.03.08.45.01.c.i. An applicant must also demonstrate that it is "in the process of obtaining 
other permits needed to construct and operate the project" and that there are no obvious legal 
impediments to prevent successful completion of the project. IDAPA 37.03.08.45.01.c.ii-iii. 

The proposed points of diversion and place of use for Application 77-14378 include 
property that is held by the USPS. Pcrpetua is actively seeking an approved plan of operations 
from the USFS to construct and operate the SGP. The documents submitted by Perpetua to the 
USFS include detailed descriptions of the ground water wells, River Pump, and industrial 
facilities identified in Application 77-14378. Perpetua is actively pursuing the permits required 
from state and federal agencies to operate the SGP. Perpetua has demonstrated that the 
applications were filed in good faith and not for delay or speculative purposes. 

Sufficient Financial Resources 

Rule 45.01 .d of the Department's Water Appropriation Rules sets forth the criteria for 
determining whether an applicant has sufficient financial resources to complete a project. "An 
applicant will be found to have sufficient financial resources upon a showing that it is reasonably 
probable that funding is or will be available for project construction or upon a financial 
commitment letter acceptable to the Director." IDAPA 37.03.08.45.01 .d.ii. Perpetua has 
demonstrated that it is reasonably probable that funding is or will be available for project 
construction. 

Local Public Interest 

The local public interest analysis under Idaho Code§ 42-203A(5)(e) is meant to be 
separate and distinct from the injury analysis under Idaho Code§ 42-203A(5)(a). Local public 
interest is defined as "the interests that the people in the area directly affected by a proposed 
water use have in the effects of such use on the public water resource.'' Idaho Code § 42-
2028(3). 

Rule 45.01.e of the Department's Water Appropriation Rules (IDAPA 37.03.08) sets 
forth the criteria for determining whether a project conflicts with the local public interest. The 
current Water Appropriation Rules were adopted in the l 980s and have not been substantively 
changed since then. These rules were based on a now-obsolete, broader understanding of local 
public interest. Idaho Code § 42-202B(3) was adopted in 1996. The version of Rule 45.01.e in 
effect at the time of the administrative hearing (December 2023) is not consistent with Idaho 
Code§ 42-202B(3) or judicial decisions interpreting that section. 

In 2023, the Department initiated rulemaking to amend its Water Appropriation Rules. 
As part of the amendment process, Rule 45.0 l .e was updated to reflect the current definition of 
"local public interest" set forth in Idaho Code § 42-202B(3) and judicial decisions applying that 
section. The hearing officer finds that Proposed Rule 45.01.e from the revised Water 
Appropriation Rules provides an accurate summary of the current statutory definition and 
case law surrounding the local public interest review. Proposed Rule 45 .01 .e states: 
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Local public interest criteria. The Director will consider the following in 
determining whether the project will conflict with the local public interest: 

i. The direct effect the project will have on public water resources that are of 
interest to people in the local area directly affected by the proposed water use 
including, but not limited to, fish and wildlife habitat, aquatic life, recreation, 
aesthetic beauty, transportation, navigation, water quality, and the effect of such 
use on the availability of water for alternative water uses that might be made 
within a reasonable time; and 

ii. Whether the proposed water use is consistent with Idaho's policy of securing 
the maximum use and benefit from the public water resources. 

iii. Although the Director has independent responsibility for the overall 
assessment and balancing of factors weighing on the local public interest, the 
Director will give due regard to expertise of other state and federal regulatory 
agencies charged with assessing individual issues under Subparagraphs 
045.01.e.i. and ii., recognizing that it is not the primary job of the Department 
to protect all aspects of the health and welfare of Idaho's citizens and visitors. 

iv. The Director may condition approval of an application on compliance with 
orders, rules, requirements, and authorizations issued or to be issued by state 
and federal regulatory agencies with jurisdiction over subject matter relevant to 
the local public interest. 

v. The Director will deny an application that conflicts with the local public 
interest unless the project can be approved with conditions to resolve the local 
public interest conflict. 

Idaho Code§ 42-203A "places upon the Director [of the Department] the affirmative 
duty to assess and protect the public interest." Shokal v. Dunn, 109 Idaho 330, 337, 707 P.2d 
441,448 (1985). "The relevant elements [of the local public interest] and their relative weights 
will vary with local needs, circumstances, and interests." Id. 109 Idaho at 339, 707 P.2d at 450. 
"The determination of what elements of the public interest are impacted, and what the public 
interest requires, is committed to [the Department's] sound discretion." Id. Pennit conditions 
arising from the local public interest review should be based on specific information in the 
record, not on speculation or assertions of indeterminate impacts. See Hardy v. Higginson, 123 
Idaho 485, 491, 849 P.2d 946, 952 (1993) (case remanded to Department because of insufficient 
evidence in the record to support permit conditions addressing local public interest issues). 

The Protestants argue that the Department's local public interest review should be limited 
to evaluating the direct effects of the proposed diversions. Protestants' Brief at 16 ("Perpetua's 
claims of improving existing environmental conditions, especially with respect to water quality 
and fish and wildlife migrations, populations and habitat are not directly related to proposed 
water withdrawals and are not proposed as part of the water right applications to mitigate 
potential impacts to the public interest." (footnotes and quotations marks omitted)). The 
Protestants promote an interpretation of Idaho Code § 42-202B(3) that is too narrow. Section 
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42-202B(3) states that local public interest includes the "effects of [the proposed water use] on 
the public water resource." The proposed water use is broader than just the diversion of water. 
It includes the areas where water is used and the areas where a proposed project would interact 
with the public water resource. Proposed Rule 45.01.e, quoted above, establishes a project-wide 
application of the local public interest review. It requires the Department to evaluate the effect 
"the project" will have on public water resources, not just the diversion of water. 

The Protestants correctly note that there are elements of the SOP that may fall outside of 
the jurisdiction of the Department. For example, the Department might not have the authority to 
require Perpetua to construct a stream channel and fishway tunnel around the Yellow Pine Pit. 
Nor can the Department require Perpetua to reclaim the Yellow Pine Pit and restore a stream 
channel for the EFSFSR over the Yellow Pine Pit once the area is reclaimed. A potential lack of 
jurisdiction, however, does not mean that the Department cannot consider these important effects 
on the public water resource in its review of the local public interest. The Department must 
consider the project as it is currently proposed and all interactions between the proposed project 
and the public water resource. If there are substantial differences between the project as it is 
currently proposed and the final plan of operations approved by USFS, the Department may have 
to re-evaluate the local public interest. This circumstance is adequately addressed by the 
following approval condition: 

The approval of this permit is in the local public interest based on the elements and 
actions described in the Modified Plan of Restoration and Operations, dated 
October 15, 2021. If the final plan of operations approved by the U.S. Forest 
Service differs substantially from the Modified Plan of Restoration and Operations, 
the permit holder shall file an application for amendment, updating the elements of 
the permit to reflect the final plan of operations and asking the Department to re
evaluate the local public interest of the project. 

There are many local public interest factors to consider in the EFSFSR watershed. It is in 
the local public interest to protect the aquatic resources, habitat, recreational opportunities, and 
aesthetic values of the watershed. It is also in the local public interest to protect, preserve, and 
restore ESA-listed species in the watershed. It is also in the local public interest to protect and 
improve water quality in the watershed. 

There are many local public interest factors directly related to the SGP. First, it is in the 
local public interest to improve water quality in the EFSFSR drainage through the clean-up and 
safe storage oflegacy tailings at the SOP site. Perpetua proposes to re-process the Bradley 
Tailings Pile and HECLA Heap as part of its mining efforts. The reprocessing and safe storage 
of those legacy tailings would be accomplished with water diverted under water right 77-14378. 
The effects of such use on the public water resource would include not only the direct effects of 
diverting water, but also the indirect effects of removing a significant source of contamination 
from the EFSFSR watershed. After the tailings are reprocessed, the waste material will be stored 
in the TSF, which will be constructed in a way to prevent future contact with water in the 
hydrologic cycle. 
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Second, it is in the local public interest to improve water quality in the EFSFSR drainage 
by remediating the effects of the failed dam in the Blowout Creek drainage. Perpetua' s 
remediation work on Blowout Creek will eliminate the greatest source of sediment in the 
EFSFSR drainage. 

Third, it is in the local public interest to restore volitional fish passage to the upper 
reaches of the EFSFSR. The Yellow Pine Pit constitutes a complete barrier to upstream fish 
passage, impeding volitional fish passage to miles of suitable habitat for ESA-listed species. 
Removing fish passage barriers is one of the primary goals ofNMFS in the Salmon River basin. 
To restore fish passage around the Yellow Pine Pit, Perpetua proposes to construct a 0. 9-mile 
stream channel and fishway tunnel. The fishway is only effective at restoring fish passage if 
water flows through the fishway are sufficient to facilitate passage. IDFG and OSC requested 
that the Department condition its water right approvals to ensure that " [s]urface water diversions 
and infrastructure [ at the SGP} will not at any time impede the passage of any life stage of 
Chinook Salmon, Steelhead, Bull Trout, or Cutthroat Trout from the confluence of the EFSFSR 
and Sugar Creek upstream past the Point of Diversion (River Pump]." Ex. 206 at 1. 
Infrastructure at the SGP would include the proposed fishway. 

Fish Passage 

To preserve flows in the fishway and in the EFSFSR between the fishway and the 
confluence of EFSFSR and Sugar Creek, Perpetua proposes the following condition, limiting its 
depletion effects on the EFSFSR below the confluence ofEFSFSR and Sugar Creek: 

Proposed 20% Condition: Net diversions from EFSFSR and groundwater under 
Water Rights 77-7122, 77-7285, 77-7293, and 77-14378 shall not cause more than 
20 percent depletion to the unimpaired streamflow in the EFSFSR below its 
confluence with Sugar Creek when unimpaired streamflow is less than 25 cfs. For 
purposes of this condition: 

a. Percent depletion is equal to net diversion divided by unimpaired streamflow. 

b. Net diversion is the sum of groundwater and EFSFSR diversions minus 
discharge of treated water to the EFSFSR and its tributaries. 

c. Unimpaired streamflow is defined as the gauged flow at Sugar Creek (USGS 
13311450), plus the gauged flow at EFSFSR above Sugar Creek (USGS 
13311250), plus the net diversion from EFSFSR and groundwater under Water 
Rights 77-7122, 77-7285, 77-7293, and 77-14378. 

d. Calculations shall be based on running three-day averages of net diversion 
and gauged stream flows. 

Ex. 206 at 9. 

IDFG and OSC confinned that the condition proposed by Perpetua "will likely protect 
fisheries and aquatic habitat in the EFSFSR." IDFG and OSC also recommended adopting 
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additional conditions to ensure fish passage at the SGP, particularly on the EFSFSR from the 
River Pwnp to the confluence with Sugar Creek. Consistent with Proposed Rule 45.01.e.iii, the 
hearing officer "will give due regard to expertise of other state and federal regulatory agencies 
charged with assessing individual [local public interest] issues." Part of the mission ofIDFG and 
OSC is to protect, preserve, and restore ESA-listed species. 

Evidence in the record confirms that Perpetua's proposed condition, alone, is not 
sufficient to preserve fish passage in the fishway under all flow scenarios. To adequately 
preserve fish passage through the fishway under all flow scenarios, two additional limits are 
required. To maintain sufficient flow in the fishway during the period of the year when adult 
Chinook salmon are migrating upstream (June 30 - September 30), Perpetua must pass a flow of 
at least 7.25 cfs. At other times of the year (October I - June 29), Perpetua must pass a flow of 
at least 5.00 cfs to facilitate unimpeded fish passage for other fish species. 

In its initial evaluation of the proposed fishway, Pcrpetua determined that a flow rate of 
7.25 cfs was needed to maintain a depth of one foot over the weirs. This water depth was 
identified in the NMFS fishway design manual as the depth needed for safe passage for adult 
Chinook salmon. At hearing and in its post-hearing brief, Perpetua argued that, rather than using 
the NMFS standards for man-made fish passage structures, flow depths in the fishway should be 
evaluated using a document produced by the California Department of Fish and Wildlife 
lnstream Flow Program titled Standard Operating Procedure.for Critical Riffle Analysis for Fish 
Passage in California ("CDFW Standards"). Ex. 238. The CDFW Standards recommend a flow 
depth of 0.9 feet for safe passage for adult Chinook salmon. This depth could be achieved with a 
flow rate of 6.60 cfs in the fishway. 

Perpetua's arguments related to the CDFW Standards are not persuasive. The CDFW 
Standards state: "Fish passage criteria cited in this document are specific to California and 
should not be extrapolated beyond the state borders." Ex. 238 at 6. Further, the CDFW 
Standards state: "This [document] applies only to wadeable streams having low gradient riffles 
with less than 4% gradient and substrates dominated by gravel and cobble." Id. Most 
importantly, the CDFW Standards state: "fT]his procedure is not applicable to culverts, weirs, 
bedrock ledges, or anticlines with associated drops." Id. at 7. 

Ultimately, whether Perpetua is required to maintain a bypass flow of 6.60 cfs or 7.25 cfs 
through the fishway between June 30 and September 30 is largely inconsequential. When the 
unimpaired stream.flow in the EFSFSR below Sugar Creek drops below 25 cfs, Perpetua's 20% 
condition, in most years, would be the primary limiting factor in determining the amount 
Perpetua could deplete from the EFSFSR. 

Exhibit 261 summarizes the daily stream flow for USGS Gage No. 13311250 (EFSFSR 
above Sugar Creek near Stibnite, ID) from 2012 to 2023. Exhibit 262 summarizes the daily 
stream flow for USGS Gage No. \ 3311450 (Sugar Creek near Stibnitc, ID) from 2014 to 2023. 
Using the daily streamflow data from Exhibits 261 and 262, it is possible to evaluate how 
Perpetua' s 20% condition and the 7.25 cfs bypass flow condition would be applied in an average 
year. According to one of Perpetua' s technical reports, 2016 represents an average water year in 
the EFSFSR basin. Ex. 63 at 20. The following table sets forth the daily data for USGS Gages 
13311250 and 13311450 for a select nwnber of days between June 30, 2016, and September 30, 

22 



2016. The table shows the amount of water that Perpetua could deplete from the EFSFSR above 
the point of quantification under the 20% condition and under the 7 .25 cfs bypass condition and 
shows which condition acts as the limiting factor for depletion.2 

USGS USGS 
Total Flow 

Depletion Depletion 
Gage Gage 

(EFSFSR+ 
Allowed Allowed under 

Limiting Date #13311250 #13311450 
Sugar Cr) 

under20% 7 .25 cfs Bypass 
Condition EFSFSR Sugar Cr Condition Flow Condition 

(cfs) (cfs) 
(cfs) 

(cfs) (cfs) 
6/30/2016 32.68 24.53 57.21 9.60 9.60 Neither 
7/7/2016 24.13 21.31 45.44 9.60 9.60 Neither 

7/14/2016 26.82 19.01 45.83 9.60 9.60 Neither 
7/21/2016 20.53 15.21 35.74 9.60 9.60 Neither 
7/28/2016 17.69 13.45 31.14 9.60 9.60 Neither 
8/4/2016 15.74 I 1.88 27.62 9.60 8.49 Bypass 

8/11/2016 14.94 10.96 25.90 9.60 7.69 Bypass 
8/18/2016 13.54 9.82 23.36 4.67 6.29 20% 
8/25/2016 12.85 9.12 21.97 4.39 5.60 20% 
9/1/2016 12.01 8.38 20.39 4.08 4.76 20% 
9/8/2016 12.32 8.38 20.70 4.14 5.07 20% 

9/15/2016 13.17 8.58 21.75 4.35 5.92 20% 
9/22/2016 13.94 8.96 22.90 4.58 6.69 20% 
9/29/2016 11.40 7.76 19.16 3.83 4.15 20% 

See Exs. 261 and 262. 

As shown in the table, when the total unimpaired streamflow is high, Perpetua would be 
able to divert (and consume) the full 9.60 cfs proposed in its applications without any limitation. 
Once the total unimpaired streamflow drops below 25 cfs, however, the 20% condition becomes 
the greatest limiting factor for diversion rate. There is a transition period where the bypass flow 
condition would limit diversions more than the 20% condition. In 2016, this occurred when total 
unimpaired streamflow was between 25 and 30 cfs. This transition period came at the end of the 
high flow period, meaning Perpetua's storage facilities would be full, reducing Perpetua's 
demand for freshwater from EFSFSR or ground water and limiting the effect of the bypass flow 
condition on Perpetua' s operations. 

The hearing officer is not persuaded that the CDFW Standards for critical riffies in 
natural streams should be used to determine the proper bypass flow for the fishway. Evidence in 
the record supports maintaining a minimum depth of 1.0 feet over the fishway weirs between 
June 30 and September 30, the period when adult Chinook salmon would be passing upstream 
through the fishway. The record supports a minimum bypass flow of 7.25 cfs between June 30 
and September 30 to maintain a one-foot depth over the fishway weirs. The record contains 
hundreds of pages of analysis and testimony arguing about whether 0.9 feet (6.6 cfs) or 1.0 feet 

2 The 20% condition proposed by Perpetua describes three-day averaging for stream flow and diversions. Even 
though the table does not apply three-day averaging, it is still effective in showing the relationship between the 20% 
condition and the 7.25 cfs bypass flow condition under various flow rates. 
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(7.25 cfs) is the appropriate bypass flow for preserving fish passage in the fishway. Ultimately, 
the arguments are of little consequence because Perpetua's 20% condition serves as the primary 
limiting factor for industrial diversions in an average water year, not the bypass flow conditions. 

Ground Water Diversions near Meadow Creek 

Idaho Code§ 42-228 states: "The excavation and opening of wells and the withdrawal of 
water therefrom for the sole purpose of improving or preserving the utility of ]and by draining 
them shall not be forbidden or governed by this act .. .. " Therefore, Perpetua would not need a 
water right to pump ground water to dewater the Yell ow Pine Pit, the West End Pit, or the 
Hangar Flats Pit, as long as Perpetua did not use the water for some other purpose. Perpetua 
proposes to use the ground water pumped for dewatering, at times, for industrial purposes. 

The primary area of concern for ground water pumping affecting stream flow is in the 
Meadow Creek drainage. Meadow Creek provides habitat for ESA-listed species. Perpetua 
asserts that the reconstructed and lined Meadow Creek channel will be insulated from the effects 
of ground water pumping in the Meadow Creek and Hangar Flats area. The hearing officer 
declines to include a condition on the permit requiring Perpetua to construct a new Meadow 
Creek channel with a liner. Alterations of stream channels are governed by Chapter 38, Title 42, 
Idaho Code. Any proposal to change the location of or composition of the Meadow Creek 
channel must go through the application process described in Chapter 38. Rather than dictating 
how Meadow Creek channel should be reconstructed, the approval of Permit 77-14378 should 
instead restrict ground water pumping in the Meadow Creek drainage if the stream flow in 
Meadow Creek is not preserved. This is accomplished with the following condition: 

During all times when the right holder is diverting ground water under this right 
from any of the wells in Section 15, T18N, RO9E, the right holder shall ensure a 
flow of at least 3.0 cfs in Meadow Creek from the existing fish passage barrier 
located above the confluence of Meadow Creek and Blowout Creek to the 
confluence of Meadow Creek and EFSFSR. 

Summary 

The Depaitment has broad discretion to weigh and balance competing local public 
interest factors. In other words, the local public interest review is not a zero-impact setting. 
Some local public interest factors may be affected to allow other local public interest factors to 
be accomplished. A hearing officer for the Department must weigh all local public interest 
factors and the technical information in the record to determine whether the proposed permit can 
be approved with conditions to protect the local public interest. 

In this case, the short-term and long-term benefits to water quality and fish passage 
resulting from the SGP outweigh any short-term impacts on fish habitat or fish passage resulting 
from mining activities at the SGP and the associated water diversions. Further, water right 
conditions, supported by technical information in the record, can be added to the permit to 
minimize project impacts on fish passage and fish habitat for ESA-listed species. The following 
conditions should be added to water right 77-14378: 
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1. The diversion of water directly from the East Fork of the South Fork Salmon 
River (EFSFSR), located in the NESE, Section 3, T18N, R09E, shall not exceed a 
maximum diversion rate of 4.50 cfs. 

2. The thirteen industrial supply wells located in Section 15, T18N, R09E, shall 
not exceed a combined monthly diversion volume of 31 acre-feet. 

3. The approval of this permit is in the local public interest based on the elements 
and actions described in the Modified Plan of Restoration and Operations, dated 
October 15, 2021. If the final plan of operations approved by the U.S. Forest 
Service differs substantially from the Modified Plan of Restoration and Operations, 
the permit holder shall file an application for amendment, updating the elements of 
the permit to reflect the final plan of operations and asking the Department to re
evaluate the local public interest of the project. 

4. Net diversions from the EFSFSR and ground water under water rights 77-7122, 
77-7285, 77-7293, and 77-14378 shall not cause more than twenty percent 
depletion to the unimpaired streamflow in the EFSFSR below its confluence with 
Sugar Creek when the unimpaired streamflow is less than 25 cfs. For purposes of 
this condition: 

a. Percent depletion is equal to net diversion divided by unimpaired streamflow. 

b. Net diversion is the sum of ground water and EFSFSR diversions minus the 
discharge of treated water to the EFSFSR and its tributaries. 

c. Unimpaired stream flow is defined as the gauged flow at Sugar Creek (USGS 
Gage #13311450) plus the gauged flow at EFSFSR above Sugar Creek (USGS 
Gage # 13311250) plus the net diversion from EFSFSR and ground water under 
water rights 77-7122, 77-7285, 77-7293, and 77-14378. 

d. Calculations shall be based on three-day trailing averages of net diversions 
and gauged stream flows. 

5. From June 30 to September 30, no water shall be diverted under this right unless 
there is at least 7.25 cfs passing the river pump point of diversion on the EFSFSR 
in the NESE, Section 3, T18N, R09E. 

6. From October 1 to June 29, no water shall be diverted under this right unless 
there is at least 5.00 cfs passing the river pump point of diversion on the EFSFSR 
in the NESE, Section 3, T18N, R09E. 

7. During all times when the right holder is diverting ground water under this right 
from any of the wells in Section 15, T18N, R09E, the right holder shall ensure a 
flow of at least 3.0 cfs in Meadow Creek from the existing fish passage barrier 
located above the confluence of Meadow Creek and Blowout Creek to the 
confluence of Meadow Creek and EFSFSR. 
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8. On or before March l '1 each year, the right holder shall provide the Department 
with an annual report summarizing the diversion amounts and flow rates for the 
previous calendar year. The annual report shall include the following information: 
(1) the daily diversion rates for the river pump and ground water diversions 
(industrial supply, dcwatering, open pit, underdrain); (2) daily streamflow rates for 
(a) Meadow Creek just above the confluence with Blowout Creek, (b) Meadow 
Creek just above the confluence with EFSFSR, and (c) EFSFSR at the entrance to 
the fish way tunnel downstream of the river pump on the EFSFSR; (3) an analysis 
of how the right holder complied with the USFS Stipulation and mitigation plan; 
and (4) an analysis of how the right holder satisfied the conditions of approval for 
this water right. 

Conservation of Water Resources 

Perpetua proposes to divert contact water and recycled water to satisfy most of its water 
demands for ore processing. Perpctua's water management plan relies heavily on contact water 
captured for water quality purposes and recycled water, minimizing the diversions from ground 
water and the EFSFSR. Perpetua has demonstrated that the water uses proposed in Application 
77-14 3 78 are consistent with the conservation of water resources within the state of Idaho. 

II. Evaluation of Applications 85396, 85397, 85398, and 85538 

Injury to Existing Water R ights 

Water rights 77-7122, 77-7285, and 77-7293 are existing rights at the SOP and authorize 
mining and storage use at the site. Water right 77-14190 bears a priority date of April 1, 2005, 
and is junior to water rights 77-7122, 77-7285, and 77-7293. The changes proposed in 
Applications 85396, 85397, 85398, and 85538 will not significantly alter the effects of the 
diversion of water rights 77-7122, 77-7285, and 77-7293 on flows in the EFSFSR. Therefore, 
water right 77-14190 will not be affected by the proposed changes. 

Water rights 77-7122, 77-7285, and 77-7293 are j unior to water rights 75-13316 and 77-
11941 held by the USFS for wild and scenic flows on the Salmon River. Water rights 77-7122, 
77-7285, and 77-7293 are included in the mitigation plan set forth in the Stipulation between 
Perpetua and the USFS described above. Therefore, any impacts to water rights 75-13316 and 
77-11941 are offset or prevented through the Stipulation and its associated mitigation plan. The 
record does not contain reference to, and the hearing officer is not aware of, any other water 
rights that could be affected by the changes proposed in Applications 85396, 85397, 85398, or 
85538. 

Enlargement in Use 

The changes proposed in Applications 85396, 85397, 85398, and 85538 will not result in 
an enlargement in the use of water rights 77-7122, 77-7285, or 77-7293. Water right 77-7122 
already authorizes the diversion of water from the EFSFSR for mining storage. Water right 77-
7285 already authorizes the diversion of ground water for mining and mining storage. Water 
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right 77-7293 already authorizes the diversion of water from an Unnamed Stream (Hennessey 
Creek) for mining. These rights will continue to be used in the amounts and for the purposes 
stated in the water rights. The record does not contain clear and convincing evidence that any of 
the water rights, or portions thereof, have been lost and forfeited through non-use. All annual 
volume limits listed on the rights will be retained and carried forward in the transfer approvals. 

Local Public Interest 

The same local public interest factors evaluated under Application 77-14378 apply to the 
evaluation of Applications 853 96, 85397, 85398, and 8553 8. If conditions are adopted 
addressing local public interest factors, Perpetua has demonstrated that the changes proposed in 
Applications 85396, 85397, 85398, and 85538 are in the local public interest. 

Conservation of Water Resources 

The evaluation of conservation of water resources for Applications 85396, 85397, 85398, 
and 85538 is identical to the evaluation for Application 77-14378. Perpetuahas demonstrated 
that the changes described in Applications 85396, 85397, 85398, and 85538 arc consistent with 
the conservation of water resources within the state of Idaho. 

III. Arguments from the Protestants 

Climate Change 

The NP Tribe, through its experts Kendra Kaiser and Ryan Kinzer, contends that 
"Perpetua's assessment of the effect of their proposed water rights on surface water and 
groundwater does not sufficiently evaluate or take into account future climate change 
conditions." Ex. 215 at 2. Kaiser argues that it is improper for Perpetua to use historical stream 
flow data to evaluate the effects of its diversions rather than using projected stream flow 
conditions based on climate change models. Ex. 215 at 5-7. According to Kinzer: "In the 
Pacific Northwest, summer months are anticipated to become progressively more stressful for 
salmonids as stream temperatures increase with wanning air temperatures due to climate change, 
which is likely to shift and reduce suitable habitat for many species and increase the extinction 
risk for Snake River ESA-listed species." Ex. 201 at 15 (citations omitted). 

Neither Idaho Code§ 42-203A(5) nor Idaho Code§ 42-222(1) nor the Department's 
Water Appropriation Rules (IDAPA 37.03.08) include climate change as a review criteria. 
Those provisions do not require applicants to perform studies or offer analyses of how the water 
supply may change in the future because of climate change. In the absence of clear statutory 
authority, the hearing officer declines to consider climate change in the evaluation of 
applications for permit or applications for transfer. Under the current statutes and mles, an 
applicant must only address the relevant evaluation criteria in terms of existing stream flows and 
existing diversions. 
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Quantity of Water 

The Protestants argue that "Perpetua, through their expert reports and testimony, has not 
shown they need the full amount of water requested." Protestants' Brief at 17. The Protestants 
also argue that water right 77-143 78 should be limited to an average monthly diversion rate or an 
average annual diversion rate, which would be significantly less than the 9.60 cfs proposed by 
Perpetua. Id. These arguments reflect a lack of understanding of waler rights and water right 
elements. 

Many water rights in Idaho list diversion rates that are only met during short periods of 
time, either because of limited water supply or because the peak water demand is of a shmt 
duration. Municipal rights, for example, often include diversion rates based on the peak summer 
demand. Similarly, an industrial right may include a diversion rate that reflects the amount of 
water needed to flush out a system a couple of times per year. The fact that a diversion rate may 
only be realized infrequently does not make the diversion rate unnecessary or illegitimate. 

Through its exhibits, expert reports, and expert testimony, Perpetua established that the 
peak water demand for industrial use at the SGP would be 9.60 cfs. This number represents the 
combined individual demands associated with the SGP. Perpetua admits that diverting the full 
9 .60 cfs may be rare, depending on operational circumstances. This does not negate the fact that 
the proposed diversion rate is supported by evidence in the record. 

Modeling 

Throughout their post-hearing brief, the Protestants identify areas where, they argue, 
Perpetua should have conducted streamflow modeling or should have conducted additional 
modeling. The Department's processes for reviewing applications for permit or transfer are 
substantially different than the evaluation process used by the USFS under the National 
Environmental Protection Act. Idaho Code§§ 42-203A(5) and 42-222(1) do not require an 
applicant to create hydraulic or stream flow models. Further, the processes described in Idaho 
Code§§ 42-203A(5) and 42-222(1) are not iterative. An applicant must satisfy its burden of 
proof at hearing by providing sufficient evidence addressing the statutory review criteria. After 
an administrative hearing has concluded, applications are either approved, denied, or approved 
with limiting conditions. The Department does not request additional analysis, models, or 
reports from an applicant. 

Perpetua's Proposed 20% Condition 

As noted above, Perpetua proposes a condition that would limit the amount of water that 
could be consumed (depleted) at the SGP during low flow periods. Perpetua proposes to limit its 
diversions to deplete the EFSFSR (below the confluence with Sugar Creek) by no more than 
20% of the total unimpaired flow in the stream during low flow periods. The point of 
quantification is a calculated value, representing the flow in the EFSFSR below the confluence 
with Sugar Creek. The Protestants argue that this point of quantification "obscures water 
withdrawal effects on the EFSFSR above its confluence with Sugar Creek." Protestants' Brief at 
40. The hearing officer agrees. Perpetua contends that the dewatering activities around the 
Yellow Pine Pit mine will influence flows in Sugar Creek, so the point of quantification must be 
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below Sugar Creek. Perpetua Brief at 15. Perpetua's contention is not persuasive, however, 
because the depletion impacts to Sugar Creek are relatively small (when compared to the overall 
depletion impacts of the SGP) and do not occur until late in the project. Perpetua's proposed 
condition and the associated point of quantification mask the actual effects of Perpetua' s 
diversions on the EFSFSR above Sugar Creek. 

The Protestants contend that the proposed condition "docs not ensure those upstream 
EFSFSR flows are adequately protected when flows downstream at the point of quantification 
drop below 25 cfs." Protestants' Brief at 41. The hearing officer agrees. Consistent with the 
comments from IDFG and OSC, and to avoid impacts to local public interest factors, this order 
adopts additional diversion limits as described above. First, the River Pump is limited to a 
maximum diversion rate of 4.50 cfs. Second, Perpetua must maintain a minimum bypass flow of 
7.25 cfs downstream of its River Pump from June 30 to September 30 and a minimum bypass 
flow of 5.00 cfs at all other times of the year. These additional diversion limits adequately 
protect fish passage through the tunnel fishway and support fish passage in the reach between the 
fishway outlet and the confluence of EFSFSR and Sugar Creek. 

Other Local Public Interest Arguments 

As described in the local public interest review for Application 77-14378, the hearing 
officer has weighed and balanced the local public interest factors in this case and has determined 
that conditions should be included on the permit and transfer approvals to protect local public 
interest values in aquatic habitat and fish passage for ESA-listed species in the EFSFSR 
watershed. These local public interest conditions render many of the argwnents advanced by the 
Protestants moot. For example, the Protestants argue that Perpetua's diversions from the 
EFSFSR basin will cause the fishway to drop below safe fish passage levels during low flows in 
August and September. The condition to require a minimum bypass flow that will preserve fish 
passage during critical times for adult Chinook salmon addresses this concern. If streamflow 
drops below the minimum flow needed for safe fish passage, Perpetua's must curtail its 
diversions. Protestants also raise a concern that ground water pumping in the Meadow Creek 
drainage would dewater Meadow Creek entirely. The condition requiring Perpetua to maintain a 
flow of 3. 0 cfs in Meadow Creek at all times when the Perpetua wells are in operation addresses 
this concern. 

The application review processes described in Idaho Code§§ 42-203A and 42-222(1) can 
sometimes create a unique challenge for protestants. A hearing officer does not weigh and 
balance the local public interest factors until after the hearing. Therefore, protestants do not 
know at hearing whether the hearing officer will adopt conditions to reduce impacts to local 
public interest factors. Without this knowledge, protestants must make arguments based on the 
authority sought on the face of an application. In this case, much of the evidence provided by the 
Protestants was based on the full diversion rate sought by Perpetua and does not account for the 
diversion limits adopted through this order. 

CONCLUSIONS OF LAW 

Perpetua has demonstrated that Application 77-143 78 will not reduce the quantity of 
water under existing water rights, that the water supply is sufficient to satisfy the proposed uses, 

29 



that the application was made in good faith and not for speculative purposes, that it has sufficient 
financial resources to complete the proposed project, and that the proposed uses are consistent 
with the conservation of water resources within the state of Idaho and are in the local public 
interest. Perpetua has also demonstrated that the changes proposed in Applications 85396, 
85397, 85398, and 85538 will not injure other water rights, will not enlarge the use of water 
rights 77-7122, 77-7285, or 77-7293, that the changes are consistent with the conservation of 
water resources within the state of Idaho and are in the local public interest. Therefore, 
Applications 77-14378, 85396, 85397, 85398, and 85538 should be approved. 

ORDER 

IT IS HEREBY ORDERED that Applications 77-14378, 85396, 85397, 85398, and 
85538 filed in the name of Perpetua are APPROVED subject to the conditions set forth in the 
approval documents issued in conjunction with this order. 

Dated this / 0 ~ day of April 2024. 

James Cefalo 
Hearing Officer 
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EXPLANATORY INFORMATION TO ACCOMPANY A  
PRELIMINARY ORDER 

 
(To be used in connection with actions when a hearing was held) 

 
The accompanying order is a Preliminary Order issued by the Idaho Department of 

Water Resources (Department) pursuant to section 67-5243, Idaho Code.  It can and will 
become a final order without further action of the Department unless a party petitions for 
reconsideration or files an exception and brief as further described below: 
 

PETITION FOR RECONSIDERATION 
 

Any party may file a petition for reconsideration of a preliminary order with the hearing 
officer within fourteen (14) days of the service date of the order as shown on the certificate of 
service.  Note:  the petition must be received by the Department within this fourteen (14) 
day period.  The hearing officer will act on a petition for reconsideration within twenty-one (21) 
days of its receipt, or the petition will be considered denied by operation of law.  See section 67-
5243(3) Idaho Code. 
 

EXCEPTIONS AND BRIEFS 
 

Within fourteen (14) days after:  (a) the service date of a preliminary order, (b) the 
service date of a denial of a petition for reconsideration from this preliminary order, or (c) the 
failure within twenty-one (21) days to grant or deny a petition for reconsideration from this 
preliminary order, any party may in writing support or take exceptions to any part of a 
preliminary order and may file briefs in support of the party’s position on any issue in the 
proceeding to the Director.  Otherwise, this preliminary order will become a final order of the 
agency. 
 

If any party appeals or takes exceptions to this preliminary order, opposing parties shall 
have fourteen (14) days to respond to any party’s appeal.  Written briefs in support of or taking 
exceptions to the preliminary order shall be filed with the Director.  The Director retains the right 
to review the preliminary order on his own motion. 
 

ORAL ARGUMENT 
 

If the Director grants a petition to review the preliminary order, the Director shall allow 
all parties an opportunity to file briefs in support of or taking exceptions to the preliminary order 
and may schedule oral argument in the matter before issuing a final order.  If oral arguments are 
to be heard, the Director will within a reasonable time period notify each party of the place, date 
and hour for the argument of the case.  Unless the Director orders otherwise, all oral arguments 
will be heard in Boise, Idaho. 
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CERTIFICATE OF SERVICE 

 
All exceptions, briefs, request for oral argument and any other matters filed with the 

Director in connection with the preliminary order shall be served on all other parties to the 
proceedings in accordance with Rules of Procedure 302 and 303. 
 

FINAL ORDER 
 

The Department will issue a final order within fifty-six (56) days of receipt of the written 
briefs, oral argument or response to briefs, whichever is later, unless waived by the parties or for 
good cause shown.  The Director may remand the matter for further evidentiary hearings if 
further factual development of the record is necessary before issuing a final order.  The 
Department will serve a copy of the final order on all parties of record. 

 
Section 67-5246(5), Idaho Code, provides as follows: 
 

Unless a different date is stated in a final order, the order is effective fourteen 
(14) days after its service date if a party has not filed a petition for 
reconsideration.  If a party has filed a petition for reconsideration with the agency 
head, the final order becomes effective when: 
 

(a) The petition for reconsideration is disposed of; or 
(b) The petition is deemed denied because the agency head did not 

dispose of the petition within twenty-one (21) days. 
 

APPEAL OF FINAL ORDER TO DISTRICT COURT 
  

Pursuant to sections 67-5270 and 67-5272, Idaho Code, if this preliminary order becomes 
final, any party aggrieved by the final order or orders previously issued in this case may appeal 
the final order and all previously issued orders in this case to district court by filing a petition in 
the district court of the county in which: 
 
 i. A hearing was held, 
 ii. The final agency action was taken, 
 iii. The party seeking review of the order resides, or 

iv. The real property or personal property that was the subject of the agency action is 
located. 

 
The appeal must be filed within twenty-eight (28) days of this preliminary order becoming final.  
See section 67-5273, Idaho Code.  The filing of an appeal to district court does not itself stay the 
effectiveness or enforcement of the order under appeal. 
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Abstract: Historical mining left a legacy of abandoned mines and waste rock in remote headwaters of major river systems in
the western United States. Understanding the influence of these legacy mines on culturally and ecologically important
downstream ecosystems is not always straightforward because of elevated natural levels of mineralization in mining‐
impacted watersheds. To test the ecological effects of historic mining in the headwaters of the upper Salmon River water-
shed in Idaho (USA), we measured multiple community and chemical endpoints in downstream linked aquatic–terrestrial food
webs. Mining inputs impacted downstream food webs through increased mercury accumulation and decreased insect
biodiversity. Total mercury (THg) in seston, aquatic insect larvae, adult aquatic insects, riparian spiders, and fish at sites up to
7.6 km downstream of mining was found at much higher concentrations (1.3–11.3‐fold) and was isotopically distinct com-
pared with sites immediately upstream of mining inputs. Methylmercury concentrations in bull trout and riparian spiders were
sufficiently high (732–918 and 347–1140 ngMeHg g−1 dry wt, respectively) to affect humans, birds, and piscivorous fish.
Furthermore, the alpha‐diversity of benthic insects was locally depressed by 12%–20% within 4.3–5.7 km downstream from
the mine. However, because total insect biomass was not affected by mine inputs, the mass of mercury in benthic insects at a
site (i.e., ng Hgm−2) was extremely elevated downstream (10–1778‐fold) compared with directly upstream of mining inputs.
Downstream adult aquatic insect–mediated fluxes of THg were also high (~16 ng THgm−2 day−1). Abandoned mines can
have ecologically important effects on downstream communities, including reduced biodiversity and increased mercury flux
to higher order consumers, including fish, birds, and humans. Environ Toxicol Chem 2022;00:1–15. Published 2022. This
article is a U.S. Government work and is in the public domain in the USA.

Keywords: Mercury; Aquatic–terrestrial linkages; Food web; Bull trout; Nez Perce Tribe; Hard‐rock mining; Headwater
streams

INTRODUCTION
Headwater streams play ecologically important roles in re-

taining nutrients, processing terrestrial organic matter, main-
taining biodiversity, and supporting animals of cultural
importance such as anadromous fish (Lowe & Likens, 2005).
Because of the high length‐to‐width ratios of headwater
streams, ecological processes in these streams are strongly

influenced by their connections with adjacent terrestrial eco-
systems. For example, inputs of nutrients, organic matter, and
contaminants from land play a central role in determining
stream chemistry and food web dynamics (Clements
et al., 2000; Lowe & Likens, 2005; Wipfli & Baxter, 2010). Fur-
thermore, these streams can recirculate resources and con-
taminants back to the terrestrial environment in the bodies of
animals with complex life histories like aquatic insects and
amphibians that have aquatic juvenile and terrestrial adult
stages or in fish that are carried to land by consumers (Baxter
et al., 2005; Naiman et al., 2002; Walters et al., 2008).

Historical hard rock mining activity in the western United
States has left a legacy of abandoned mine works and
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concentrated waste rock in remote headwaters of major river
systems (DeGraff, 2007). Runoff, weathering products, and local
atmospheric deposition from abandoned mines contain metals
and other elements that can alter stream chemistry and increase
exposure of stream organisms to toxicants, with negative con-
sequences for connected terrestrial and downstream food webs.
In areas of mercury (Hg) mining where Hg was mined or used in
processing ore (e.g., gold and silver mining), headwater streams
can receive runoff containing Hg from mine tailing piles and soil
porewater, as well as local atmospheric deposition (Wiener &
Suchanek, 2008). The more abundant inorganic Hg (e.g., cin-
nabar or mercury sulfide [Hg2+]) contained in these inputs can be
ingested and adsorb to the outside of organisms, but it is the
more bioavailable organic methylmercury (MeHg), a potent
neurotoxin, that biomagnifies in the food chain and is usually a
concern for biota (Lepak et al., 2016; Wiener & Suchanek, 2008).
Depending on its characteristics and concentrations, Hg can re-
duce reproductive success, resulting in population declines for
fish and birds; they can also accumulate, and biomagnify through
the food web, and flux from aquatic to terrestrial ecosystems
during metamorphosis of aquatic insects and amphibians
(Chasar et al., 2009; Chaves‐Ulloa et al., 2016; Chumchal &
Drenner, 2015; Tsui et al., 2012; D. M. Ward et al., 2010; Wiener
& Suchanek, 2008).

Despite the strong effects of Hg mining on stream chemistry
and potential biological exposure, understanding its negative
impacts of Hg mining on stream and terrestrial food webs is not
straightforward. Mined watersheds are often in areas with ele-
vated background levels of economically important and ore‐
associated metals and, in the case of Hg, they may receive at-
mospheric inputs from nonpoint sources as well (Donovan
et al., 2016). Mining activities that enhance environmental con-
centrations of Hg can have additional effects on water quality
including toxic concentrations of other ore‐related trace metals,
changes in pH, and increased fine sediment that can affect
multiple components of aquatic food webs including macro-
invertebrate abundance and diversity (Beltman et al., 1999; Hepp
et al., 2017; Holloway et al., 2017; Lewis & Burraychak, 1979).
Finally, although Hg at sufficiently high concentrations can have
toxic effects at the base of the food web (Boening, 2000), the
societal impacts of environmental Hg exposures usually occur at
higher trophic levels, such as commercial and sport fishes, due to
trophic biomagnification of MeHg. Mercury speciation (organic
vs. inorganic), which can be influenced by pH, oxidation‐
reduction potential, and dissolved organic carbon (DOC), and
food web structure are usually identified as the main mechanisms
driving Hg biomagnification and the effects of Hg on higher
order consumers (Chasar et al., 2009; Jardine et al., 2012; Mason
et al., 2000). However, direct effects of Hg on the base of the
food web could include reducing the insect prey biomass nec-
essary to support productive fisheries.

We investigated the ecological effects of a historical Hg
mine site on stream insects and food web accumulation of Hg
in a linked headwater stream–riparian ecosystem. The aban-
doned Cinnabar mine site is in the Salmon River Mountains of
central Idaho near the town of Yellow Pine, nestled in the
headwaters of the Salmon River, a major tributary of the

Columbia River. To test for community and food web effects of
Hg mining in this system, we characterized patterns up‐ and
downstream of mining inputs of (1) Hg concentrations and flux
through the aquatic food web (sediment, seston, biofilm, larval
aquatic insects, adult aquatic insects, fish) and effects on ri-
parian consumers (spiders) via adult aquatic insect emergence;
and (2) aquatic insect species' diversity, abundance, and bio-
mass. We also measured isotopic compositions to assess Hg
source (δ203Hg) and trophic position (δ15N) of the organisms
included in our study (Tsui et al., 2012; Vander Zanden &
Fetzer, 2007; but see Jardine et al., 2006, 2014 for limitations
to tracer approaches). We hypothesized that inputs from the
mine would result in elevated Hg in the downstream and ri-
parian food webs but were unlikely to occur at concentrations
that would influence the diversity and abundance of aquatic
insects. However, we suspected that additional effects of
mining on downstream ecosystems, such as elevated concen-
trations of co‐occurring metals (like arsenic) and physical hab-
itat alteration, could alter aquatic insect communities (Griffith
et al., 2001; Holloway et al., 2017; Lewis & Burraychak, 1979;
Maret et al., 2003). We also expected higher trophic organisms
to contain higher concentrations of MeHg, but not total Hg
(THg), compared with basal resources due to biomagnification
of MeHg as it moves through the food web.

MATERIALS AND METHODS
Study area

Our study took place near the Cinnabar mine site in the East
Fork South Fork Salmon River watershed, an area of 528 km2 in
the Salmon River Mountains in central Idaho, USA. Streams
within the watershed provide critical habitat for threatened
anadromous fish including Chinook salmon (Oncorhynchus
tshawytscha), steelhead trout (Oncorhynchus mykiss), and bull
trout (Salvelinus confluentus). The watershed is within the
7.5‐million‐acre area established by the 1855 Treaty for Nez
Perce Tribe (Nimpipuu) rights to religious practices and sub-
sistence activities, including fishing and hunting (Oklahoma
State University Library, 2022). Tribe members continue to
harvest Chinook salmon on the East Fork South Fork Salmon
River, and the Nez Perce Tribe Department of Fisheries Re-
sources collects data on fishery and harvest and conducts
fisheries restoration projects on the South Fork Salmon River
(Nez Perce Tribe Fisheries Resource Program, 2019).

The Cinnabar mine site operated in the early to mid‐20th
century and processed cinnabar ore on site to produce Hg
(Eckley et al., 2021). Historical mining for gold, antimony,
tungsten, and Hg in the East Fork South Fork Salmon River
watershed at the Cinnabar mine site resulted in elevated Hg
and arsenic (As) concentrations in sediments and water in
Cinnabar Creek and in Sugar Creek below the confluence with
Cinnabar Creek relative to unmined background concen-
trations (Eckley et al., 2021; Holloway et al., 2017). The
Cinnabar mine is the primary mine input to the tributaries in-
cluded in our study. Background stream reach sites in the
present study include Cane Creek above the confluence with
Sugar Creek (site ID021) and Sugar Creek directly upstream of
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the confluence with Cane Creek and above the confluence with
Cinnabar Creek (ID020, Sugar Creek Up, also referred to as
“upstream comparison site”). Mining‐impacted sites include
Cinnabar Creek upstream of the confluence with Sugar Creek
(ID019, ~4.3 km downstream of the mine site), Sugar Creek
approximately1.4 km downstream of Cinnabar Creek (~5.7 km
downstream of mining; ID018, Sugar Creek Mid), and Sugar
Creek approximately 3.3 km downstream of Cinnabar Creek
(~7.6 km downstream of mining; ID010, Sugar Creek Down;
Supporting Information, Table S1 and Figure 1). These five sites
were selected to examine background and mining‐influenced
Hg effects on linked stream‐riparian food webs as well as
extent (i.e., distance) of downstream patterns of biotic
impairment.

Field sampling
Field sampling focused on characterizing spatial effects of

mine drainage on (1) benthic and adult aquatic insect density,

biomass, and species diversity (see Samples for Ecological
Analysis section); and (2) Hg accumulation and flux through the
aquatic‐riparian food web. Mercury metrics included total Hg
(THg) and MeHg concentrations in sediment, organic matter,
and biota and the total mass of Hgm−2 (or m−2 day−1) in the
aquatic insect community (see also Hg flux, Samples for
Chemical Analysis section). Sampling was conducted within
two 50‐m reaches at each stream site during summer base flow
on July 23–28, 2015, and August 3, 2016. Seston, biofilm,
benthic aquatic insects, and spiders were collected from the
downstream reach, and emerging adult aquatic insects were
collected from the undisturbed upstream reach in 2015.
Additional riparian spiders were collected from the same sites
in 2016 to augment biomass for chemistry. Water, sediment,
and fish, mainly native resident bull trout, were also collected
as part of an extended study of the area in 2015–2016
(Holloway et al., 2016, 2017, 2018; McGee & Todd, 2016;
Rutherford et al., 2020). All fish chemistry data were collected
in 2016. Field water chemistry parameters, including pH, dis-
solved oxygen, and specific conductance, were measured at

FIGURE 1: Location map for sites up and downstream of inputs from a historical mercury mine in the headwaters of the East Fork South Fork
Salmon River, Idaho, USA.
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each site during 2015 stream ecology sampling (Supporting
Information, Table S1). Stream geomorphology and riparian
vegetation metrics were also measured within each reach at
that time (Supporting Information, Tables S1 and S2).

Samples for ecological analysis. Benthic aquatic insects
(larvae, pupae, and adults) were sampled for biomass, density,
and diversity from the stream bottom using a Hess sampler
(Wildco® Hess Stream Bottom Sampler; 243 µm net, bottom
open area: 0.086m2). The sampler was placed opportunistically
in areas where an effective seal against invertebrate escape
could be obtained along the stream bottom. All hand‐sized
and larger cobbles were scrubbed and checked for in-
vertebrates before they were removed from the sampler. Finer
substrate was thoroughly disturbed with a gardening claw, and
buried cobbles were dislodged. Samples were not elutriated in
the field but transferred directly to a 532‐ml polyethylene
plastic bag (Whirl‐Pak® sample bags) and preserved in 80%
ethanol. Three Hess samples were collected from each stream
site within a 50‐m reach. Habitats targeted for sampling were
characterized by coarse, stable substrate, intermediate depths,
and a moderate current (i.e., low‐gradient riffles or runs). Water
depth at the sample location was recorded.

Emerging adult aquatic insects (also termed emergence)
were collected for biomass, density, and diversity using floating
emergence traps (bottom open area, 0.36m2; Cadmus
et al., 2016; Kraus et al., 2014). Briefly, mesh traps were built on
a polyvinyl chloride pyramid‐shaped frame floating on poly-
ethylene foam and anchored by a nylon cord tied to rebar.
High‐density polyethylene collection bottles were attached to
the side of the trap near the top. Collection bottles were
preservative‐free to allow for chemical analysis of samples;
thus, loose mesh was placed in the bottles to provide substrate
for the captured insects. Traps were deployed over pools or
areas of slow‐moving water (Iwata, 2007). After 4 days, bottles
were capped, and trap contents were hand aspirated. Samples
were placed on ice in the field and then frozen in a conven-
tional freezer. Five traps total were deployed per stream site,
with one trap placed within each of the 10‐m stretches avail-
able in the 50‐m reach. Location and water depth under the
traps were recorded.

Samples for chemical analysis. Collection of sediment
samples (includes organic and inorganic fractions) is de-
scribed in Holloway et al. (2017). Briefly, stream sediment
was collected into precleaned glass jars and frozen on
dry ice for transport to the US Geological Survey (USGS)
Mercury Laboratories in Middleton, Wisconsin (USA). An
additional split of sediment was shipped frozen to USGS
laboratories in Denver, Colorado (USA), where the material
was air‐dried and sieved to less than 2mm for full chemical
analyses (Holloway et al., 2016). Seston, that is, particulate
matter in the water column, was collected using a plankton
net fitted with a dolphin bucket (Wildco® Dolphin Plankton
Bucket; 1000ml, 241 μm mesh) and set in the water column
for 1.5–4 h as a modified drift net. Material collected in the
dolphin bucket was filtered through a plastic 250‐µm sieve

to remove large coarse particulate organic matter, and
then through a 30‐µm sieve to remove excess water. Insects
were not knowingly included in seston samples. Periphyton
and associated biofilm (hereforth referred to as biofilm)
were collected by scrubbing four to five cobble‐sized rocks
from three locations within each stream site. Rocks were
chosen that had abundant biofilm and no filamentous algae.
Macroinvertebrates and Nostoc cyanobacterial mats were
removed from the rocks before scrubbing. Biofilm and
attached particulates were scrubbed from the rocks using
a coarse brush and Teflon scraper, excess water was deca-
nted, and biofilms were transferred to a polyethylene tube.

Larval benthic aquatic insects (also termed larvae) were
collected for chemical analysis by kicking the substrate
and capturing drifting insects in a net downstream (i.e.,
kick‐netting). Kick‐net samples were sorted in the field. Abun-
dant large taxa and common taxa found at multiple sites were
targeted. Emerging adult aquatic insects (also termed adults)
were collected for chemical analysis using emergence traps
floating on the surface of pools over a 4‐day period (same
samples as for density, biomass, and diversity). To avoid
sample contamination for chemical analysis, no preservatives
were used in the collection bottles associated with the kick
samples or emergence traps (see the Samples for ecological
analysis section for details).

Fish were collected by a two‐person quantitative sam-
pling crew using a Smith‐Root LR24 backpack electrofishing
unit. One reach at each site was surveyed using two‐pass
removal (quantitative depletion) methods (Saunders
et al., 2011). All salmonids were measured for length (mm)
and salmonids greater than 75mm were weighed (g) using
spring drop scales. Up to 10 bull trout collected at each site
were harvested for Hg tissue analysis and the remaining fish
were released. Fish tissue sampling efforts were conducted
in accordance with US Fish and Wildlife Service Endangered
Species Permit Office, Native Threatened Species Recovery
Permit TE‐89855B‐0 and the US Department of Commerce,
National Oceanic and Atmospheric Administration, National
Marine Fisheries Service Guidelines for Electrofishing Waters
Containing Salmonids Listed Under the Endangered Species
Act, June 2000. Further details are provided in McGee and
Todd (2016).

Riparian web‐building spiders were collected off terrestrial
vegetation, mainly Alnus and Salix shrubs, within 1m of the
stream channel using beat sheets or hand collection methods.
Spiders in the family Tetragnathidae (Araneae) were targeted
because their diets have been previously found to consist
largely of adult aquatic insects (Iwata, 2007; Kraus et al., 2014;
Sanzone et al., 2003). Leaves from shrubs from which spiders
were sampled were also hand‐collected to rule out a terrestrial
source of Hg for riparian spiders (mediated by terrestrial insect
herbivores).

All samples destined for chemical analysis were collected
using clean techniques for metals (i.e., nitrile gloves rinsed with
deionized water, fiber forceps, polyethylene vials), stored on
ice in the field, and frozen in a conventional freezer until sorting
and analysis (Kraus et al., 2014). In addition, all fish processing
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equipment was sterilized with 20% bleach solution and triple
rinsed with deionized water between each monitoring location.

Taxonomy
Benthic aquatic insect samples were sorted and identified

to the lowest practical taxonomic level (mainly genus) by
Timberline Aquatics (Fort Collins, CO, USA). Almost all organ-
isms in these samples were larval insects (98%), with 2% pupae
and 0.2% adults. Thus, benthic insect or larvae is used to refer
to all insects captured in these samples. Body length was
measured for each specimen to the nearest millimeter. Biomass
for insect taxa was estimated using length–mass regressions
(Benke et al., 1999). Emerged adult aquatic insects were sorted
and identified to taxonomic family using McAlpine et al. (1981),
J. V. Ward et al. (2002), and Merritt et al. (2008). After sorting,
samples were freeze‐dried and weighed separately by family
and trap using a six‐point microbalance (Sartorius MSE6.6S).
Riparian spiders were identified to taxonomic family or
genus using Dondale et al. (2003), freeze‐dried, and weighed
separately by individual using a six‐point microbalance.

Chemical analyses
Sample preparation. After sorting and identification, seston,
biofilm, benthic aquatic insects, adult aquatic insects, and
spiders were freeze‐dried and prepared for chemical analysis.
Fish samples were stored at approximately −60 °C until they
were moved to a −16 °C freezer during sample preparation
events. Fish were laterally filleted to remove muscle tissue
along the anterior dorsal fin using a presterilized stainless steel
surgical blade. Skin was removed, and muscle tissue was
placed into a labeled metal‐free polycarbonate tube. Once
processed, tissue sample tubes were again stored at approx-
imately −60 °C until analysis.

For analysis of THg and MeHg concentrations and THg
stable isotopic composition (δ202Hgtotal only reported in the
present study), sorted samples were composited by family
and trap (insects) or family, size class, and trap (spiders).
Only benthic larvae were collected and analyzed for chem-
istry due to their relative abundance compared with pupae
and adults. Thus, when referring to the chemistry of benthic
insects, the term “larvae” is used. After compositing, a split
of each analytical sample was removed for carbon and ni-
trogen isotope analysis (δ13C, δ15N). Samples were prepared
for carbon and nitrogen stable isotope analysis by using
stainless steel instruments to fill a tin capsule with approx-
imately 1mg of dried, homogenized material. Composited
samples and their splits were then shipped to the labo-
ratories for chemical analysis (see the Data analysis
section). Samples were prioritized for analysis based on
study questions and sample mass.

Hg analysis. Samples were analyzed for Hg in two different
laboratories. Samples were analyzed for THg concentration and
isotopic composition in the High‐Resolution Laboratory at
the USGS (Denver, CO, USA) using a Nu Instruments HR®

multicollector inductively coupled plasma mass spectrometer
(MC–ICP–MS). Detailed sample preparation and instrument
procedures were described previously (Gray et al., 2013; Pribil
et al., 2020). Briefly, all samples were digested in concentrated
HNO3 and HCl (9:1; Foucher & Hintelmann, 2006). In addition,
1ml of concentrated H2O2 was added to aid in the digestion of
organic matter. Samples were heated on a hot plate at 80 °C
for 4–6 h and diluted with 18MΩ water. For isotopic analyses,
Hg was introduced into the MC–ICP–MS using a CETAC
HGX‐200 cold vapor generation system. Argon carrier gas was
introduced into the cold vapor system at a flow rate of
55–65ml/min, and a 3%w/v solution of SnCl2 was used as the
reductant. Thallium (National Institute of Standards and Tech-
nology [NIST] standard reference material [SRM] 997) was in-
troduced to the cold vapor system sample flow via a
desolvating nebulizer to correct for mass bias. All isotope
samples are reported in ‰ (delta notation [δ]) relative to NIST
SRM 3131. The UM‐Almadén secondary isotopic reference
standard (NIST SRM 8610) resulted in an average δ202Hg of
−0.56± 0.08‰ (mean± 2 SD) and Δ199Hg of −0.02± 0.08‰
(n= 50). In addition, a sediment reference material (NIST SRM
1944) was prepared multiple times and resulted in an average
δ202Hg of −0.53‰± 0.04‰ and Δ199Hg of −0.00‰± 0.08‰
(n= 5) within the error of previously reported values (Georg &
Newman, 2015). Calibration curves were created by using
varying concentrations of NIST SRM 3133 (ranging from 0 to
4 ng g−1; using THg response in volts) and checked throughout
the sampling period using a 2.5 ng g−1 SRM 3133 bracketing
standard. The 2.5 ng g−1 SRM 3133 solution resulted in an
average concentration of 2.47± 0.12 ng g−1 (2 SD) over a
4‐month period. All samples were dried before analysis except
for fish tissue. Total Hg concentrations in fish tissue were
converted from wet weight to dry weight concentrations by
dividing by 0.25. (The THg concentration in wet fish tissue was
empirically determined to be 24%± 2% [mean± SD] of dry wt
concentrations for n= 4 fish).

A subset of biota and seston samples, some splits and some
previously unanalyzed, were analyzed for THg and MeHg
concentrations in the USGS Mercury Laboratory in Wisconsin.
See Ogorek et al. (2021) for details. Briefly, samples were an-
alyzed for THg and MeHg by atomic florescence using a Brooks
Rand MERX‐T Automated Total Mercury System. Data review
suggested that two samples for fish (ID018 and ID020) had
been mislabeled, so values were switched. One spider sample
(for spider greater than 11mg) was removed as an outlier due
to the unusually low MeHg% (6.5%) that was 1 order of
magnitude lower than all other spider samples, suggesting
contamination issues.

Light stable isotope analysis. Sample splits (~1mg dry
mass) for stable isotope analyses were transferred to 4‐ × 6‐mm
tin capsules (Costech Analytical) using an analytical balance,
sealed, and stored in 96‐well titer plates for analysis by con-
tinuous flow isotope ratio analysis using a Micromass Optima
mass spectrometer at the USGS Stable Isotope Laboratory in
Denver. Isotopic data expressed in per mil notation (‰) were
normalized to the respective scales using USGS 40 (−4.52‰ for
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δ15N, −26.24‰ for δ13C), USGS 41 (47.57‰ for δ15N, 37.76‰
for δ13C), and USGS 41a (47.55‰ for δ15N, 36.55‰ for δ13C).
Analytical precision and replicate sample analyses were
generally ±0.2‰ for both isotopes with some exceptions.

Data analysis
To test the hypotheses that (1) sites downstream of mining

inputs would show higher concentrations of bioaccumulated
Hg; and (2) organisms occupying higher trophic positions
would show higher concentrations of MeHg, but not THg,
compared with basal resources, analysis of covariance tests
(ANCOVA) were used to test the effects of stream site and δ15N
(covariate) on MeHg and THg concentrations in biota and
seston. Only samples that were analyzed for THg, MeHg, and
δ15N were used in the ANCOVA (n= 26). Concentrations for
THg and MeHg in all analytical samples analyzed in both lab-
oratories and summarized by sample type were also plotted for
visual comparison (n= 117 for THg; n= 29 for MeHg).

To confirm that the mine was the source of THg downstream
of mining inputs, an analysis of variance test was used to test
effects of mining inputs on THg concentrations in biota, seston,
and sediment grouped a posteriori into one upstream and two
downstream categories (upstream group=mean sediment,
seston, larval insect, adult aquatic insect, fish, and riparian
spider isotopic composition from sites ID021 and ID020;
downstream group 1=mean adult aquatic insects, fish, and
riparian spider isotopic composition from sites ID019, ID018,
and ID010; downstream group 2= sediment, seston, and larval
insect isotopic composition from sites ID019, ID018, and
ID010). General linear models (GLMs) were used to make
pairwise comparisons between the upstream comparison site
(ID020) and sites downstream of mining (i.e., ID019, ID018, and
ID010). Comparisons between the upstream comparison site
and another upstream tributary (Cane Creek, ID021) were used
to assess variability in responses not attributable to mine
drainage. Only samples analyzed for δ202Hg were used in this
comparison (n= 86).

To test the hypothesis that effects of mining could impact
downstream aquatic insect communities, GLMs were used to
test for differences among sites in benthic and emerging aquatic
insect biomass, density, and species richness. Biomass and
density are presented as m−2 or m−2 day−1, but species richness
is presented as number of taxa/trap because the value cannot be
accurately scaled to larger areas without more information. For
species richness, rarefaction curves were generated to test for
differences in Shannon diversity among sites controlling for dif-
ferences in insect density. To test the hypothesis that Hg inputs
from the mine would elevate Hg mass and fluxes through
downstream food webs, GLMs were used to test for differences
among sites in total THg and MeHg present in benthic and
emerging aquatic insect communities. One‐way analysis of var-
iance tests were used to test for differences in stream geo-
morphology and riparian vegetation metrics among sites.

Measured δ15N were used to estimate relative trophic
position of biota at a site. Site‐adjusted δ15N isotopic

compositions of biota and seston to biofilm δ15N (i.e.,
δ15Nadjusted= δ15Nbiota – δ15Nbiofilm) were not used in our study
(Post, 2002; Vander Zanden & Rasmussen, 1999) because of
the contiguous nature of the sites. Light stable isotopes and Hg
concentrations were analyzed for split analytical samples.
Source of THg was estimated using δ202THg isotopic compo-
sition of sediment and biota (Tsui et al., 2012). Biomass was
calculated as the dry mass of insects collected in each sample
at a site. Density was calculated for benthic aquatic insects
(count m−2) and emerging adult aquatic insects (count m−2

day−1) based on abundance of insects captured in samplers/
traps and the surface area of substrate (benthic) and water
sampled. Density was also analyzed separately by taxonomic
order for benthic insects. Sample size was not sufficient to
analyze density separately by order for emerging adult aquatic
insects. Diversity was calculated as number of insect taxa at the
lowest taxonomic resolution present in each sample at a site
(genus and species for benthic insects, family for emerging
aquatic insects). Mercury mass or flux was defined as the total
Hg accumulated and adsorbed in the insect community as a
whole (Hg massm−2 for larvae and Hg massm−2 day−1 for
emerging adults) and represents an estimate of the Hg avail-
able to move through the stream–riparian food web. Mercury
mass and flux were estimated as the product of insect biomass
and mean concentration of THg and/or MeHg in analytical
samples of insects from each stream site. Replication for insect
biomass, density, and Hg mass (or flux) was n= 3 for benthic
aquatic insects and n= 5 emerging aquatic insects/stream site.

All analyses were conducted in R (R Core Team, 2020) with
glm (Venables & Ripley, 2002), anova_test (Kassambara, 2021),
and iNext (Hsieh et al., 2020). Figures were produced in R using
the package ggplot2 (Wickham, 2016). In several cases,
variables were log‐transformed to meet model assumptions.

RESULTS
The geometric means of THg in biota (i.e., mean of means for

biofilm, insect larvae, insect adults, spiders, and fish) varied by 1
order of magnitude among sites (ID021= 410.6 ngg−1; ID020=
265.7 ng g−1; ID019= 4462.0 ngg−1; ID018= 2391.9 ng g−1;
ID010= 2889.0 ngg−1; Kraus et al., 2022). Measured THg con-
centrations in biota at ID019, ID018, and ID010 also appeared
to be elevated compared with ID020 for all sample types
separately (sediment, seston, biofilm, benthic insects, and fish;
Figure 2). When trophic position was included in the model, the
THg concentration in biota was related to both stream site and
trophic position (i.e., δ15N), although the effects of trophic
position on THg concentration differed by site (Figure 3 and
Table 1). The differences in THg concentrations among sites
were largest at the base of the food web. Near the base of the
food web (δ15N= 0), THg concentration in biota and seston was
highest in the Cinnabar Creek tributary (ID019) below the mine
and remained elevated downstream of mining inputs: THg
concentrations in ID019, ID018, and ID010 were 1000, 178,
and 53 times the concentrations in the upstream comparison
site, ID020, respectively (Figure 3 and Table 2). Among higher
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order consumers (δ15N= 8), patterns of THg concentration in
biota and seston among sites were similar, and differences
were much smaller: THg concentrations in ID019, ID018, and
ID010 were 1.9, 1.0, and 1.4 times the concentrations in the
upstream comparison site, ID020, respectively (Figure 3 and
Table 2). There was no effect of trophic position on THg con-
centration in biota at the upstream site (Table 2). However,
there was a negative effect of trophic position on THg con-
centration in biota for ID019, ID018, and ID010 sites (Table 2).
Total mercury concentrations in biota decreased by 49%, 41%,
and 29% with every 1‰ increase in δ15N at ID019, ID018, and
ID010, respectively (Figure 3 and Table 2).

The geometric means of MeHg in biota (i.e., biofilm,
insect larvae, spiders, and fish) varied by a factor of three
among sites (ID020= 69.3 ng g−1; ID019= 214.1 ng g−1;
ID018= 164.8 ng g−1; ID010= 214.4 ng g−1; Kraus et al., 2022).

Measured MeHg concentrations appeared to show similar
patterns to THg (elevated in ID019, ID018, and ID010) for
benthic insects, fish, and riparian spiders (Figure 2). When trophic
position was included in the model, MeHg concentration in biota
was related to trophic position but only marginally related to
stream site (Figure 1 and Tables 1 and 2). In our model, MeHg
concentrations were highest furthest downstream of mining in-
puts in Sugar Creek and tended to be elevated at the other sites
downstream of those inputs: the mean MeHg concentration in
biota was 2.8, 2.7, and 3.2 times higher in ID019, ID018, and
ID010 at all trophic positions, respectively, compared with the
upstream comparison site, ID020 (Figure 3 and Table 2). Fur-
thermore, MeHg concentrations in biota increased by 69% with
every 1‰ increase in δ15N (Figure 3 and Table 2). No significant
interactions between stream site and δ15N on MeHg concen-
tration (i.e., differences in slope among sites) were detected, and
the interaction term was not included in the final model.

Mercury isotopic composition was different upstream than it
was downstream of mining inputs (Figure 2). Upstream of
mining inputs, sediment, biofilm, larval aquatic insects, adult
aquatic insects, fish, and spider δ202THg was −1.2‰± 0.1‰
(mean± SD, n= 10), whereas downstream of mining inputs,
δ202THg composition bifurcated (Figure 2). Downstream of
mining inputs, Hg isotopic composition of sediment, biofilm,
and larval insect analytical samples were similar to each other

(A)

(B)

(C)

FIGURE 2: Mercury concentrations (dry mass) for total mercury (THg)
(A), methylmercury (MeHg) (B), and THg stable isotope composition
(δ202THg; C) expressed in nanograms/gram dry weight in food webs
up‐ and downstream of inputs from a historical mercury mine in the
headwaters of the East Fork South Fork Salmon River, Idaho, USA.
Mean (±SD) of analytical samples for each sample type are shown.
Samples include all seston, biofilm, larval aquatic insects (larvae; i.e.,
benthic), adult aquatic insects (adult; i.e., emergence), spiders, and fish
samples collected for chemistry. Solid lines connecting points within a
sample type are shown for illustration. Dashed line delineates sites
upstream and downstream of mining inputs. No data (n.d.) were gen-
erated for MeHg at site ID021. The MeHg concentrations in terrestrial
vegetation (terr veg) are shown for reference.

(A)

(B)

FIGURE 3: Relation of stream site and nitrogen stable isotope com-
position (δ15N) with (A) total mercury (THg) and (B) methyl mercury
concentrations expressed in nanograms/gram dry weight up‐ and
downstream of inputs from a historical mercury mine in the headwaters
of the East Fork South Fork Salmon River, Idaho, USA. Samples include
seston, biofilm, larval insects, fish, and spiders for which there were
both mercury concentration and nitrogen isotope data. Least squares
regression lines for each site are shown for visual comparison. For
statistical model results, see Tables 1 and 2.
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(−0.6± 0.3, n= 9), but differed from emerging adult aquatic
insects, fish, and riparian spider samples (−1.9± 0.2, n= 8;
Figure 2). Overall, Hg isotopic composition differed sig-
nificantly among the upstream and two downstream groups
(F2,24= 91.1, p< 0.001, ƞ2= 0.88; Tukey, p< 0.001 for all pair-
wise comparisons).

Biomass of benthic and emerging adult aquatic insects
differed marginally among sites, with benthic insect biomass
declining downstream of mine drainage compared with the
upstream comparison site (p= 0.054; ID021; Figure 4 and
Table 1). However, benthic insect biomass differed between
the two sites upstream of mining inputs: biomass was lower in
Cane Creek (ID021) than it was in the upstream comparison site
in Sugar Creek (ID020). Density of total benthic and emerged
adult insects did not vary among stream sites (Figure 4 and
Table 1). However, density of three of the four main taxonomic
orders of benthic insects did vary among sites: Diptera,
Ephemeroptera, and Plecoptera were marginally or sig-
nificantly lower in at least one site downstream of mine
drainage compared with the upstream comparison site (ID020;
Table 2). Similar to biomass, plecopteran density was also
marginally lower in Cane Creek upstream of mining inputs
(ID021) compared with the upstream comparison site (Table 2).

Taxa count (i.e., richness) for benthic aquatic insects, but not
emerging adult aquatic insects, differed among sites, and was
lower downstream of mining (Figure 4 and Table 1). The
number of benthic insect taxa was 20% lower in ID019 and 12%
lower in ID018 than in the upstream comparison site (ID020;
Figure 4 and Tables 1 and 2). Rarefaction curves for Shannon

diversity index confirmed that benthic insect diversity in
ID019 was lower than in the upstream comparison site, even
when controlling for insect density (Supporting Information,
Figure S1). However, benthic insect diversity was also higher in
ID021 and ID010 than in the upstream comparison site
(Supporting Information, Figure S1).

Masses of THg and MeHg in benthic aquatic insects (i.e., the
product of insect biomass and measured Hg concentrations)
varied among sites and were higher downstream from mine
drainage (Figure 5 and Tables 1 and 2). For THg, mass m−2 in
benthic insects at ID019 was 1778 times the mass in benthic
insects in the upstream comparison site. At ID018 and ID010,
respectively, THg mass was 186 and 151 times the mass in the
upstream comparison site. For MeHg, massm−2 in benthic in-
sects at ID019 was 10 times the mass of the upstream com-
parison site. At ID018, and ID010, however, MeHg mass in
benthic insects increased to 126 and 48 times the mass in the
upstream comparison site, respectively. For emerging adult
aquatic insects, fluxes of THg were only estimated downstream
of mining inputs at ID019 and ID018 because biomasses of
adults collected from other sites were unlikely to be sufficient
for Hg detection. Mercury fluxes from those sites were not
significantly different from one another but were high com-
pared with the literature (Figure 5; Discussion section). The
MeHg fluxes in emerging adult aquatic insects were not esti-
mated due to small sample mass.

Riparian vegetation metrics and stream width varied among
stream sites (Supporting Information, Tables S1 and S2 and
Figure S2). Streams had higher canopy cover at upstream sites,

TABLE 1: Analysis of covariance and general linear models testing effects of stream site location on benthic aquatic insects, emergence, and food
web chemistry in headwaters of the East Fork South Fork Salmon River (Idaho, USA) up‐ and downstream of surface water and sediment inputs from
a historical mercury minea

Model dfn dfd F p ƞ2

Food web
Log10 (THg concentration) ~ stream site+ 3 18 25.3 <0.001 0.66
δ15N+ 1 18 34.5 <0.001 0.81
Stream site × δ15N 3 18 8.5 <0.001 0.59
Log10 (MeHg concentration) ~ stream site+ 3 21 1.9 0.16 0.21
δ15N 1 21 58.3 <0.001 0.74

Benthic insects dfdiff LLdiff χ2 p R2Cox‐Snell
Log10(density) ~ stream site −4 −3.75 7.5 0.11 0.39
Log10 (Diptera density) ~ stream site −4 −6.86 13.7 0.008 0.60
Log10 (Ephemeroptera density) ~ stream site −4 −6.49 13.0 0.011 0.58
Log10 (Plecoptera density) ~ stream site −4 −13.0 26.0 <0.001 0.82
Log10 (Trichoptera density) ~ stream site −4 3.42 6.8 0.14 0.37
Taxa count ~ stream site −4 −7.97 15.9 0.003 0.65
Log10 (biomass) ~ stream site −4 −4.64 9.3 0.054 0.46
Log10 (THg flux) ~ stream site −4 −40.6 81.2 <0.001 1.00
MeHg flux ~ stream site −3 −8.47 16.9 <0.001 0.76

Emergence
Log10 (density) ~ stream site −4 −2.89 5.8 0.21 0.21
Taxa count ~ stream site −4 −1.86 3.7 0.45 0.14
Log10 (biomass) ~ stream site −4 −4.23 8.5 0.076 0.29
Log10 (THg mass) ~ stream site −1 0.10 0.2 0.66 0.02

aModel significance was assessed using a log‐likelihood test. Significant models (p< 0.05) are indicated in bold. Marginally significant models (p< 0.1) are italicized. For
analysis of covariances, numerator (dfn) and denominator (dfd) degrees of freedom are used to calculate test statistic (F). Partial eta squared (ƞ2) is the proportion of
variance that can be explained by a variable in the model after accounting for variance explained by other variables in the model. For general linear models, degrees of
freedom (dfdiff) and difference in log‐likelihood (LLdiff) are used to calculate test statistic (χ2). Cox and Snell psuedo‐R2 values (R2Cox‐Snell) show the percentage of variance
in the data explained by the model penalized for number of terms.
THg= total mercury; MeHg=methylmercury; δ15N= nitrogen stable isotope.
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but density of riparian shrubs and riparian spider web‐building
substrate over streams varied among sites (Supporting In-
formation, Figure S2). Canopy cover was highest in ID019, with
ID020 and ID021 also showing higher coverage than ID018 and
ID010 (Supporting Information, Figure S2). Number of shrubs
and trees along the banks was higher at ID020 than ID010 but
was similar among the other sites (Supporting Information,
Figure S2). Volume of riparian substrate (branches and logs)
within a 2‐m height above the stream was highest in ID021, but
was similar among the other sites (Supporting Information,
Figure S2). Streams were also narrower at upstream sites:
ID018 and ID010 had significantly wider active channels than
ID021, ID020, and ID019 (Supporting Information, Figure S2).

Measured aspects of stream chemistry were similar among
sites, with the exception of concentrations of dissolved As,
which were highest at ID019 and elevated downstream of
mining inputs compared with upstream sites (Supporting
Information, Table S1; Holloway et al., 2018).

DISCUSSION
Abandoned mines in the western United States have left

a legacy of altered water chemistry and physical alterations
to the landscape resulting in ecological consequences for
downstream food webs (Clements et al., 2000; DeGraff, 2007;

TABLE 2: Parameter estimates (β) and their standard errors (SE) for significant models explaining variation in benthic insects and food web
chemistry in stream sites up‐ and downstream of inputs from a historical mercury minea

Dependent variable Parameter β SE t p

Food web
Log10 (THg concentration) ID020 (intercept) 2.28 0.22 10.3 <0.001

δ15N 0.05 0.05 1.0 0.35
ID019 (vs. ID020) 3.00 0.35 8.5 <0.001
ID018 (vs. ID020) 2.25 0.37 6.1 <0.001
ID010 (vs. ID020) 1.74 0.31 5.7 <0.001

δ15N × ID019 (vs. δ15N × ID020) −0.34 0.07 −4.7 <0.001
δ15N × ID018 (vs. δ15N × ID020) −0.28 0.08 −3.7 0.002
δ15N × ID010 (vs. δ15N v ID020) −0.20 0.07 −3.1 0.007

Log10 (MeHg concentration) ID020 (intercept) 0.91 0.20 4.6 <0.001
δ15N 0.23 0.03 7.6 <0.001

ID019 (vs. ID020) 0.44 0.23 1.9 0.067
ID018 (vs. ID020) 0.43 0.25 1.7 0.10
ID010 (vs. ID020) 0.50 0.23 2.2 0.043

Benthic insects
Log10 (Diptera density) ID020 (intercept) 2.83 0.13 21.8 <0.001

ID021 (vs. ID020) 0.11 0.18 0.6 0.55
ID019 (vs. ID020) −0.35 0.18 −1.9 0.084
ID018 (vs. ID020) 0.11 0.18 0.6 0.57
ID010 (vs. ID020) 0.33 0.18 1.8 0.10

Log10 (Ephemeroptera density) ID020 (intercept) 3.46 0.09 48.0 <0.001
ID021 (vs. ID020) −0.22 0.13 −1.7 0.11
ID019 (vs. ID020) −0.30 0.13 −2.4 0.04
ID018 (vs. ID020) −0.09 0.13 −0.2 0.89
ID010 (vs. ID020) −0.37 0.13 −2.9 0.016

Log10 (Plecoptera density) ID020 (intercept) 2.99 0.09 33.4 <0.001
ID021 (vs. ID020) −0.27 0.13 −2.1 0.06
ID019 (vs. ID020) 0.15 0.13 1.2 0.26
ID018 (vs. ID020) −0.38 0.13 −3.0 0.01
ID010 (vs. ID020) −0.62 0.13 −4.8 <0.001

Taxa count ID020 (intercept) 33.3 1.26 26.5 <0.001
ID021 (vs. ID020) −0.67 1.76 −0.4 0.72
ID019 (vs. ID020) −6.67 1.76 −3.7 0.004
ID018 (vs. ID020) −4.00 1.76 −2.2 0.048
ID010 (vs. ID020) −1.67 1.76 −0.9 0.37

Log10 (THg flux) ID020 (intercept) −0.53 0.05 −10.5 <0.001
ID021 (vs. ID020) 0.02 0.07 0.2 0.84
ID019 (vs. ID020) 2.72 0.07 38.2 <0.001
ID018 (vs. ID020) 1.74 0.07 24.4 <0.001
ID010 (vs. ID020) 1.65 0.07 23.1 <0.001

MeHg flux ID020 (intercept) 4.10 1.00 4.1 0.004
ID019 (vs. ID020) 5.09 1.42 3.6 0.007
ID018 (vs. ID020) 6.20 1.42 4.4 0.002
ID010 (vs. ID020) 5.78 1.42 4.1 0.004

aUnits for density and taxa count are number/sample. Stream site ID020, with which the other sites are compared, is directly upstream of inputs from the mine. Significant
terms from the general linear model generating the comparisons (p< 0.05) are indicated in bold for the test statistic (t). Total mercury (THg) and methylmercury (MeHg)
results are listed.
δ15N= nitrogen stable isotope.
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Kraus et al., 2014). However, distinguishing the effects of mining
from other influences within a watershed can be challenging.
We found evidence that Hg concentrations increased in
aquatic–riparian food webs in the East Fork South Fork Salmon
River watershed due to inputs from an abandoned Hg mine site.
Specifically, Hg concentrations in sediment, seston, aquatic in-
sect larvae, adult aquatic insects, fish, and riparian spiders
downstream of mining were generally much higher and isotopi-
cally distinct compared with upstream of mining inputs. Increases
in modeled THg concentrations in biota and seston downstream
of mine inputs were largest at low trophic positions (53–1000
times upstream concentrations), likely because of the presence of
large quantities of inorganic Hg adsorbed or accumulated in
those samples. Modeled MeHg concentrations, on the other
hand, increased with trophic positions and downstream of mining
inputs, where concentrations were 2.8–3.2 times those upstream

regardless of trophic position. Mercury stable isotope (δ202THg)
compositions of sediment and biota upstream were intermediate
between the δ202THg of endpoints with lower (seston, biofilm,
and larvae) and higher (spider, fish, and adult aquatic insects)
trophic positions downstream of mining. The bifurcating δ202THg
downstream of mining is likely due to changes in THg source (up‐
vs. downstream of mining) and differences in proportion of
MeHg among samples. These differences in Hg concentrations
and stable isotope composition up‐ and downstream of mining
indicate that the Hg accumulated in downstream food webs
likely originated from the mine site. The limited distance be-
tween sample sites in our study area adds confidence to this
conclusion.

The increase in Hg concentrations due to mining inputs
propagated through the downstream food webs, with MeHg
concentrations increasing by 69% for every 1‰ δ15N increase in

(A) (B)

(C) (D)

(E) (F)

FIGURE 4: Box plots of insect biomass (A and B), density (C and D), and taxa count (E and F) for benthic and emerging aquatic insects in the
headwaters of the East Fork South Fork Salmon River up‐ and downstream of inputs from a historical mercury mine. Whiskers are ranges from the 5th
to 95th percentiles of the data, boxes are from the 25th to 75th percentiles, and dark horizontal line is the median. Samples are traps (n= 3 and
5 samples for benthic and emergence, respectively). Circles are outliers. Gray filling highlights a mining‐impacted tributary. Dashed line delineates
sites upstream and downstream of mining inputs. Note that (B) and (D) are plotted on the log‐scale for ease of visualization. The p values are
reported for the general linear models testing effects of site on a response variable (Table 1). Asterisks indicate site is significantly different from site
ID020 (*p< 0.05, **p< 0.01). Benthic insects include mostly larval insects. Emergence includes newly emerged adult aquatic insects.
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trophic position. As a result, MeHg and THg concentrations in
predatory fish downstream of mining (732–918 ngMeHgg−1 dry
wt; 404–1212 ngTHgg−1 dry wt; 0.10–0.30 µg THgg−1 wet wt)
reached levels known to have effects on fish gene expression,
reproduction, and behavior (Lepak et al., 2016). Notably, THg
concentrations in bull trout observed in our study were also
within the range of human consumption advisories (1 and 2 fish
meals/week; 0.05–0.22 µg THgg−1 wet wt axial muscle, Lepak
et al., 2016) and of having reproductive effects on piscivorous
fish and birds (Ackerman et al., 2016; A. Jackson et al., 2016).
Similarly, MeHg and THg concentrations in spiders
collected downstream of mining (347–1140 ngMeHgg−1 dry wt;
453–2060 ngTHgg−1 dry wt) were at the upper end of concen-
trations previously observed in riparian spiders and of potential
risk to arachnivorous birds (Chaves‐Ulloa et al., 2016;
Gann et al., 2015; Hannappel et al., 2021; Ortega‐Rodriguez
et al., 2019; Otter et al., 2013; Pennuto & Smith, 2015; Twining
et al., 2021). Similar concentrations in arachnids near Caddo Lake
(a wetland–lake complex) in Texas and Louisiana (USA;
19.4–256 ngMeHgg−1 wet wt; 90–1182 ngTHgg−1 dry wt) wer
e reported to have posed a risk of physiological impairment
for young black‐capped chickadees (Poecile atricapillus)
ranging from 122% to 434% of wildlife values (Gann
et al., 2015).

In addition to mining‐elevated concentrations of Hg in biota
being high enough to cause reproductive problems in fish and
higher order consumers (Gann et al., 2015; A. Jackson
et al., 2016; Lepak et al., 2016), concentrations in sediment and

biota also appear to have been high enough to account for a
localized reduction in benthic insect diversity downstream of
mining (Gimbert et al., 2016; Xie et al., 2009). The number of
benthic insect taxa at sites within approximately 6 km down-
stream of mining inputs were 20% and 12% fewer, and rarefied
Shannon diversity was similarly lower, than in the site directly
upstream of mining inputs. The concentrations of Hg in sedi-
ment (12.5–151.9 µg THg g−1) and benthic insect tissue
(216–326 ngMeHg g−1 dry wt; 1100–81 518 ng THg g−1 dry wt)
downstream of mining in our study were high enough to cause
this reduction in taxonomic diversity by increasing oxidative
stress and potentially limiting growth and survival for some taxa
(Azevedo‐Pereira & Soares, 2010; Chibunda, 2009; Gimbert
et al., 2016; Xie et al., 2009). For example, accumulated con-
centrations of Hg in caddisfly (Trichoptera) and mayfly
(Ephemeroptera) larvae ranging from 107 to 270 ng g−1 wet
weight were associated with 35%–48% reduction in the activity
of an antioxidant enzyme (superoxide dismutase; Xie
et al., 2009). Furthermore, sediment concentrations of
1.3–3.2 µg THg g−1 have been associated with an approx-
imately 20% reduction in growth and 20% effect concentration
for growth in Chironomus riparius larvae (Gimbert et al., 2016).
These types of lethal and sublethal effects of elevated envi-
ronmental and whole‐body Hg concentrations on aquatic in-
sect larvae could have led to local extirpation of the most
sensitive taxa and thus reduced diversity at sites downstream of
mining. Other explanations of the decline, including geo-
morphological and physicochemical mechanisms (Flanders

(A) (B)

(C)

FIGURE 5: Box plots of total mercury (THg) mass and flux in benthic (A) and emerging aquatic insects (B), and methylmercury (MeHg) mass in
benthic aquatic insects (C) up‐ and downstream of inputs from a historical mercury mine in the headwaters of the East Fork South Fork Salmon River,
Idaho, USA. Gray filling highlights a mining‐impacted tributary. Dashed line delineates sites upstream and downstream of mining inputs. The p
values are reported for the general linear models testing effects of site on response variable (Table 1). For significant models, asterisks indicate site
is significantly different from site ID020 (**p< 0.01, ***p< 0.001). n.d.= no data.
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et al., 2019), although possible, were not detected in our study.
No other metrics, including water quality variables (As con-
centrations, DOC, % oxygen, pH, temperature, total dissolved
solids), riparian metrics, and stream width varied in a way that
could explain the reduced diversity downstream of mining
(Holloway et al., 2018; Mogren et al., 2012; US Environmental
Protection Agency, 2018).

Despite the apparent effect of mining on benthic insect di-
versity, there were only marginally significant changes in bio-
mass and no large consistent changes in total density of insects
downstream of mining. As a result, greatly elevated Hg con-
centrations in insects downstream of mining led to a very high
mass of Hgm–2 in the benthic insect community and Hg fluxed
by emerging adult aquatic insects. The mass of THg in the
benthic aquatic insect community downstream of mining inputs
was 151–1778 times, and MeHg was 10–126 times, greater
than those directly upstream, again indicating increased Hg
exposure potential for aquatic insectivores downstream of
mining. Elevated THg concentrations in emerging aquatic in-
sects (581–1175 ng THg g−1 dry wt) only measured downstream
of mining also led to high adult aquatic insect‐mediated fluxes
of THg (16.3 ngm−2 day−1 on average). The concentrations
found in adult aquatic insects downstream of mining fell within
the range of those reported for adult aquatic insects emerging
from hydroelectric reservoirs (140–1500 ng THg g−1 dry wt;
Tremblay et al., 1998), but were higher than those reported
from streams in New Hampshire (USA; Chaves‐Ulloa
et al., 2016), streams in the southern Finger Lakes region (NY,
USA; Twining et al., 2021), the Willamette River (OR, USA;
A. K. Jackson et al., 2021), the Upper Mississippi River (USA;
Dukerschein et al., 1992), and the Buffalo Area of Concern in
the contaminated Buffalo River (NY, USA; Pennuto &
Smith, 2015). As a result, the adult aquatic insect‐mediated flux
of THg downstream of mining was almost double that reported
from seminatural fishless experimental ponds (less than 7 ng
MeHgm−2 day, converted to less than 8.8 ng THgm−2 day
following Chaves‐Ulloa et al., 2016; also see Tweedy
et al., 2013). Combined with elevated MeHg concentrations in
riparian spiders and the finding that riparian consumer Hg
concentrations increase with their dependence on aquatic in-
sects (A. K. Jackson et al., 2021), these results indicate that
locally foraging riparian insectivores could be exposed to high
and potentially harmful doses of Hg downstream of mining.
This phenomenon may be compounded as stream width in-
creases downstream, because stream surface area contributes
to the realized insect‐mediated flux of contaminants from a
stream reach (Otter et al., 2020).

Headwater streams comprise more than 70% of stream
channel length in the United States. However, due to their
small size, their impact on downstream water quality, bio-
diversity, and ecological health of freshwater ecosystems can
be overlooked (Lowe & Likens, 2005). In the present study we
found that a historic Hg mine site led to increased Hg con-
centrations, Hg flux, and decreased diversity in downstream
and linked riparian food webs. The Hg concentrations in fish,
riparian spiders, and emerging aquatic insects were elevated
enough to be of concern to higher order predators, including

humans. Management of historical mines and ecological risk
assessment needs to consider both the local and downstream
consequences for linked stream–riparian food webs, partic-
ularly in terms of the bioaccumulation and Hg flux within and
from freshwaters.
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Understanding how stream temperature responds to restoration of riparian vegetation and channel
morphology in context of future climate change is critical for prioritizing restoration actions and
recovering imperiled salmon populations. We used a deterministic water temperature model to inves-
tigate potential thermal benefits of riparian reforestation and channel narrowing to Chinook Salmon
populations in the Upper Grande Ronde River and Catherine Creek basins in Northeast Oregon, USA. A
legacy of intensive land use practices in these basins has significantly reduced streamside vegetation and
increased channel width across most of the stream network, resulting in water temperatures that far
exceed the optimal range for salmon growth and survival. By combining restoration scenarios with
climate change projections, we were able to evaluate whether future climate impacts could be offset by
restoration actions. A combination of riparian restoration and channel narrowing was predicted to
reduce peak summer water temperatures by 6.5 �C on average in the Upper Grande Ronde River and
3.0 �C in Catherine Creek in the absence of other perturbations. These results translated to increases in
Chinook Salmon parr abundance of 590% and 67% respectively. Although projected climate change im-
pacts on water temperature for the 2080s time period were substantial (i.e., median increase of 2.7 �C in
the Upper Grande Ronde and 1.5 �C in Catherine Creek), we predicted that basin-wide restoration of
riparian vegetation and channel width could offset these impacts, reducing peak summer water tem-
peratures by about 3.5 �C in the Upper Grande Ronde and 1.8 �C in Catherine Creek. These results un-
derscore the potential for riparian and stream channel restoration to mitigate climate change impacts to
threatened salmon populations in the Pacific Northwest.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The warming effects of climate change and land use on streams
threaten to drastically reduce fish distribution and viability
throughout the Pacific Northwest (Beechie et al., 2013) and across
the globe (Ficke et al., 2007). Human alterations to the atmosphere
and landscape and can influence water temperature by changing
one or more of the primary factors that regulate stream tempera-
ture, including climatic drivers (e.g., air temperature and precipi-
tation), discharge, stream morphology, groundwater interactions,
and riparian canopy condition (Poole and Berman, 2001). Human-
caused CO2 emissions have contributed to a significant warming
trend in Pacific Northwest streams during summer of approxi-
mately 0.22 �C/decade between 1980 and 2009 (Isaak et al., 2012),
Ltd. This is an open access article u
and August stream temperatures are projected to increase on
average, þ2.83 �C by the 2080s (Isaak et al., 2015). In addition to
climate impacts, increases in water temperature can result from
decreased streamflow, simplification of stream channels (e.g.,
increased width-to-depth ratio and reduced hyporheic exchange),
and reduction of riparian vegetation cover (i.e., increased solar ra-
diation reaching the stream) (Poole and Berman, 2001). These
modifications are often the consequence of land use activities such
as water diversions for irrigation or urban use, tree harvest in ri-
parian zones (Beschta et al., 1987; Moore et al., 2005), poorly
managed livestock grazing (Kauffman and Krueger, 1984; Belsky
et al., 1999), and stream channelization associated with construc-
tion of roads, levees, and other impediments (e.g., mine tailings)
(Simon and Rinaldi, 2006).

Water temperature is widely recognized as one of the most
important environmental factors influencing the geographic dis-
tribution, growth, and survival of fish and other aquatic organisms
(Regier et al., 1990; Armour, 1991; McCullough, 1999). Temperature
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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can directly affect physiological processes such as cardiorespiratory
performance, food consumption, and osmoregulation (Whitney
et al., 2016), as well as migratory behavior, resistance to disease
and parasites, and inter- and intra-specific competitive interactions
(Armour,1991; Lynch et al., 2016). In addition, fish will often exhibit
thermoregulatory behavior to optimize physiological performance,
such as seeking out cold water refuges when ambient temperatures
approach stressful levels (Breau et al., 2011; Myrick and Cech,
2004). As stream temperature regimes change in response to land
management and climate change, cold-water fishes such as Chi-
nook Salmon (Oncorhynchus tshawytscha) and steelhead (O. mykiss)
may be exposed to temperatures that are outside of their physio-
logic optimum, resulting in changes to fish communities and po-
tential increased risk of extinction (Poole et al., 2001; Urban, 2015).

Salmon populations are an important cultural, economic and
food resource for indigenous tribes and others in the Columbia
River basin and throughout the Pacific Northwest. Tributary and
estuarine habitat degradation, combined with other factors such as
hydroelectric operations in the mainstem Snake and Columbia
rivers, predation, and commercial and sport fishing contributed to
the decline and subsequent listing of numerous Columbia River
basin salmon populations under the Endangered Species Act (ESA)
(NOAA, 2008). Recovery of these salmon populations will require a
comprehensive management approach that addresses all limiting
factors to salmon viability including tributary and estuarine habitat,
hydropower impacts, and predation. However, recent emphasis
and considerable expense has been directed at restoration of trib-
utary habitat conditions as a means to mitigate for hydropower
impacts to threatened salmon populations (BPA, 2008; NOAA,
2008). The extent to which habitat restoration can achieve this
goal, particularly in the context of warming stream temperatures
due to climate change, has been identified as a critical uncertainty
in the Columbia River basin (ISAB/ISRP, 2016).

Given the threat that high water temperature poses on fish
populations throughout the Pacific Northwest (Beechie et al., 2013)
and across North America (Lynch et al., 2016), it is important to
understand the extent to which stream and riparian restoration
activities can mitigate future water temperature increases due to
climate change (Bernhardt et al., 2005; Ficklin et al., 2014). While
similar studies in the Pacific Northwest have examined the po-
tential influence of riparian and channel restoration on water
temperature (Chen et al., 1998; Sullivan and Rounds, 2004;
Watanabe et al., 2005; Butcher et al., 2010), few have integrated
riparian restoration with climate change projections to evaluate
whether restoration actions would be sufficient to offset climate
change impacts (Battin et al., 2007; Bond et al., 2015). Our research
additionally draws on fish-habitat relationships developed from
empirical fish and habitat data to evaluate how fish populations
would respond to simulated changes in water temperature. Inte-
grating predicted changes in habitat conditions with fish popula-
tion response provides a critical link needed by natural resource
managers to evaluate the potential benefits of restoration actions
and to plan and adjust management decisions accordingly.

We used a water temperature simulation model to investigate
potential thermal benefits of riparian reforestation and channel
narrowing in context of future climate change to Chinook Salmon
populations in the Upper Grande Ronde River and Catherine Creek
in Northeast Oregon. Our specific objectives were 1) to simulate
water temperature changes that may result from restoration ac-
tions, 2) to evaluate whether future climate change impacts could
be offset by riparian and channel restoration actions, 3) to predict
how simulated temperature changes would influence the abun-
dance of Chinook Salmon summer parr, and 4) to develop a tool
that can be used by restoration planners and practitioners to
investigate alternative land-management strategies and prioritize
restoration actions.

2. Methods

2.1. Study area

The Grande Ronde River is a major tributary of the Snake River,
originating in the Blue Mountains of NE Oregon and flowing
approximately 340 km north/northwest before joining the Snake
River in SE Washington. The study area included select reaches of
the Upper Grande Ronde Basin (UGRB), which is located upstream
of the Catherine Creek confluence near the city of La Grande, and
the Catherine Creek Basin (CCB), a large tributary of the Grande
Ronde River (Fig. 1). The UGRB and CCB drain areas of approxi-
mately 1896 and 1051 km2, respectively. This area is typified by cold
winters with ample snow in its headwaters areas, and hot, dry
summers. Basin tributaries are primarily fed by snowmelt, with
peak flows occurring during the spring, and base flows occurring
during the late summer. Due to the relatively lower elevation of
headwater peaks in the UGRB compared with CCB, snowmelt
generally occurs earlier in the UGRB, often resulting in very low
summer base flows and warmer water temperatures.

Habitat for fish and other aquatic life in the Grande Ronde basin
has been steadily degraded since the mid-1800s due to land use,
with water temperature being arguably one of the most impaired
and influential factors for ESA-listed Chinook Salmon, steelhead,
and bull trout in the basin. The Environmental Protection Agency
(EPA) established a set of temperature water quality standards for
the Pacific Northwest region to protect threatened salmonids
which include a maximumweekly maximum temperature of 16 �C
for juvenile salmon/trout rearing, 18 �C for salmon/trout migration
plus non-core rearing, and 20 �C for salmon/trout migration (EPA,
2003). As of 1999, approximately 92% of the Grande Ronde River
upstream of the Wallowa River confluence exceeded the 18 �C
temperature standard (ODEQ, 2000).

This study focused on two threatened salmon populations
within the Snake River spring/summer Chinook Evolutionary Sig-
nificant Unit (ESU), the Upper Grande Ronde River Spring Chinook
and Catherine Creek Spring Chinook. These focal populations were
chosen because of the perceived large juvenile life-stage survival
gaps due to habitat impairments and because of the existence of
high quality fish and habitat monitoring data.

2.2. Temperature model

We used a deterministic water temperature model, Heat Source
(Boyd and Kasper, 2003), to simulate water temperature and flow
dynamics in major salmon-bearing streams of the UGRB and CCB
(Fig. 1). Heat Source uses stream channel geometry, hydrology,
climatic conditions, and riparian vegetation cover and height to
simulate stream temperature and effective shade at 100m intervals
(termed model nodes) throughout the stream network. The Heat
Source model was selected because it has been applied extensively
throughout Oregon (ODEQ, 2000; Crown et al., 2008; Watershed
Sciences, 2008; Butcher et al., 2010) and elsewhere in the Pacific
Northwest to evaluate compliance with water temperature stan-
dards, and because it's well suited to simulating the effects of ri-
parian vegetation on stream temperature at a fine spatial
resolutionda feature that is useful for restoration prioritization.

Model inputs including channel topography (i.e., stream width
and gradient) and riparian vegetation (canopy height and density)
were measured using light detection and ranging (LiDAR) data
collected in 2009. Climatic data, including air temperature, cloud
cover, relative humidity, and wind speed, were recorded by the
National Weather Service at the La Grande airport and by the US



Fig. 1. Map of the study area in the Upper Grande Ronde River and Catherine Creek basins in NE Oregon showing the stream segments that were modeled using Heat Source.
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Forest Service at the J Ridge weather station in the UGRB. Stream-
flow inputs were obtained from nearby gaging stations and manual
streamflow measurements collected at discrete locations
throughout the stream network. Water temperature was measured
using HOBO temperature loggers placed at model boundaries and
tributary junctions (Fig. 1). In addition, remotely-sensed forward
looking infrared (FLIR) surveys were conducted during summer of
2010 to capture a snapshot of peak daily water temperatures
throughout the stream network (Watershed Sciences, 2010). The
model was calibrated to conditions observed during 2010 by
adjusting model parameters such as channel roughness and
hyporheic exchange to minimize the deviation between observed
and predicted water temperatures.

The model extent was intended to represent all stream reaches
within current and historic Chinook Salmon spawning and rearing
areas in the UGRB and CCB. However, some portions of the stream
network were excluded from the temperature model because low
stream flows precluded accurate temperature modeling with Heat
Source (e.g., lower Catherine Creek). Modeling of water tempera-
tures downstream of the Catherine Creek confluence (i.e., migra-
tion corridor to the Pacific Ocean) was beyond the scope of this
study. A complete description of model development procedures is
provided in Watershed Sciences (2012).
Model parameters from the calibrated 2010 model (hereby
referred to as current conditions) were used as a baseline for
evaluating a suite of model scenarios representing different as-
sumptions about potential riparian restoration, channel
morphology restoration, and climate change (Table 1). The model
provides hourly temperature predictions for a 10-week period be-
tween July 10 and September 20, 2010, a time frame chosen to
represent summer base flow conditions when water temperatures
are typically highest and salmonids are consequently at risk. For
consistency with EPA water quality standards (EPA, 2003), we
calculating the maximum 7-day running average of the daily
maximum temperature in degrees Celsius, hereby referred to as
maximumweekly maximum temperature (MWMT) for each model
node. Water temperature predictions were summarized by basin
(i.e., UGRB and CCB) to simplify model outputs and aid in inter-
pretation of the results.

Examination of historical air temperature and streamflow data
indicated that 2010 was a fairly average year and was therefore a
reasonable baseline for comparison with model scenarios investi-
gating future restoration benefits. For example, average summer air
temperature (JulyeSeptember) measured in the city of La Grande
between 1965 and 2010 ranged from 13.9 to 21.4 �C
(mean ¼ 18.2 �C), compared with an average summer temperature



Table 1
Description of ten model scenarios used to evaluate the influence of riparian restoration, channel narrowing, and climate change on water temperature.

Model
number

Model name Model description

1 Current Baseline model calibrated using 2010 temperature, climate, vegetation, and hydrologic conditions
2 PNV Vegetation across the entire model extent set to potential natural vegetation (PNV) cover and height.
3 High Priority Vegetation in high priority areas set to PNV and other areas set to current conditions.
4 High/Med Priority Vegetation in high and medium priority areas set to PNV and all other areas set to current conditions.
5 High/Med/Low Priority Vegetation in high, medium, and low priority areas set to PNV and very low priority areas set to current conditions.
6 Width Channel width set to historic conditions and vegetation set to current conditions.
7 Width/PNV Channel width set to historic conditions and vegetation set to PNV.
8 Climate 2080s Air temperature and streamflow set to 2080s climate projections.
9 Climate 2080s/Veg 2080s climate projections and vegetation set to potential cover and height at 75 years.
10 Climate 2080s/Veg/

Width
2080s climate projections, vegetation set to potential cover and height at 75 years, and channel width set to historic conditions.
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of 17.4 �C in 2010 (2010 percentile ¼ 27%). Similarly, average
summer streamflow (JulyeSeptember) in the Grande Ronde River
near Perry between 1993 and 2014 ranged from 0.6 to 6.8 m3/s
(mean ¼ 1.9 m3/s), while summer streamflow in 2010 averaged
1.6 m3/s (2010 percentile ¼ 57%).
2.3. Riparian restoration

To simulate restoration of riparian vegetation, we first needed to
estimate the potential height and canopy cover of trees and shrubs
in the riparian zone under natural historic conditions (i.e., prior to
intensive anthropogenic disturbance). To do this, we assembled a
team of riparian ecologists with extensive experience in the Blue
Mountains region to develop a detailed map of current vegetation
and potential natural vegetation (PNV) for a 100-m wide stream
buffer (each side of stream centerline) throughout the Chinook-
bearing portions of the Upper Grande Ronde and Catherine Creek
watersheds that incorporates physiography, geomorphology, soils,
vegetation, and disturbance (Wells et al., 2015).

Potential tree and shrub canopy cover was estimated from
extensive field measurements of canopy cover collected within
each plant association group (PAG) as documented in local vege-
tation classifications (Kauffman et al., 1985; Johnson and Simon,
1987; Johnson and Clausnitzer, 1992; Crowe and Clausnitzer,
1997; Crowe et al., 2004; Wells, 2006). Specifically, potential tree
and shrub cover were estimated independently by summing the
product of constancy (proportion of total vegetation plots in which
a species occurred) and average cover (percent canopy cover for a
species averaged over all vegetation plots where the species
occurred) across all species within each PAG.

Potential tree height was estimated from species-specific
dominant tree height growth curves from regional forestry litera-
ture (Dahms, 1975; Clendenen, 1977; Barrett, 1978; Herman et al.,
1978; Cochran, 1979, 1985; Monserud, 1985; Nussbaum, 1996).
Within each PAG, we calculated a weighted-average growth curve
by averaging all species-specific growth curves weighted by the
average canopy cover value for each species. We used these growth
curves to estimate the average tree height under fully restored PNV
conditions (model scenario 2). Height at 300 years was assumed to
represent the maximum potential tree height due to limitations
with extrapolating the growth curves too far beyond the range of
the data and because tree growth beyond 300 years is minimal. For
scenarios that combined climate change impacts with riparian
restoration (i.e., scenarios 9 and 10), we estimated tree height at 75
years from current to correspond approximately with the time
frame for which climate projections were available. Tree height and
cover for these scenarios represents a snapshot at 75 years along
the trajectory toward the PNV condition.

Potential shrub heights were obtained from Steele and Geier-
Hayes (1987, 1989, 1992, 1993, 1994) and from species de-
scriptions in the Fire Effects Information System (USFS, 2015).
Shrub heights were weighted by average cover of each species
within each PAG to produce an average potential shrub canopy
height.

To determine how quickly water temperatures could be reduced
by riparian restoration, we ran a series of model scenarios (results
not shown) representingmaximumvegetation growth at 25, 50, 75,
and 100 years from current, assuming that trees were planted at
maximum density in year 1. For each of these scenarios, we
calculated the percentage of maximum temperature change,
assuming that the maximum temperature change was represented
by the difference between the current and PNV (i.e., tree height and
density at 300 years) scenarios.
2.3.1. Restoration prioritization
We developed four riparian restoration scenarios (model sce-

narios 2e5) by dividing the stream network into priority areas
(high, medium, low, and very low priority). We started by
weighting each model node by its distance from current spawning
areas. For each model node i, the distance weight (DWi) was given
by the formula:

DWi ¼ e�0:075�di ; (1)

where di is the distance in kilometers from the model node to the
boundary of the nearest spawning area. This weighting schemewas
based on a “restore from the core” perspective in which the most
productive areas are restored first, and additional areas are sub-
sequently restored moving in a downstream (i.e., less productive)
direction. Sites within the current spawning area received a weight
of 1, and the weight declined exponentially to near-zero as the
distance from spawning increased to about 60 km. This formula
was developed subjectively to conform to our general assumption
that the value of riparian restoration to salmon population viability
would decline steeply as the distance from productive spawning
and rearing habitats increased, with most of the benefit occurring
within a distance of 10e20 km from the current spawning extent
and very limited benefit (i.e., DWi < 0.05 wt) beyond a distance of
40 km.

Next we assigned each model node a weight based on the shade
deficit (i.e., the difference between current and potential effective
shade). Effective shade is a simulated output from the Heat Source
model and is defined as the fraction of the total solar radiation that
is blocked by streamside vegetation. Sites with the greatest differ-
ence between current and potential shade received a weight of 1,
and the weight declined to zero as the shade deficit decreased. This
approach essentially assigns the greatest weight to areas with the
largest shade deficit, and thus the greatest potential to benefit from
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riparian restoration. The shade weight (SWi) at each model node i
was given by the formula:

SWi ¼ ðSPi � SCiÞ=SDMax; (2)

where SPi is the effective shade under fully restored PNV condi-
tions, SCi is the effective shade under current conditions, and
SDMax is the maximum difference in effective shade between PNV
and current conditions across all model nodes. Shade differences
were divided by SDMax to ensure that the shade weights ranged
from 0 to 1, consistent with the distance weights.

A final integrated weight for each model node was then calcu-
lated as the product of the distance and shade weights. Final
weights were then averaged over 1 km stream segments and
simplified into categories of high, med, low, and very low priority
(Fig. 2). Model nodes with final weights that were at or above the
75th percentile of all final weight values were assigned to the high
priority category. Model nodes between the 50th and 75th
percentile were assigned to the medium category. Model nodes
with weights between the 25th and 50th percentile were assigned
as low priority, and nodes with weights below the 25th percentile
were assigned as very low priority. The resulting four riparian
restoration scenarios were implemented in Heat Source by setting
the tree and shrub cover and height values to their maximum
Fig. 2. Map of restoration priority areas in the Upp
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potential within selected priority areas including: 1) high priority,
2) high andmedium priority, 3) high, medium and low priority, and
4) high, medium, low, and very low priority (i.e., PNV).
2.4. Channel width

We simulated the influence of channel narrowing and deep-
eningda common restoration goaldon water temperature by
adjusting channel width inputs in Heat Source to correspond with
observed historical changes in stream width (model scenarios 6, 7
and 10). To define a historical baseline for channel width, we
described changes to river channel widths since the late 1800s,
with expectations that the magnitude of change would be greater
in areas with more intense ranching, logging, agriculture, and other
forms of land use. Historical estimates of river width were based on
General Land Office (GLO) surveys (Principle Clerk of Surveys,
General Land Office, 1855) conducted in the mid to late 1800s.
Contemporary estimates of river width (1990s and 2000s) were
based on Oregon Department of Fish andWildlife's (ODFW) Aquatic
Inventories Project (AIP) (Moore et al., 2008), a spatially continuous
survey of common fish habitat characteristics across the river
network.

Observed changes in channel width since the historical period
er Grande Ronde and Catherine Creek basins.
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were summarized using a geomorphic valley setting classification.
The classification system consisted of dividing the stream network
into small and large streams using an 8-m bankfull width criterion
(Beechie and Imaki, 2014). Next, we divided the stream network
into three valley types based on valley confinement (laterally un-
confined, partly confined, and confined) following the methodol-
ogy described in the River Styles Framework (Brierley and Fryirs,
2005). We simplified the classification into three classes for this
analysis: (1) large streams, (2) small/partly confined and confined
streams, and (3) small/laterally unconfined streams. For each class,
we calculated the average percentage change in channel width
from historic to current (i.e., large streams ¼ 45.9%, small/partly
confined and confined streams ¼ 31.2%, small unconfined
streams ¼ 115.8%), and used these average values to simulate
restoration of channel width across the stream network. Due to
model constraints limiting the amount of channel narrowing
possible for a given discharge, we fixed the % increase from historic
to current for mainstem Catherine Creek to 25%. A detailed
description of the channel width analysis used to support this
modeling work is provided in McCullough et al. (2016).

2.5. Climate change

Air temperature and streamflow inputs to the temperature
model were modified to predict how future climate change would
influence water temperature (model scenarios 8e10). Projected
changes to monthly air temperature and stream discharge for the
2080s future time period (2070e2099) were obtained from the
University of Washington Climate Impacts Group (UWCIG) (Littell
et al., 2011). For this assessment, we used a composite of
modeled changes to local climate, which includes an average of the
ten global climate models with the best performance at simulating
observed historical summer temperature and precipitation trends
across the U.S. Pacific Northwest region. We used the A1B scenario
family, which lies between the middle and high end of the spec-
trum of projected anthropogenic greenhouse gas emissions
(UWCIG, 2010) and was previously chosen for region-wide stream
temperature modeling efforts (Isaak et al., 2011). Projected changes
to stream discharge for this scenario were produced with the VIC
hydrologymodel by the UWCIG using the same set of global climate
models.

In order to use these data in our assessment, we first needed to
adjust for the differences between the baseline period in our study
(2010) and the baseline period used by the UWCIG (i.e.,
1916e2006). To do this, we used the Pacific Northwest Index
(Ebbesmeyer and Strickland, 1995) summarized online by the
UWCIG (2012) that includes measurements of air temperature,
precipitation, and snowpack at three stations in the Pacific North-
west from 1891 to 2011. Using this index, we calculated the dif-
ference between the 2010 and 1916e2006 periods to be as follows:
air temperature þ0.8 �C; precipitation þ1.6%. These differences
were then used to modify the future climate change scenario ad-
justments so that they appropriately pertained to the 2010 baseline
period. The final set of monthly projected changes in air tempera-
ture and streamflow used in the Heat Source model are provided in
Table 2.

2.6. Fish abundance

We developed a statistical model using empirical fish abun-
dance and remotely-sensed habitat data from the Upper Grande
Ronde and Catherine Creek basins to predict how simulated water
temperatures for each model scenario would influence juvenile
Chinook Salmon abundance. Specifically, we used a linear mixed-
effects model with Chinook summer parr density (fish/m stream
length) as the dependent variable (Density), survey location (Site) as
a random effect, and cumulative watershed area (km2) upstream of
the site (Area), site gradient (%) (Gradient), site MWMT (�C), and
average redd density (redds/100 m stream length) within 2 km
upstream of the site (Redds) as fixed-effect explanatory variables.

Snorkel counts of juvenile salmonids were conducted by field
crews from the Columbia River Inter-Tribal Fish Commission
(CRITFC) and ODFW at 77 sites in the Grande Ronde basin between
2011 and 2014 using a spatially balanced random survey design
(Stevens and Olsen, 2004). A portion of sites were surveyed every
year while others were surveyed every 3 years, resulting in a total
sample size of 129. We used a mixed-model approach in order to
utilize all of the data (i.e., increase statistical power) without
violating the assumption of independence (i.e., samples within a
site are not statistically independent). Snorkel counts at each site
were expanded using a correction factor developed from paired
mark-recapture and snorkel survey data to account for fish that
were not observed by snorkelers (Jonasson et al., 2015).

Watershed area and gradient estimates were obtained from
NetMap (http://www.terrainworks.com). Water temperature data
were measured at each site using HOBO water temperature loggers
as part of the Columbia Habitat Monitoring Program (CHaMP;
https://www.champmonitoring.org/). Redd densities were calcu-
lated from GPS coordinates of all Chinook Salmon redds surveyed
by ODFW and the Confederated Tribes of the Umatilla Indian
Reservation (CTUIR) between 2010 and 2013 (McCullough et al.,
2015). Redd locations were joined to the NetMap stream layer us-
ing ArcGIS and redd densities were calculated for each 100 m
stream reach. For predictions of fish abundance by model scenario,
we used the average redd density for all years combined
(2010e2013). Redd densities during this time period were gener-
ally representative of typical redd abundance in the basin. For
example, the number of redds observed in the Upper Grande Ronde
River between 2010 and 2013 averaged 184 compared with a 10-
year mean (2005e2014) of 122 (range 1e360). For portions of the
river network that were not surveyed, we assumed redd densities
were equivalent to the average value by river class (see classifica-
tion system description in Channel Width). In addition, we applied
a temperature screen of 22 �C MWMT (i.e., redd densities in
unsurveyed reaches with MWMT > 22 �C were set to 0) to ensure
that redds were not extrapolated into areas with temperatures
exceeding the upper tolerance limits for Chinook spawning
(Cooney et al., 2007).

Fish density, watershed area, and redd density were log trans-
formed (natural logarithm) prior to analysis to ensure normality
and homogeneity of variance. We added a small constant k to parr
density (k ¼ 0.005) and redd density (k ¼ 0.02) values prior to
transforming to avoid problems with log transformation of zero
values. The relationship between temperature and fish density
conformed to a piecewise functional relationship with a threshold
temperature of 18 �C based on visual inspection of the raw data and
documentation in the literature of 18 �C as a common upper
threshold for rearing preference of juvenile salmonids (Welsh et al.,
2001; EPA, 2003). Model assumptions were tested using standard
diagnostic plots as well as formal tests of normality (Shapiro-Wilks
Test). Potential collinearity among predictor variables was assessed
by evaluating the variance inflation factors (VIF), where a VIF of <3
was interpreted as low evidence for collinearity (Zuur et al., 2010).

We used the linear mixed-effects model to predict fish density
at each NetMap reach for each of the 10 model scenarios. Model
predictionswere based on fixed-effects only (i.e., random effects for
Site were set to 0) to allow for predictions at out-of-sample loca-
tions. We assumed that fish could distribute into any stream reach
within the model extent, which included both current and historic
use areas for Chinook Salmon, at densities determined by the

http://www.terrainworks.com
https://www.champmonitoring.org/


Table 2
Projected changes in monthly air temperature and streamflow resulting from climate change for the 2080s time period.

Climate projections Month Average

July August September

Air temperature increase (�C) from 2010 4.7 5.0 4.3 4.7
Change in streamflow (%) from 2010 �21.2 �20.7 �18.3 �20.1
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predictive model. Thus, as temperatures in currently warm areas
are improved due to restoration, the predicted distribution and
abundance of salmon expands accordingly. Density estimates were
converted to abundance for each reach by multiplying the pre-
dicted fish density by reach length. Reach-scale abundance pre-
dictions were then summed for each basin (UGRB and CCB) to
calculate total population abundance.
3. Results

3.1. Water temperature

Simulated water temperatures from the calibrated 2010 model
tracked very closely with measured FLIR data. Root mean square
error (RMSE) for all mainstem and tributary models ranged from
0.26 �C to 1.16 �C (mean ¼ 0.62 �C), indicating goodmodel accuracy
across the model extent. Detailed model calibration results and
longitudinal temperature profiles for each modeled stream within
the study area were provided in Watershed Sciences (2012).

Water temperatures under current climatic, hydrologic and ri-
parian conditions were substantially higher in the Upper Grande
Ronde River basin (UGRB) (median MWMT across all model
nodes ¼ 24.4 �C) compared with the Catherine Creek basin (CCB)
(median ¼ 18.7 �C; Fig. 3). Simulated restoration of riparian vege-
tation substantially reduced the percentage of the stream network
with peak summer water temperatures above 16 �C from 93% to
73% in the UGRB, and from 70% to 48% in the CCB (Fig. 4). Similarly,
the proportion of habitat with MWMT exceeding 18 �C was pre-
dicted to decline from 86% to 61% in the UGRB and from 53% to
21.2% in the CCB following riparian restoration. Finally, the pro-
portion of the stream network exceeding the incipient lethal limit
of 25 �C declined from 40% to 6% in the UGRB, and from 6% to 0% in
the CCB as a result of riparian reforestation. Despite these sub-
stantial potential reductions in water temperature, some areas in
the lower mainstem Grande Ronde River and select tributaries
were predicted to reach stressful peak temperatures even after ri-
parian restoration (Fig. 4).

The relative temperature change resulting from riparian resto-
rationwas substantially higher in the UGRB comparedwith the CCB
(Fig. 3). For example, the predicted change in median MWMT from
the current condition to the PNV scenario was �5.5 �C in the UGRB,
compared with �2.4 �C for the CCB. Similarly, the High, High/Med,
and High/Med/Low priority scenarios reduced median MWMT by
2.9 �C, 4.1 �C, and 4.8 �C in the UGRB, and by 1.5 �C, 2.4 �C, and 2.4 �C
in the CCB respectively.

Comparison of the current mainstem Grande Ronde River
temperature profile with the four riparian restoration scenarios
(scenarios 2e5) indicated that expected temperature reductions
from riparian reforestation would be greatest in the upper to
middle portion of the river (river km 86e32), but the influence of
riparian restoration on water temperature diminished rapidly as
the river entered the lower Grande Ronde Valley near river km 22
(Fig. 5). Simulated riparian restoration in high priority sites alone
produced substantial reductions inMWMT in the mainstem Grande
Ronde River up to 6.9 �C (median ¼ 1.0 �C) compared with current
conditions, but these benefits diminished rapidly downstream of
Beaver Creek (river km 53). Similarly, restoration of high and me-
dium priority areas was predicted to reduce water temperatures up
to 7.2 �C (median ¼ 3.6 �C) below current. Temperature reductions
from this scenario extended further downstream to about river km
40, after which the streamwas predicted to warm rapidly to a level
similar to current conditions. Complete riparian restoration
throughout the UGRB (i.e., PNV scenario) could reduce median
MWMT in the main stem by approximately 4.4 �C. However, post-
restoration water temperatures in the lower portion of the river
(i.e., below river km 32) were predicted to be quite high (>22 �C),
suggesting that restoration of these very low priority areas would
likely provide limited additional thermal benefit for salmonids in
the mainstem Grande Ronde River.

Model simulations representingmaximumvegetation growth at
25 year increments showed that the most rapid reductions in
temperature occurred during the first 25 years, with incremental
reductions in temperature gradually leveling off over time, with
relatively little additional benefit occurring after year 75. For
example, between year 0 and year 25, predicted median water
temperature in the Upper Grande Ronde basin declined from
24.4 �C to 22.2 (�2.2 �C). In comparison, the decrease in median
water temperature between year 75 and year 300 (PNV) was
only �0.7 �C. By year 75, approximately 85% of the maximum
temperature benefit was achieved, with relatively little benefit
occurring thereafter.

Simulated narrowing of the river channeldassuming that ri-
parian and climatic conditions remained constantdreduced me-
dian MWMT in the UGRB from 24.4 �C under current conditions to
22.2 �C (difference ¼ �2.2 �C). Similarly, median MWMT in the CCB
was predicted to decline from 18.3 �C under current conditions to
17.7 �C following channel narrowing (difference ¼ �0.6 �C) (Fig. 3).
A combination of basin-wide riparian restoration and channel
narrowing (model scenario 7) was predicted to reduce median
water temperatures by 6.5 �C in the UGRB compared with 3.0 �C in
the CCB.

Projected increases in air temperature and reduced summer
streamflow associated with climate change for the 2080s time
period increasedmedianMWMT by 2.7 �C in the UGRB and 1.5 �C in
Catherine Creek (Fig. 3). However, simulated basin-wide restora-
tion of riparian vegetation coincident with climate change impacts
was estimated to decreasemedianMWMT by 1.9 �C and 1.7 �C in the
UGRB and CCB respectively. Finally, a combination of climate
change, vegetation restoration, and channel narrowing produced a
net decrease in median water temperature of 3.5 �C in the UGRB
and 1.8 �C in the CCB.

Medianwater temperature in themainstemGrande Ronde River
was projected to increase by approximately 3.4 �C above current
conditions as a result of climate change, with maximum summer
water temperatures exceeding the lethal limit for Chinook Salmon
(i.e., 25 �C) across most of the river length (Fig. 6). However, basin-
wide riparian restoration was predicted to offset these impacts and
even reduce water temperature by as much as 3.4 �C
(median ¼ 0.4�) below the current condition (scenario 9), partic-
ularly in the middle and upper portions of the river upstream of



Fig. 3. Simulated maximum weekly maximum water temperatures (MWMT; �C) for each model scenario in (a) the Upper Grande Ronde River, and (b) Catherine Creek basins. Each
box plot represents the distribution of MWMT values across all model nodes within the two focal watersheds including main stem and tributary locations. The numbers within each
box represent the change in median temperature from current condition. The dashed red line indicates the Environmental Protection Agency's (EPA) temperature standard for core
juvenile salmon rearing of 16 �C.
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Model scenario 
Beaver Creek. A combination of climate change, vegetation resto-
ration, and channel narrowing (scenario 10) was predicted to
reduce peak water temperatures in the mainstem Grande Ronde
River by as much as 5.1 �C (median ¼ 2.0 �C). These temperature
reductions were limited primarily to the area upstream of Five
Points Creek. Downstream of Five Points Creek, the predicted
temperature profile for scenario 10 tracked closely with current
conditions.
3.2. Fish abundance

The linear mixed effects model explained approximately 51%
(adjusted R2) of the variation in Chinook Salmon parr density.
Temperature explained the greatest proportion of the model vari-
ation (31.5%), followed by redd density (14.7%), gradient (2.8%) and
drainage area (1.8%). The temperature-density relationship was a
piecewise function that was flat up to 18 �C, and then declined to
near 0 at 28 �C (Fig. 7). All fixed-effect model terms were statisti-
cally significant at the a ¼ 0.05 level (p < 0.01). The random
grouping factor (site) explained a negligible amount of the total
variation in the data (site standard deviation < 0.001, residual
standard deviation ¼ 1.761), but was included in the model to
ensure that the model assumption of independence was satisfied.
Diagnostic plots as well as formal tests of normality indicated that
model assumptions were satisfied (Shapiro-Wilks Test, p < 0.05).
Variance inflation factors (VIF) for independent variables were less
than 3, indicating a low degree of collinearity among model cova-
riates. The fit of the model to the data was only fair as evidenced by
the somewhat low overall R2 for the model and consequently,
predictions to out-of-sample locations will be even less precise.
However, because model errors were reasonably symmetric across
the range of the data, we assumed that relative differences in
predicted abundance among the different model scenarios are
reasonably accurate. The final model used to predict fish abundance
was given by:

logðDensityþ 0:005Þ ¼ b0 þ b1*logðAreaÞ þ b2*Gradient

þ b3*ðMWMT � 18Þ
þ b4�logðReddsþ 0:02Þ; (3)

where model coefficients (bi) were given by:



Fig. 4. Map of simulated maximumweekly maximumwater temperature (MWMT; �C) for (a) current conditions and (b) potential natural vegetation (PNV) conditions in the Upper
Grande Ronde River and Catherine Creek basins.
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Fig. 5. Simulated maximumweekly maximumwater temperature (MWMT; �C) in the mainstem Grande Ronde River from the headwaters to the Catherine Creek confluence under
current conditions and four riparian restoration scenarios.

Fig. 6. Simulated maximumweekly maximumwater temperature (MWMT; �C) in the mainstem Grande Ronde River from the headwaters to the Catherine Creek confluence for four
model scenarios including current conditions, 2080s climate conditions, 2080's climate conditions plus riparian vegetation restoration, and 2080's climate conditions plus riparian
and channel width restoration.
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b4 ¼ 0:7127ðSE ¼ 0:1147Þ:
Predicted abundance of Chinook Salmon summer parr under

current conditions in the Upper Grande Ronde and Catherine Creek
basins was approximately 46,000 and 55,000 respectively (Fig. 8).
Basin-wide riparian reforestation in the absence of climate change



Fig. 7. Relationship between log (parr density (i.e., fish/m)) and maximum weekly
maximum water temperature (MWMT; �C) estimated using a linear mixed-effects
model. The dashed line represents the 95% confidence interval.
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(scenario 2) could potentially increase abundance to 222,000 in the
UGRB (377% increase) and 88,000 in the CCB (61% increase).
Restoration of vegetation in high priority areas only was estimated
to increase abundance to about 93,000 in the UGRB (100% in-
crease), and 71,000 in the CCB (30% increase). Expanding vegetation
restoration to include both high and medium priority areas could
increase abundance to 166,000 (257% increase) and 84,000 (54%
increase) in the UGRB and CCB respectively. Finally, restoration of
high, medium, and low priority areas was estimated to increase
abundance to 208,000 (348% increase) in the UGRB and 88,000
(61% increase) in the CCB. Interestingly, restoration of medium
priority sites provided the greatest incremental increase in abun-
dance in the UGRB, whereas restoration of high priority sites pro-
vided the greatest relative increase in abundance in the CCB.
Riparian restoration in low priority areas provided little additional
benefit in terms of total fish abundance in the CCB (7% increase over
the High/Med scenario), but produced a substantial additional in-
crease in fish abundance in the UGRB (91% increase over the High/
Med scenario).

Simulated narrowing of the river channel produced a substantial
increase in fish abundance, although the effect was relatively low
compared with the expected benefits from riparian restoration. For
example, fish abundance in the UGRB was predicted to increase by
57% as a result of channel narrowing, compared with an increase of
377% following riparian reforestation (Fig. 8). Similarly, channel
narrowing was estimated to increase fish abundance by 22% in the
CCB compared with a predicted increase of 61% resulting from ri-
parian restoration. Combining channel width reductions with ri-
parian reforestation produced the greatest predicted increases in
fish abundance, with a potential increase of 590% in the UGRB and
67% in the CCB.

Projected water temperature increases resulting from climate
change for the 2080s time period were predicted to reduce fish
abundance by approximately 53% in the UGRB and 36% in Catherine
Creek, assuming riparian vegetation cover and height remain
similar to current conditions (Fig. 8). However, if riparian vegeta-
tion was restored basin-wide concurrently with these climate
changes, we estimated that fish abundance could increase by 63% in
the UGRB and 20% in the CCB. Additionally, if channel width re-
ductions were combined with riparian restoration, we estimated
that fish abundance could increase by as much as 114% in the UGRB
and 37% in the CCB, despite the warming effects of climate change.
4. Discussion

4.1. Effect of scenarios on water temperature

The relatively large potential reductions in water temperature
achievable through riparian restoration as demonstrated by our
model results are generally consistent with findings from similar
modeling assessments (Theurer et al., 1985; ODEQ, 2000; Sullivan
and Rounds, 2004; Watanabe et al., 2005; Butcher et al., 2010)
and with numerous field experiments throughout the Pacific
Northwest that have demonstrated that forest harvesting can
substantially increase stream temperatures, primarily by increasing
the amount of solar radiation reaching the stream surface (Beschta
et al., 1987; Moore et al., 2005). However, the magnitude of change
in water temperature resulting from riparian restoration can vary
considerably depending on other factors including streamflow,
channel morphology, climate, existing vegetation, and anthropo-
genic stressors (e.g., grazing, timber harvest, dams) (Penaluna et al.,
2015; Lynch et al., 2016). For example, the 4.4 �C median temper-
ature reduction from riparian reforestation we predicted for the
mainstem Upper Grande Ronde River was large compared with
results from a similar simulation study in the Rogue River basin in
Southwest Oregon, in which peak summer stream temperatures
were predicted to decline by less than 1 �C following full riparian
restoration (Crown et al., 2008). The lower temperature response to
riparian restoration in the Rogue River appeared to be largely
influenced by the Lost Creek Reservoir, which significantly in-
creases summer base flow and reduces peak summer water tem-
peratures. Similarly, a temperature modeling study in the North
Fork Salmon River of Northern California showed that full riparian
reforestation could reduce peak summer water temperatures by
only 0.26 �C (Bond et al., 2015). In this case, temperature reductions
from riparian restoration were likely limited by the existence of
large conifer stands throughout much of the riparian zone under
current conditions, and thus, a limited potential to increase riparian
cover. On the other hand, simulated riparian restoration in the
upper John Day River (above rkm 275), a nearby large tributary to
the Columbia River with a similar history of habitat degradation
and high water temperatures, reduced peak summer water tem-
peratures by approximately 3.8 �C below the current condition
(Butcher et al., 2010), a similar magnitude of reduction as predicted
for the Grande Ronde River.

The greatest potential reductions inwater temperature resulting
from riparian restoration occurred in the upper tomiddle portion of
the Upper Grande Ronde River (above Five Points Creek), particu-
larly in areas that were designated as high and medium priority.
These results lend credibility to the prioritization framework pre-
sented here and provide useful guidance for restoration practi-
tioners seeking to cool water temperatures in the basin. Restoration
practitioners have previously relied heavily on expert opinion in
prioritizing restoration actions; however empirical results are
preferred when available (Booth et al., 2016). However, despite
these substantial potential cooling benefits from riparian restora-
tion, we found that large portions of the stream network, particu-
larly in the lower portion of the basin, would continue to exceed
EPA temperature standards (i.e., 16 �C for “core” juvenile salmon
rearing, and 18 �C for salmon migration and “non-core” juvenile
rearing) even after restoration of riparian vegetation to its natural
potential (Fig. 3). One reason for this may be that our model did not
account for various other ecological factors that can contribute to
cooling (e.g., hyporheic exchange, flow restoration). However, it is
reasonable to assume that because of its arid climate, water tem-
peratures were historically stressful to salmon during July and
August in some portions of the Upper Grande Ronde River, partic-
ularly in the lower main stem where the river is wide and



Fig. 8. Predicted abundance of Chinook Salmon summer parr for each model scenario in (a) the Upper Grande Ronde River, and (b) Catherine Creek basins. Numbers at the top of
each bar indicate the percentage change in abundance from the current condition.
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Model scenario 
streamside vegetation is dominated by meadow and shrubland
habitats with limited potential tree cover. This finding is congruent
with temperature modeling results from the John Day River, which
showed that water temperatures following restoration of riparian
vegetation, channel morphology and streamflow were still well
above biologically based temperature criteria for salmon across a
large portion of the stream network (Butcher et al., 2010).

Model simulations demonstrated that channel narrowing (i.e.,
decreased width-to-depth ratio) can have an important cooling
influence on water temperature in the Upper Grande Ronde and
Catherine Creek basins, although thermal benefits associated with
channel width were relatively small compared with the reductions
in temperature achieved through riparian restoration (Fig. 3).
Similar thermal responses to channel narrowing have been docu-
mented in other modeling analyses investigating land use impacts
on water temperature (LeBlanc et al., 1997; ODEQ, 2000; Butcher
et al., 2010). In the Upper Grande Ronde TMDL analysis, ODEQ
also found that simulated channel width reductions in the main-
stem Grande Ronde River provided a relatively small cooling
benefit compared with vegetation restoration (ODEQ, 2000). In
contrast, Butcher et al. (2010) found that reductions in channel
width of 30% provided approximately equivalent reductions in
water temperature compared with vegetation restoration in the
upper 150 km of the John Day River, and substantially greater
temperature reductions (i.e., approximately 2 �C below current)
compared with vegetation restoration in the lower river where the
channel is very wide and riparian shade potential is limited.

The simulated warming effect of climate change on water
temperature in the Upper Grande Ronde basin (median increase of
2.7 �C by 2080) and Catherine Creek (þ1.5 �C) was generally
consistent with other recent assessments of future climate change
impacts on stream temperatures in the Pacific Northwest (Wu et al.,
2012; Isaak et al., 2015) and in North America in general (Lynch
et al., 2016), although the magnitude of change in water tempera-
ture varies depending on model assumptions, elevation, and
geographic location. In a modeling study of climate change impacts
on hydrology and temperature of Pacific Northwest rivers, Wu et al.
(2012) predicted that climate change for the 2080s future scenario
would increase average summer stream temperatures by 2.1 �C.
Similarly, Isaak et al. (2015) predicted that mean August water
temperatures in Pacific Northwest streamswould increase by 2.8 �C
on average by the 2080s. These increases correspond withdand
even slightly exceeddexpected climate-related changes in water
temperature for rivers globally, with predicted increases in 95th
percentile temperatures ranging from 1.0 to 2.2 �C for the years
2071e2100 (van Vliet et al., 2013).

Our model results demonstrated that restoration actions
including riparian reforestation and channel narrowing could offset
future climate-related increases in water temperature in the
Grande Ronde basin, with net reductions in peak summer water
temperature of 3.5 �C and 1.8 �C in the Upper Grande Ronde and
Catherine Creek basins respectively. Similarly, Bond et al. (2015)
found that climate-related warming in the North Fork Salmon
River could be mitigated by full riparian reforestation for climate
scenarios with a modest air temperature increase (þ2 �C), but for
scenarios with severe flow reduction and warming (71% flow
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reduction, 6 �C air temperature increase), riparian reforestation
could only reduce the predicted stream warming by half. Battin
et al. (2007) predicted that full restoration of the Snohomish
River basin in Western Washington, which included riparian
reforestation, reduction of impervious surfaces, and improvements
to in-stream complexity and floodplain connectivity, could offset
climate warming and reduce average late summer (August 15-
September 15) stream temperatures by 0.13e0.16 �C by the year
2050. However, under a more moderate restoration scenario, they
predicted that water temperatures in year 2050 would increase by
0.03e0.04 �C above current temperatures.

Other factors beyond riparian vegetation and channel width can
have an important influence on water temperature but were not
included in our modeling analysis. For example, restoration actions
such as channel reconstruction, levee removal, and construction of
large woody debris jams have the potential to cool or buffer water
temperatures by aggrading the stream bed, thereby increasing the
degree of mixing between surface and subsurface water in the
floodplain alluvium (i.e., hyporheic exchange) (Arrigoni et al., 2008;
Beechie et al., 2013). In addition, flow restoration, which includes
increasing in-stream flow by purchasing water rights, altering dam
operations, or improving irrigation efficiency can substantially
reduce water temperatures by increasing a stream's ability to
withstand a given heat load without substantive change in water
temperature (i.e., assimilative capacity) (Poole and Berman, 2001).
Inclusion of such factors into future model scenarios could improve
our understanding of the relative benefits of alternative restoration
strategies.

Our model unrealistically assumes thatdfor the full riparian
restoration scenariodthe entire stream network could be restored
to its natural potential. Currently, access to some private lands in
the basin is restricted because of landowner denial and future ac-
cess to this land is uncertain. In addition, some level of grazing
impacts will likely persist due to its economic importance to
landowners. Grazing by native ungulates like deer and elk may
continue to be unnaturally high without a threshold abundance of
natural predators (Ripple and Beschta, 2004). Survival of riparian
plantings may also be impacted by factors such as desiccation, soil
conditions, competition, animal damage, or channel incision, which
could impact the likelihood that the riparian vegetation reaches its
natural potential (Anderson and Graziano, 2002; Wall, 2011). Our
model also unrealistically assumes that riparian restoration across
the stream network occurs immediately, starting on day one of the
model simulation period. In reality, tree planting typically occurs in
a staggered fashion with the amount of riparian habitat restored
being dictated by annual differences in funding and landowner
permissions. These model uncertainties suggest that our full ri-
parian restoration scenarios likely represent a best-case scenario in
terms of expected thermal benefits from riparian restoration. As
such, riparian restoration scenarios targeting only high and me-
dium priority areas may be more realistic in that they assume only
the highest priority portions of the basinwould be restored to their
full potential.

4.2. Effect of scenarios on fish abundance

The negative relationship we observed between juvenile Chi-
nook Salmon density and water temperature is largely consistent
with findings from similar field studies of salmonid populations
throughout the Pacific Northwest (Ebersole et al., 2001; Welsh
et al., 2001; Madri~n�an, 2008; Thompson et al., 2012). Potential in-
creases in Chinook Salmon summer parr abundance up to 590% in
the Upper Grande Ronde and 67% in Catherine Creek resulting from
restoration of riparian vegetation and channel width are encour-
aging and highlight the importance of riparian shadedand to a
lesser extent channel widthdfor salmon productivity in these ba-
sins. Higher relative abundance increases in the Upper Grande
Ronde compared with Catherine Creek are reflective of higher
overall water temperatures and lower riparian shade in the Upper
Grande Ronde, and consequently, a greater potential for water
temperature improvements.

Climate change under current policy is predicted to accelerate
extinction risk for endemic flora and fauna across the globe,
including but not limited to fish (Urban, 2015). Of the studies that
have focused on freshwater fish populations, the vast majority have
concluded that climate change has significantly altered the distri-
bution, phenology (e.g., migration timing), abundance, growth,
recruitment, genetics and assemblage structure of many fish spe-
cies, with the greatest impacts occurring in cold-water species like
salmon and trout (Lynch et al., 2016). These findings are generally
consistent with our results, which demonstrated a potential decline
in juvenile salmon abundance of 53% in the Upper Grande Ronde
and 36% in Catherine Creek due to climate-related water temper-
ature increases.

Integrating climate change impacts with both riparian restora-
tion and channel narrowing indicated that basin-wide restoration
actions, if fully implemented immediately at a system level, could
more than offset impacts from climate change, with net predicted
increases in juvenile salmon abundance of 114% in the Upper
Grande Ronde and 37% in Catherine Creek. In a similar modeling
analysis of Chinook Salmon population response to habitat resto-
ration and climate change in the Snohomish River basin in Western
Washington, Battin et al. (2007) found that full habitat restoration
could help mitigate the negative impacts of climate change and
even allow salmon populations to increase in the face of climate
change. Specifically, they found that full basin-wide restoration
could limit declines in salmon populations to 5%, or could increase
salmon populations by 19%, depending on the severity of the
climate scenario selected.

We acknowledge that our model predicting juvenile fish
abundance was relatively simplistic in that it does not include all
important factors to which fish are known to respond (Jackson
et al., 2001). We do however maintain that our approach repre-
sents a plausible relative fish response due to the well-supported
effect of temperature on fish physiology, behavior, and distribution
(Regier et al., 1990; Armour, 1991; McCullough, 1999). Our model
did not incorporate density dependence explicitly in the form of a
standard stock-recruitment function (i.e., Beverton-Holt or Ricker);
however density dependence was implicitly accounted for by us-
ing redd abundance as an explanatory variable, and fish abun-
dance values corresponded to average values observed during the
study period. Although we focused on the juvenile rearing life
stage, other salmon life stages (e.g., pre-spawn holding or egg
incubation) can also be impacted by water temperature. We
assumed that egg incubation, which is the most sensitive to high
water temperature (optimal range 6e10 �C; EPA, 2003), is not
significantly impacted by water temperature in the Grande Ronde
basin because eggs incubate during fall and winter when tem-
peratures are low. However, gamete viability in holding adults as
well as survival of pre-spawn adults themselves can also be
impaired by high water temperature (EPA, 2003). Interestingly,
pre-spawn mortality data estimated from carcass recoveries in the
Grande Ronde basin (Joseph Feldhaus, ODFW, pers. comm.), did
not show a meaningful relationship with temperature and was
therefore not included in our model. Utilizing the temperature
results from this analysis within the context of a life-cycle model
that properly accounts for density-dependent factors and tem-
perature impacts on multiple life stages is an objective of ongoing
research.
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5. Conclusions

Results from our water temperature model indicated that
intensive basin-wide restoration actions targeting both riparian
vegetation and channel width could offset projected climate
change impacts to salmon populations in the Upper Grande Ronde
and Catherine Creek basins. A combination of riparian reforestation
and channel narrowing was predicted to greatly reduce peak
summer water temperatures in the study watersheds relative to
current conditions, translating to large predicted increases in
salmon abundance. However, significant portions of these water-
shedsdparticularly in lower elevation reachesdcontinued to
exceed stressful temperature limits for salmon growth and survival
even after full riparian restoration, suggesting that alternative
restoration strategies (e.g., increasing floodplain connectivity,
streamflow restoration, and enhancement and protection of cold-
water refuges) should also be implemented in order to maximize
thermal benefits to threatened salmon populations.

These findings likely represent a best case scenario in terms of
expected temperature reductions from riparian restoration because
they are based on optimistic assumptions regarding the timing and
spatial extent of future restoration actions. Given that a more
realistic restoration scenario (e.g., high priority areas only) would
result in more modest temperature improvements, combined with
the rapid projected rise in water temperatures due to climate
change, we emphasize the urgent need for a targeted and aggres-
sive restoration strategy which includes riparian restoration as a
key component. The temperature modeling and prioritization
framework presented here should prove useful for restoration
planners and practitioners seeking to improve habitat conditions
for fish populations and other aquatic biota in temperature-
impaired watersheds.
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Groundwater seepage influences the temperature of streams and rivers by providing a relatively cool
input in summer and warm input in winter. Because of this, groundwater seepage can be a determining
factor in the provision of suitable water temperatures for aquatic biota. Climate warming affects stream
and groundwater temperatures, and changes the thermal characteristics of streams leading to the poten-
tial disappearance of habitats. In this study the importance of groundwater for the temperature of two
Dutch lowland streams and its possible role in mitigating the effects of climate change was determined
by combining field measurements and a modelling experiment. Stream temperature measurements using
fibre optic cables (FO-DTS) and sampling of 222Rn were done to map localized groundwater inflow.
Several springs and seepage ‘hot-spots’ were located which buffered the water temperature in summer
and winter. A stream temperature model was constructed and calibrated using the FO-DTS-
measurements to quantify the energy fluxes acting on stream water. This way, the contribution to the
stream thermal budget of direct solar radiation, air temperature and seepage were separated. The model
was then used to simulate the effects of changes in shading, groundwater seepage and climate. Shading
was shown to be an important control on summer temperature maxima. Groundwater seepage seemed
to buffer the effect of climate warming, potentially making groundwater dominated streams more cli-
mate robust. Protecting groundwater resources in a changing climate is important for the survival of
aquatic species in groundwater-fed systems, as groundwater seepage both sustains flow and buffers tem-
perature extremes.

� 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Stream water temperature is an important factor influencing
aquatic ecosystems as it affects species distribution, growth, meta-
bolism and reproduction (Vannote and Sweeney, 1980), as well as
oxygen concentrations, biological production and decomposition
(Bowes et al., 2016; Haidekker and Hering, 2008; Hawkins et al.,
1997; Ormerod, 2009; Rasmussen et al., 2011; Ward and
Stanford, 1982; Ylla et al., 2014). Consequently, changes in stream
temperature can act as a stressor on aquatic species (e.g. Piggott
et al., 2015; Poole and Berman, 2001; Schülting et al., 2016). It is
therefore not surprising that much research has been done on
the effect of climate warming on stream temperature and aquatic
species (e.g. Eaton and Scheller, 1996; Guse et al., 2015; Isaak
et al., 2018, 2015; Moss et al., 2003; Null et al., 2012). It is expected
that in a warmer global climate the average and peak temperature
of stream water will increase (Van Vliet et al., 2013; Watts et al.,
2015; Webb and Nobilis, 2007).

Many studies on stream temperature have focused on the effect
of air temperature, radiation and shading (e.g. Garner et al., 2017;
Hannah et al., 2008; Macdonald et al., 2014; Westhoff et al., 2011).
Due to these studies, it is now widely recognized that riparian
shade reduces maximum stream temperatures in summer by
blocking part of the incoming solar radiation (Dugdale et al.,
2018; Sweeney and Newbold, 2014; Thomas et al., 2015), and
therefore, that management practices like planting vegetation
along streams can potentially mitigate the effect of climate warm-
ing (Kristensen et al., 2015; Nash et al., 2018; Thomas et al., 2015).

Groundwater temperature is influenced by the temperature of
the infiltrating water and by the conduction of heat from the
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surface. The impact of diurnal to seasonal variations of surface
temperature dampens with depth. Downward from the surface,
groundwater temperature, therefore, tends to approach the yearly
average ground surface temperature (e.g. Bense and Kooi, 2004; de
Louw et al., 2010; Vandenbohede et al., 2014). In areas with strong
upward seepage, this moderate groundwater temperature is car-
ried into streams. Therefore, groundwater seepage into streams is
known to moderate summer and winter stream temperatures,
and to create so called local thermal refugia (e.g. Hayashi and
Rosenberry, 2002; Kaandorp et al., 2018b; Power et al., 1999)
and climate refugia (e.g. Briggs et al., 2018b; Isaak et al., 2015;
Meisner et al., 1988) for aquatic biota. Although the role of ground-
water on stream temperatures is conceptually understood, its
effect is often neglected or highly simplified in studies on stream
temperature and almost never considered in stream temperature
management. Therefore, the influence of groundwater on stream
temperature and the subsequent response of aquatic ecology still
requires more research.

The objective of this study is to determine the influence of
groundwater on the temperature of two Dutch lowland streams
and to get insight into its possible role in mitigating the effects
of climate change. For this, both field measurements and a mod-
elling experiment are done. Research questions are: a) what is
the spatial variability of groundwater seepage to the streams, b)
what is the spatial and temporal effect of groundwater seepage
on stream temperature, c) how does the effect of groundwater
inflow on stream temperature compare to the effect of air temper-
ature and radiation (including shading), and d) what is the effect of
groundwater on stream temperature in a warming climate?

We combine different field techniques such as Fibre Optic Dis-
tributed Temperature Sensing (FO-DTS) and measurements of the
isotope 222Rn to detect diffuse and localized groundwater inputs
to the two Dutch lowland streams. FO-DTS is used to make high
resolution temperature measurements, both in time and space
(Selker et al., 2006). Compared to surface water, the temperature
of groundwater is relatively constant throughout the year and as
such lateral changes in stream water temperature can be used to
locate groundwater seepage zones in specific moments in time
(Briggs et al., 2012; Krause et al., 2012; Matheswaran et al.,
2014b; Poulsen et al., 2015; Rosenberry et al., 2016; Sebok et al.,
2013; Vandenbohede et al., 2014; Westhoff et al., 2007). The pres-
ence of the isotope 222Rn in surface water also indicates recent
seepage of groundwater, as it is rapidly removed in surface waters
by radioactive decay and degassing. In addition to this field data,
we construct a stream temperature model, which includes the
effects of air temperature, radiation, shading and groundwater
seepage. The model is used to analyze the behavior of the different
processes affecting stream temperature. By applying different sce-
narios we derive the effect of climate change on stream thermal
habitats and the mitigating effects of groundwater seepage.
2. Study area and methods

2.1. Study area

Field measurements were done in two lowland streams in the
east of the Netherlands: the Springendalse Beek and the Elsbeek
(Fig. 1). With catchments sizes of 4 km2 and 11 km2 respectively,
these streams discharge to the Dinkel river. The area has a temper-
ate marine climate with a mean annual air temperature of 9.6 �C
and mean annual precipitation and evaporation of 850 and
560 mm per year respectively. The average discharge is
0.043 m3 s�1 for the Springendalse Beek and 0.104 m3 s�1 for the
Elsbeek. The subsurface of the catchments consists of shallow aqui-
fers (1–20 m thick) on top of clayey moraines. The streambed of
the streams consists of sand with occasionally some gravel. Details
on the study catchments were described by Kaandorp et al.
(2018b). A concise description of the studied stream stretches is
given here.

The upstream catchment of the Springendalse Beek contains a
few distinct spring areas and consists mainly of forest with some
agricultural fields. The studied stream stretch extends 1500 m
downstream from the stream origin (Fig. 1a). The upstream part
has a relatively stable discharge, a stream width between 0.5 and
1.0 m and a water depth of a few centimetres. A small spring, a
tributary, two seepage ponds and tributaries from a swamp dis-
charge into the stream (Fig. 1a). The downstream part has a width
of 1.0–1.5 m and a water depth of around 10 cm.

The Elsbeek predominantly consists of agricultural areas. The
measured stream stretch extends from approximately 5000 to
6500 m downstream from the stream origin (Fig. 1b). The most
upstream 200 m of the study stretch is straightened, flows through
an agricultural area and has a width of about 1 m and a water
depth of around 5 cm. Here the outflow of an agricultural ditch,
which dries up during summer, joins the stream. This is followed
by a stream stretch with a riparian forest and a pool-riffle sequence
with pools up to 1 m deep and a width varying between 0.5 and
1.5 m. A stretch with a length of 150 m in the central part is again
straightened and flows through an agricultural area with a width of
around 1 m and a water depth of about 30 cm. After this an agricul-
tural ditch joins the stream. The most downstream part of the
studied stream stretch flows again through a forest, is shallow
(�3–10 cm) and has a width varying between 0.5 and 2.0 m. This
part of the stream is deeply incised (1.0–1.5 m) into the landscape.
2.2. FO-DTS set-up

Stream temperatures were measured using an Oryx DTS (Sen-
sornet USA) unit and CTC LSZH fibre-optic cables (TKF Connectivity
Solutions, Netherlands). A cable with a length of 1300 m was posi-
tioned in the study stretch of the Springendalse Beek, from 200 m
downstream from the stream origin (x = 200) to the end of the
studied stream stretch (x = 1500) (Fig. 1). At x = 305 and x = 435,
the cable was looped back and forth through a small spring directly
next to the stream (x = 305), and in a side branch of the stream
(x = 435), respectively (Fig. 1a). Approximately 1500 m of fibre
optic cable was installed in the Elsbeek, covering the two forested
stream stretches and two open areas (Fig. 1b). In both streams, the
cable was installed on the streambed, and fixed using U shaped
metal pegs. A double ended configuration was used with two cal-
ibration baths next to the Oxyx unit and a splice at the end of
the fibre optic cable. By using the double ended setup corrections
for splices and light attenuation in the fibre optic cable can be
made (Hausner et al., 2011; Van De Giesen et al., 2012). For calibra-
tion, a coil of cable was placed in each isolated calibration bath
which was equipped with a PT-100 temperature sensor and con-
nected with the Oryx unit. Measurements were done for the whole
months of August 2016 and January 2017 to capture both summer
and winter temperature patterns. Each DTS measurement was
done with a spatial resolution of 1.0 m and consisted of sequential
measuring of 5 min through 2 channels, which were repeated
either every half an hour (summer) or every hour (winter).

Because the DTS cable was placed on the streambed the mea-
surements represent the temperature at the bottom of the stream,
unless it was buried by sediments. Sediment was removed from
the DTS cable several times, but it could not be prevented that dur-
ing part of the measurement period some parts of the cable were
buried by sediment. In the streambed the temperature variation
present in the stream is attenuated with depth, and as such sedi-
mentation leads to a temperature signal comparable to that of



Fig. 1. Location of the fibre optic cables and temperature sensors in the Springendalse Beek (a) and Elsbeek (b). The numbered arrows 1 to 5 in panel a indicate inflow from a
spring (1), tributary (2), small and large groundwater-fed ponds (3 and 4) and tributaries swamp (5).
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groundwater seepage, such as a decrease in the standard deviation
(SD) of the temperature (Sebok et al., 2015).

The DTS temperature measurements were calibrated using dis-
persion, slope and offset corrections which followed from the cal-
ibration baths. Further corrections for offsets were applied using
Onset 12-Bit temperature smart sensors (S-TMB-M006) with
HOBO data loggers (H21-001) which were installed just above
the stream bed at 5 locations in the Springendalse Beek and 3 loca-
tions in the Elsbeek (Fig. 1). Comparison of the separate tempera-
ture sensors and the corrected DTS temperature measurements
showed that stream temperatures could be measured with an
accuracy of 0.19 �C on average. Temperatures were logged every
15 min and some of the loggers were supplied with an extra sensor
to measure air temperature. Additional weather data was collected
from nearby meteorological station Twenthe of the Royal Nether-
lands Meteorological Institute (KNMI).

2.3. Radon measurements

222Rn, an isotope released to the groundwater from aquifer
material, was used as a tracer for groundwater in along-stream
profiling (Cartwright et al., 2014; Cook et al., 2006; Genereux and
Hemond, 1990). Samples were taken and measured immediately
in the field using an Electronic Radon Detector (RAD7, Durridge).
High radon values in streams were expected to be found only near
locations with groundwater seepage because it rapidly decays
(half-life of 3.8 days) and is released to the atmosphere due to
degassing.

2.4. Stream temperature model

A stream temperature model (STM-GW) was built in Python
using the xarray-simlab model framework (Bovy and McBain,
2017). The model is largely based on the model descriptions of
Boyd and Kasper (2003) andWesthoff et al. (2007) and additionally
simulates the interaction with groundwater in more detail (Fig. 2).
In the model, all water fluxes (Q) are considered constant in time
and only increase in the downstream direction due to groundwater
and lateral inflow. The stream stretch is discretized into a 1D cell-
centred grid and to prevent numerical diffusion a Courant number
of 1 is used. For this, the size of the stream cells fluctuates spatially
with the flow velocity, which depends on the discharge, depth and
stream width:

C ¼ v i � Dt
Dxi

¼ 1 ð1Þ

v i ¼ Qi

Ai
ð2Þ
Dxi ¼ Qi

Ai
Dt ð3Þ

where C is the Courant number [–], vi is the flow velocity in cell i
[m s�1], Dt the time step [s] and Dxi the cell size [m]. Qi is the dis-
charge at the downstream end of the cell [m s�1] and Ai is the cross-
sectional area [m2] of the stream. The temperature in each cell is
then calculated using:

Tjþ1
i ¼

T j
i Vi þ T j

GWVGWþT j
agriVagri

þT j
pondVpond

Vi þ VGW þ Vagri þ Vpond

� vDt
ðDxiþDxi�1

2 Þ T j
i � T j

i�1

� �
þ Rj

iDt
Ai

ð4Þ

where Tjþ1
i is the water temperature in the stream [�C] at grid cell i

at the new time level j + 1, j denotes the old time level and i � 1 the
grid cell upstream from cell i. The first term is the mixing term, the
second term is the advection term and the third term is the temper-
ature change due to the source/sink term. In a stream with no
advection or energy source/sink but with only mixing from inflows
(Fig. 2), the temperature is given by only by the mixing term:

Tjþ1
i ¼

T j
i Vi þ T j

GWVGWþT j
agriVagri

þT j
pondVpond

Vi þ VGW þ Vagri þ Vpond
ð5Þ

where T j
i is the temperature [�C] and Vi the volume [m3] of cell i at

time j. VGW , Vagri and Vpond are the volumes [m3] of inflow per time
step from groundwater, tributaries and seepage ponds respectively,
and T j

GW , T j
agri and T j

pond are their temperatures at time j. With only



Fig. 2. Conceptualization of the STM-GW model. A stream cell can receive water from an upstream cell and from lateral inflow such as from tile drainage or seepage ponds.
Each cell exchanges energy with the atmosphere by solar and longwave radiation, and latent and sensible heat flow. Each stream cell is connected to cells that represent the
streambed to represent groundwater inflow and conductive heat exchange with the streambed.
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advection, the stream temperature is given by the advection term
(Eq. (4)):

Tjþ1
i ¼ T j

i �
vDt

ðDxiþDxi�1
2 Þ ðT

j
i � T j

i�1Þ ð6Þ

where DxiþDxi�1
2 is the average cell size between grid cell i and

upstream cell i � 1 [m], which is needed because of the increase
in cell size in the downstream direction. For simplicity dispersion
is assumed to be negligible (e.g. Irvine et al., 2017; Rau et al.,
2012). The temperature development of a stagnant body of water
without inflow is determined by the source/sink term R (Eq. (4)),
which includes all the energy fluxes that act on the water body:

Rj
i ¼

Biutotal
j
i

qwcw
ð7Þ

Tjþ1
i ¼ T j

i þ
Rj
iDt
Ai

ð8Þ

where Bi is the stream width [m] of cell i, cw and qw are the specific
heat and density of the water and utotal is the sum of all the energy
fluxes per unit horizontal area [Wm�2].

utotal is calculated for each cell for every time step and includes
the various energy fluxes that influence stream temperature: solar
radiation (usolar), longwave radiation (ulongwave), latent heat flow
(uevaporation), sensible heat flow (usensible_heat) and streambed con-
duction (ubed) (Fig. 2):

utotal ¼ usolar þulongwave þuevaporation þusensible heatþubed ð9Þ
Solar radiation (usolar) [Wm�2] consists of both direct radiation

and diffuse radiation which is described by fraction Ddiffuse of the
incoming radiation (uinRad). A fraction Df of the solar radiation pen-
etrates the water and heats the streambed instead. Surface reflec-
tion coefficient RSS corrects for reflection of solar radiation on the
water surface and is based on the solar angle for direct radiation
and is equal to 0.09 for diffuse radiation (Boyd and Kasper,
2003). Direct radiation is additionally corrected for shadow effects
by shading factor CS (Westhoff et al., 2007).

usolar ¼ 1� Df
� �ðudirect þudiffuseÞ ð10Þ

udirect ¼ Csð1� DdiffuseÞð1� RSSÞuinRad ð11Þ

udiffuse ¼ Ddiffuseð1� RSSÞuinRad ð12Þ
Longwave radiation (ulongwave) [Wm�2] is the sum of the long-
wave radiation from clouds (atmospheric), back radiation from the
water column and radiation emitted by the land cover (e.g. vegeta-
tion) (Boyd and Kasper, 2003):

ulongwave ¼ uatmospheric þ uback radiation þuland cover ð13Þ

uatmospheric ¼ 0:96eatmhVTSrsb Tair þ 273:2ð Þ4 ð14Þ
where eatm is the emissivity of the atmosphere [–], hVTS is the ‘view
to the sky’ coefficient [–] and rsb is Stefan-Boltzmann constant
[Wm�2 �C�1].

eatm ¼ 1:72 � 0:1 � ea
Tair þ 273:2

� �1
7

� ð1þ 0:22þ C2
L Þ ð15Þ

where CL is the cloudiness [–] and ea is the actual vapour pressure
[kPa].

ea ¼ H
100

es ð16Þ

where H is the relative humidity [%] and es is the saturation vapour
pressure [kPa].

es ¼ ð6:1275e
17:27Tair
237:3þTair

� �
ð17Þ

uback radiation ¼ �0:96rsb T þ 273:2ð Þ4 ð18Þ

uland cover ¼ 0:96 1� hVTSð Þ0:96rsb Tair þ 273:2ð Þ4 ð19Þ
Latent heat flow (uevaporation) [Wm�2] is calculated following

the Penman equation for open water (Monteith, 1981):

uevaporation ¼ �qwLeE ð20Þ
where Le is the latent heat of evaporation [J kg�1] and E is the Pen-
man open water evaporation [m s�1].

Le ¼ 1000ð2501:4þ TÞ ð21Þ

E ¼ sur

qwLeðsþ cÞ þ
cairqair es � eað Þ
qwLeraðsþ cÞ ð22Þ

where s is the slope of the saturated vapour pressure curve at a
given air temperature [kPa �C�1], ur is the net radiation [Wm�2],
c is the psychrometric constant [kPa �C�1] and ra is the aerodynamic
resistance [s m�1].
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ur ¼ ulongwave þusolar ð23Þ

ra ¼ 245
0:54vwind þ 0:5

ð24Þ

where vwind is the wind velocity [m s�1].

s ¼ 4100es
ð237þ TÞ2

ð25Þ

The equation for sensible heat flow (usensible_heat) [Wm�2] is
given by Boyd and Kasper (2003):

usensible heat ¼ Bruevaporation ð26Þ
where Br is the Bowen ratio [–] given by:

Br ¼ 6:1 � 10�4PA
T � Tair

ews � ewa
ð27Þ

where PA is the adiabatic atmospheric pressure [kPa], ews and ewa are
the saturated and actual vapour pressure using the stream temper-
ature [kPa].

ewa ¼ H
100

ews ð28Þ

ews ¼ 0:61275eð
17:27T
237:3þTÞ ð29Þ

PA ¼ 101:3� 0:1055z ð30Þ
where z is the elevation [m] at which humidity and air temperature
were measured.

Heat Exchange between the streambed and the stream
ubed [Wm�2] is computed by combining each stream cell with a
vertical 1D streambed model (Boyd and Kasper, 2003):

ubed ¼ �k
T � Tstreambed

Dz
2

ð31Þ

Where k is the thermal conductivity of the combined water and
soil matrix [J m�1 s�1 �C�1], T is the water temperature in the
stream [�C], Tstreambed is the temperature of the upper streambed
cell of the streambed model [�C] and Dz is the thickness of the top-
most cell [m]. Temperatures in the vertical 1D streambed model
are solved using the advection-diffusion heat equation, with an
upwind and a central difference solution for advection and diffu-
sion respectively and a fixed cell size:

Tjþ1
iz ¼ T j

iz þ
Dt
cq

k
Dz2

T j
iz�1 � 2T j

iz þ T j
izþ1

� ��

� vzcwqw

Dz
T j
iz�1 � T j

iz

� ��
þ Rbed

Dz
ð32Þ

where Tjþ1
iz is the groundwater temperature [�C] at grid cell iz at the

new time level j + 1, j denotes the old time level and iz � 1 the grid
cell above cell i, vz is the vertical groundwater flux (specific dis-
charge) [m s�1], c and q are the specific heat and density of the
combined water and soil matrix, and Rbed is a source/sink term
which only applies to the top model layer which represents the
streambed. This layer exchanges energy with the stream water
and is heated by the fraction Df of the solar radiation (usolar) reach-
ing the streambed. The source/sink term Rbed is given by:

Rbed ¼ �ubed þusolar

Df

1� Df
ð33Þ

The lower boundary of the model has a fixed temperature to
represent a stable aquifer temperature at depth and the upper cell
of the streambed model represents the stream and has a tempera-
ture that is updated every time step. Heat from streambed friction
is considered to be negligible.
2.5. Model parameterization

The model was set-up for a length of 1500 m divided into 45
cells based on the flow velocity (Eq. (3)), and with characteristics
similar to the Springendalse Beek such as springs, tributaries and
groundwater-fed ponds. The model was run with a time step of
90 s for a total of three months: June and July 2016 to spin-up
the model to get rid of artificial features inherited from the simple
initial condition, and August 2016 for analysis. The vertical
streambed models consisted of cells of 0.05 m and had a constant
temperature boundary equal to the mean annual air temperature
at a depth of 5 m. This depth could potentially be too shallow to
have no seasonal temperature variations and we therefore ran a
model test with the boundary at a depth of 10 m, but this did
not result in a significant difference in stream temperature. The
first cell was fed by seepage and an extra discharge component
with the same temperature as the seepage in that cell, so that this
discharge could be calibrated without getting unrealistic seepage
rates through the small streambed area in the model cell. Air tem-
perature, humidity, cloud cover and solar radiation were measured
at nearby meteorological station Twenthe by the Dutch Meteoro-
logical Institute. The values that were used for thermal physical
properties of the sediments were reported by Anibas et al. (2011)
for another lowland stream with a sandy streambed and a wind
velocity of 0.1 m s�1 was taken from Westhoff et al. (2007), repre-
senting the wind-sheltered location of the stream in a dense forest
with abundant plants growing in and around the stream.
2.6. Scenario modelling

Different scenarios were run with the calibrated model
(Table 3). The effect of climate warming was tested by raising
the air temperature by two degrees in scenario 1a, while keeping
the temperature of the deeper groundwater the same. Because
the increase in air temperature is expected to also increase the
temperature of the groundwater (e.g. Menberg et al., 2014;
Taylor and Stefan, 2009), in scenario 1b both the air and groundwa-
ter temperature were increased by 2 �C. The importance of ground-
water was tested by running the model with 50% more and 50%
less groundwater seepage in the stream (scenarios 2 and 3). The
effect of shading was evaluated by removing shading from a small
part of the modelled stream (scenario 4) and by removing shading
from the whole catchment (scenario 5).
3. Results

3.1. FO-DTS temperature measurements

3.1.1. Springendalse Beek
Fig. 3 displays results of temperature measurements in the

Springendalse Beek in summer and winter. In summer, the abso-
lute temperature slightly increases in the downstream direction
(Fig. 3b) and the daily temperature amplitude tends to go up when
there are no lateral inflows. Low temperatures between 10.3 and
15.0 �C close to the spring area (x = 200) indicate a strong influence
of groundwater inflow. Downstream of the spring, the inflow of
groundwater is less, and stream temperature is more influenced
by atmospheric processes; measured temperatures vary between
12.3 and 18.8 �C at x = 1450 (Fig. 3b). In winter, the effect of
groundwater seepage also is clearly visible in the DTS measure-
ments. Upstream the stream water has a relatively high tempera-
ture in winter (5.0–9.6 �C), while temperatures decrease
downstream (2.1–6.6 �C) (Fig. 3e–g). The mean and average daily
standard deviation (SD) were also derived from the DTS data in
order to locate groundwater seepage zones, using the fact that



Fig. 3. Temperatures in the Springendalse Beek measured in a summer week (panels a–c) and in a winter week (panels e–g). Note that the legend colours are different
between panels a and e. Streamflow is from left to right and the air temperature at a nearby meteorological station is given in panels d and h for the summer and winter
period respectively. Maximum, average daily mean and minimum temperatures during the shown periods are given in panels b and f, and the average daily standard
deviation in panels c and g. Thermal anomalies appear as warmer or colder vertical bands in panels a and e, of which locations 1–5 are indicated and listed in Table 1.
Locations where the cable was known to be exposed to the air are filtered out and appear as white vertical lines. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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groundwater has less temperature variation and thus the SD is
lowered at locations with seepage (e.g. Hare et al., 2015; Lowry
et al., 2007; Matheswaran et al., 2014a; Rosenberry et al., 2016).
See for instance at x = 630 and Table 1, which summarizes the data
for some specific locations. Upstream in the Springendalse Beek
the SD is around 0.5 �C both in summer and winter, and in the
downstream direction increases in summer to around 1 �C and
remains approximately stable at 0.5 �C in winter.

Table 1 lists characteristics of thermal anomalies associated
with specific hydrological features such as tributaries and springs.
At location 1 (Fig. 3) the cable was looped through the outflow of a
small spring which had a lower summer and higher winter



Table 1
Features in the Springendalse Beek with distinct thermal characteristics.

Location Location along cable [m] Feature Summer Winter Observations

Mean SD Mean SD

Upstream 200 – 12.6 0.75 6.3 1.02
1 305 Spring 12.1 0.47 7.5 0.53 Sand volcanoes, loose sediment
2 435 Tributary 13.5 0.53 3.9 0.82
3 630 Small GW-fed pond 12.8 0.43 4.9 0.36 Year-round discharge
4 1120 Large GW-fed pond 19.2 0.88 4.3 0.29 Year-round discharge
5 1300 Tributaries swamp 15.9 0.69 2.5 0.21
Downstream 1430 – 15.0 0.88 3.9 0.94
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temperature than thewater in the stream (Table 1) as a result of the
stable temperature of groundwater seepage. The outflow of a small
groundwater-fed pond at location 3 had this same thermal ground-
water characteristics of lower summer and higher winter tempera-
tures than the streamwater. In addition, the stream temperature at
x = 350, 650, 1100 and 1400 m had similar characteristics as the
spring (1) and the small groundwater-fed pond (3): the up- to
downstream summer warming and winter cooling was dampened
and SD values were lower than expected (Fig. 3). This suggests that
significant seepage occurs at these locations. The outflow of a larger
groundwater-fed pond at 4 had high summer temperatures and a
high SD (Table 1), which is different from the small groundwater-
fed pond and suggests a smaller groundwater influence on the tem-
perature. This is potentially due to a longer residence time in the
larger pond: although fed by groundwater, the larger volume of
the pond results in a larger residence time of the water which
slowly loses the groundwater thermal signal. Contrary to the
groundwater indicative thermal signals, a tributary stream at
location 2 (Fig. 3) had relatively high summer and low winter tem-
peratures (Table 1), and the same holds for the outflow of a swamp
through two small tributaries at location 5. The discharge of both
Fig. 4. Temperatures in the Elsbeek measured in a summer week (panel a). Streamflow is
in panel d. Maximum, average daily mean and minimum temperatures during the show
Thermal anomalies appear as warmer or colder vertical bands in panel a.
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these inflows is fed by an agricultural area, where it derives from
drains (shallow groundwater) and is influenced by atmospheric
processes while flowing towards the Springendalse Beek.

Besides effects from groundwater seepage, effects of air temper-
ature and rainfall are also visible in the DTS-measurements. For
instance, a sharp increase in stream temperature occurred between
August 1st and 2nd (Fig. 3a) and is the result of input from precip-
itation during a rainstorm. In addition, monitoring artefacts are
shown, for instance around x = 1280 where a temperature increase
is seen from August 4th as a result of the cable becoming exposed
to air due to lowering of the water level.

3.1.2. Elsbeek
The measured stream stretch in the Elsbeek is located further

downstream from the stream origin than the measured stretch in
the Springendalse Beek (approximately 5000 vs 200 m). The mea-
sured temperature of the Elsbeek slightly decreases in the down-
stream direction before increasing between x = 750 and 900 and
finally decreasing again towards the most downstream measured
point (Fig. 4a, b). This pattern is also clearly visible in the SD
(Fig. 4c), which is lower at locations with a lower temperature.
from left to right and the air temperature at a nearby meteorological station is given
n period are given in panel b and the average daily standard deviation in panel c.
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The parts of the stream with decreasing temperatures coincide
with the locations of (riparian) forests while the stretches with
increasing temperatures are located in agricultural fields. The tem-
perature measurements show several negative spikes in maximum
temperature and SD (Fig. 4). While this appears similar to the char-
acteristics of seepage, these locations have a minimum tempera-
ture significantly above the average groundwater temperature of
around 11 �C. Instead of seepage, visual inspections showed that
at these locations the DTS cable is either located on the bottom
of (stagnant) pools or buried by sediment.

3.2. 222Rn measurements

The 222Rn concentration in groundwater was measured both at
piezometers within our catchment which showed concentrations
between 3210 and 5800 Bq m�3 and at the spring which showed
Fig. 5. Measurements of 222Rn taken during 6 field campaigns in the catchment of the Sp
(Table 1) and piezometers (red crosses). (For interpretation of the references to colour i
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concentrations of 733 and 3730 Bq m�3 (Fig. 5). The low spring
concentration of 733 Bq m�3 might be influenced by recent precip-
itation or by some decay in the spring area, as the other radon con-
centrations of 3000 Bq m�3 and higher are in line with the
concentrations found for groundwater in other studies in the
Netherlands, including well fields in the region of our catchment
(Kwakman and Versteegh, 2016; Yu et al., 2019). The 222Rn activity
in the streamwater in the most upstream part of the Springendalse
Beek catchment is between 104 and 1240 Bq m�3 while more
downstream 222Rn concentrations are below 500 Bq m�3 (Fig. 5),
showing a decrease in groundwater influence in the downstream
direction. The small groundwater-fed pond has a mean Radon level
of 1388 Bq/m3 (n = 4) indicating a large relative influence of recent
groundwater seepage. The concentrations in the large pond have
an average of 177 Bq m�3 (n = 3; Fig. 5) indicating only a small
influence of recent seepage.
ringendalse Beek: of stream water (blue circles) and of inflows towards the stream
n this figure legend, the reader is referred to the web version of this article.)
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Table 2
Calibrated model parameters.

Parameter Description Value Reference

H [%] Humidity 2016–2017 23–100 KNMI, Twenthe station
Tair [�C] Air temperature 2016–2017 �10.1 to 34.1 KNMI, Twenthe station
uinRad [W m�2] Solar radiation 2016–2017 0.0–952.8 KNMI, Twenthe station
Dt [s] Time step 90 Chosen
Dx [m] Length of stream reservoir Variable along x-axis Based on Courant number = 1
Dz [m] Length of soil reservoir 0.05 Chosen
B [m] Stream width 0.60–1.50 Estimated
Z [m] Stream depth 0.03–0.07 Estimated
Q [m2 s�1] Stream discharge 0.05–0.34 Estimated
vz [mm d-1] Groundwater flux 0.05–1.20 Estimated
TdeepGW [�C] Temperature of lower z boundary 11.0 Estimated
Ddiffuse [–] Fraction of diffuse solar radiation 0.0 Estimated
Df [–] Fraction of solar radiation reaching the streambed 0.5 Estimated
RSS [–] Surface reflection Based on solar angle Boyd and Kasper (2003)
Cs [%] Shading factor 5–20 Estimated
CL [–] Cloudiness 0–1 KNMI, Twenthe station
hVTS [–] View to the sky coefficient 0.6 Estimated
rsb [Wm�2 �C�1] Stefan-Boltzmann constant 5.67 * 10�8 –
vwind [m s�1] Wind velocity 0.1 Westhoff et al. (2007)
c [kPa �C�1] Psychrometric constant 0.66 Westhoff et al. (2007)
qa [kg m�3] Density of air 1.2 –
qw [kg m�3] Density of water 1000 –
qsed [kg m�3] Density of the saturated sediment 1965 Anibas et al. (2011), Dujardin et al. (2014)
cair [J kg�1 �C�1] Specific heat capacity of air 1004 –
cw [J kg�1 �C�1] Specific heat capacity of water 4182 –
csed [J kg�1 �C�1] Specific heat capacity of the saturated sediment 1365 Anibas et al. (2011), Dujardin et al. (2014)
kw Thermal conductivity of water 0.6 –
ksed Thermal conductivity of the saturated sediment 1.833 Anibas et al. (2011), Dujardin et al. (2014)
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3.3. Model calibration

The manual calibration was done step-wise and an overview of
the model parameters is shown in Table 2. The model is most sen-
sitive to the parameters hVTS, DDiffuse, upstream starting Q and the
width of the stream, and therefore focus was on these parameters
during calibration. Discharge from groundwater seepage and lat-
eral inflow, stream width and depth and shading varied along
the stream length and were estimated using our knowledge of
the field sites and were then further calibrated (Fig. 6). The initial
Fig. 6. Calibrated stream width (a) and depth (b), groundwater seepage rates (c), disch
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temperature of the stream and the streambed were set to 10 and
11 �C respectively. Calibration of Df and Ddiffuse resulted in values
of 0.5 and 0.0 respectively. Lateral inflow from an agricultural
stream was added to the model at x = 435. The temperature of this
inflow represented discharge from a tile drained area (seepage
from 1 m depth). The two seepage ponds in the Springendalse Beek
were located at locations x = 650 and 1150 m in the model. The
pond sizes, depths, shading and seepage rates were also calibrated
with the DTS measurements. Their depths were 1.5 and 1.0 m and
their surface areas 900 and 3000 m2 respectively. The pond at
arge (d) and shading factor (e) in the model, representing the Springendalse Beek.
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650 m had a calibrated seepage rate of 1000 mm per day and was
90% shaded. The pond at 1150 m had a calibrated seepage rate of
350 mm per day and was not shaded with a shading factor of only
10%.

3.4. Modelled temperature distribution along the stream

The calibrated STM-GW model, using the parameters listed in
Table 2, shows a reasonable fit with the observed DTS data from
the Springendalse Beek (Fig. 7), especially considering that the
model does not include local heterogeneity in e.g. water depth
and air temperature. Both the diurnal temperature variation in
the up-and downstream temperature are represented well by the
model, although the simulated temperature upstream is slightly
underestimated (Fig. 7b). Fig. 7c shows the modelled result for
two night and two days (2 AM and 2 PM), for a warmer day (Day
1) and colder day (Day 2). The temperature pattern from up- to
downstream on these days is simulated adequately by the model
including the modelled features such as the spring and tributary
spring. Especially the temperature step resulting from the tributary
stream at x = 450 and the inflow of water from the seepage ponds
(x = 700 and x = 1200) lead to clear temperature steps in the
model, that were also observed in the DTS measurements (Fig. 7c).

Using the model, we were able to investigate the theoretical
importance of the different processes affecting the stream temper-
ature. For comparison with the other energy fluxes, the heat energy
provided by seepage [W m�2] was calculated using:

Eseepage ¼ DTvzcwqw ð34Þ
where DT is the temperature difference between the stream and
seeping groundwater, which means that Eq. (34) gives the energy
Fig. 7. Fit between the calibrated model and measurements taken in the Springendalse Be
up- (x = 200) and downstream (x = 1450) and panel c shows the fit for 2 day and 2 night
(s), a tributary (t) and ponds (p).
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flux compared to the current stream water temperature and is
thus an apparent rather than an absolute heat flux, as explained
by Kurylyk et al. (2016). Fig. 8 shows the modelled energy fluxes
to and from the stream on August 6, 2016. The energy flux from
seepage is mostly negative because seepage of groundwater often
leads to cooling on summer days. The higher seepage rates given
to the upstream part of the model are also shown in the energy
fluxes (Fig. 8a and c): higher seepage rates lead to more cooling
of the stream both through the advective flux and through
increased streambed conduction. The negative energy fluxes from
both bed conduction and seepage increase during the day,
because stream water is heated and the temperature difference
between seepage and stream water increases. The flux from solar
radiation naturally has a day-night fluctuation and is lower at
locations with shading. Sensible heat flow is dependent on the
difference between stream water and air temperature (Eq. (27))
and therefore shows a day-night pattern as well. It decreases in
the downstream direction, as the difference between stream
water and air temperature decreases due to the heating or cool-
ing of the stream water in the downstream direction by atmo-
spheric processes.

3.5. Scenario modelling

From the base run (Fig. 7), several model parameters were
changed to simulate different scenarios to get a better understand-
ing of the possible future changes resulting from climate change
and the role of groundwater in this. Table 3 shows the upstream
(x = 200) and downstream (x = 1450) average, minimum and
maximum stream temperature for the calibrated base run and five
different scenarios.
ek in August 2016. Panel a shows the air temperature, panel b shows the fit for both
measurements. The letters at the bottom of panel c indicate the location of a spring
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Fig. 8. Modelled energy fluxes to (positive) and from (negative) the stream at 3 different locations on August 6th 2016. The seepage rate (m d-1) and percentage of shading are
indicated at the top right of the figures: panels a, b and c show locations with a high, medium and low seepage rate respectively.

Table 3
Results of the scenario modelling: statistics for the month August 2016.

Scenario Upstream temperature [�C] Downstream temperature [�C]

Average Min Max Average Min Max

0 Base run 12.0 10.9 14.3 14.6 12.2 18.7

Temperature change from base run [�C]:

1a T + 2 �C, GWlower_boundary + 0 �C 0.3 0.0 0.5 0.8 0.2 1.0
1b T + 2 �C, GWlower_boundary + 2 �C 1.9 2.0 1.8 2.0 2.0 1.9
2 50% more GW in stream �0.1 0.0 �0.3 �0.1 �0.1 �0.2
3 50% less GW in stream 0.3 0.0 0.8 0.4 0.0 0.7
4 No shading between x = 450–500 0.0 0.0 0.0 0.1 0.0 0.2
5 No shading 1.2 0.0 5.0 1.1 0.0 4.3

Fig. 9. Result of the modelled scenarios listed in Table 3. Panel a shows the downstream (x = 1450) temperature simulated in the different scenario runs for the whole of
August 2016. Panels b and c show the simulated mean day and night temperature (August 2016) from up to downstream.
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An increase in air temperature in scenarios 1a and 1b resulted
in an increase in water temperature (Fig. 9a). In scenario 1a a stable
groundwater temperature buffers the increase in water tempera-
ture compared to scenario 1b, where the stream temperature
increased by approximately the same amount as the air and
groundwater temperature (Table 3, Fig. 9a). The upstream temper-
ature is hardly affected by an increase in air temperature because it
is located close to the upstream stream spring. Especially the night
temperature both up- and downstream seems to be almost fully
determined by the groundwater temperature, as the 2 �C increase



12 V.P. Kaandorp et al. / Journal of Hydrology X 3 (2019) 100031
of the lower boundary in scenario 1b leads to a similar increase of
the minimum temperature both upstream and downstream. Sce-
narios 2 and 3 show the effect of an increase or decrease of ground-
water seepage in the stream: an increase of seepage resulted in
lower maximum temperatures while a decrease resulted in higher
maximum temperatures (Table 3). The removal of shading
between x = 450 and 500 had a local effect on this new non-
shaded part where temperature increased by 0.4 �C (Fig. 9b), and
had only a slight effect on the maximum temperature downstream
(+0.1 �C). In scenario 5, where shading was removed from the
whole stream, daytime temperatures strongly increased, approxi-
mately the same or more as in scenario 1b. However, night temper-
atures stayed the same since the effect of shading is depleted when
there is no solar radiation (Fig. 9).
4. Discussion

4.1. Mapping local and diffuse groundwater seepage

4.1.1. Springendalse Beek
The stream temperature and 222Rn measurement in the Sprin-

gendalse Beek reflected the stream to be highly influenced by
groundwater, as was expected from the fact that several springs
exist in this particular catchment (van der Aa et al., 1999). The
stream had both local and diffuse seepage locations. Two local
seepage spots were identified from the temperature measure-
ments: a spring and groundwater-fed pond (locations 1 and 3;
Table 1). The 222Rn measurements and other field observations
such as sand volcanoes, loose sediments, abundant presence of
macrofauna and year-round discharge confirmed the presence of
seepage at these features (Fig. 5). Small hotspots of diffuse seepage
(maximum length a few meters) were located at 4 locations
(around x = 350, 650, 1100 and 1400), indicated by lower SD values
and a dampening of the warming in summer and cooling in winter
in the downstream direction. However, the hotspots were not
clearly visible in the 222Rn measurements, probably because their
flux was too small compared to river discharge to influence 222Rn
downstream. The observed increase in discharge in the down-
stream direction indicates that low rates of diffuse seepage are
occurring in the catchment, but this could not be shown in the
measurements, as small fluxes cannot be located adequately using
DTS (e.g. Krause et al., 2012) or 222Rn measurements. Substantial
variations in time were found between the 222Rn measurements,
which could be related to changes in exchange with the atmo-
sphere due to wind and turbulence (e.g. Cartwright et al., 2014;
Cook, 2013; Genereux and Hemond, 1992; Wallin et al., 2011) or
to changing flow velocities and discharge leading to a change in
decay time.

The outflow of the small pond and the measured groundwater
(spring and piezometers) have a clear groundwater 222Rn signal
which is much higher than the 222Rn values measured in the out-
flow of the large groundwater-fed pond (Fig. 5). It was expected
that both ponds would show a clear groundwater signal because
both have a year-round discharge but no inflow of surface water
and therefore must have a significant input of groundwater. The
222Rn concentration at the large pond is the lowest measured in
the catchment and was at some occasions difficult to detect
(Fig. 5). The difference in 222Rn between the ponds suggests that
the residence time of water in the large pond is much larger than
in the small pond, allowing for more decay of Radon and a change
in the thermal signature. With a half-life time of 3.8 days and
ignoring degassing for simplicity, seeping groundwater with a
222Rn concentration of 3500 Bq m�3 (as measured in the piezome-
ters and spring) would take approximately 5 days to reach the
average level of 1400 Bq m�3 found in the small pond but 19 days
to reach the average level of 117 Bq m�3 found in the large pond.
Relating the residence time with the volume and discharge in the
pond is done using:

T ¼ V
N

ð35Þ

where T is the characteristic time [days], V is the volume [L] and N
is the (groundwater) recharge [L s�1] (e.g. van Ommen, 1986). The
outflow of the pond can be assumed to equal the groundwater dis-
charge towards the ponds and was measured at 4 vs 3 L s�1 for the
large and small pond respectively. With estimated volumes of 5000
and 1300 m3 respectively, the characteristic residence time is esti-
mated to be 15 and 5 days, and thus close to the estimations of
19 and 5 days using 222Rn. The slight deviation found for the large
pond could result from an underestimation of pond volume, but
also from ignoring the atmospheric exchange of radon, which
would also lead to a decrease in the estimated residence time. How-
ever, we assume atmospheric exchange to be a much slower pro-
cess than radioactive decay in the ponds, especially because they
contain stagnant water, are located in a forest and thus sheltered
from wind and contain abundant water plants that prohibit the
presence of waves or turbulence that would promote the atmo-
spheric exchange. As atmospheric exchange would then be gov-
erned by diffusion from deeper water to the pond surface, this
effect was assumed to be negligible relative to the effect of the
radioactive decay with a half-life time of 3.8 days (e.g. Dimova
et al., 2013; Dulaiova and Burnett, 2006; Emerson and Broecker,
1973; Zappa et al., 2003). The longer residence time in the large
pond than in the small pond results in more warming in summer
(Table 1), especially since the large pond is barely shaded.

4.1.2. Elsbeek
It was not possible to locate groundwater seepage in the Els-

beek using the FO-DTS measurements. An increase in streamflow
and the presence of iron oxide precipitation along banks show that
diffuse seepage does occur in the catchment but apparently these
fluxes are not large enough to create a distinguishable temperature
signal. Patterns in the measured temperature were attributed to
morphological and riparian differences. Several thermal anomalies
were found but were caused by the burial of sediment and pres-
ence of pools. In addition, the temperature and SD along the stream
seem to have a good correlation with the sequence of open-
shaded-open-shaded stream stretches (Fig. 4).
4.2. DTS-measurements in a heterogeneous stream system

Similar to the conclusions of Matheswaran et al. (2014a), the
standard deviation of diurnal temperatures was found to be best
suitable for locating groundwater seepage in summer, while the
mean temperature appeared useful for winter measurements. Sev-
eral difficulties appeared in analysis of the DTS measurements.
First, the DTS cable and streambed may be warmed up by direct
solar radiation (Neilson et al., 2010), although we did not find evi-
dence for this. Second, sedimentation of the DTS cable led to a sim-
ilar signal as seepage, which was also found by e.g. Karan et al.
(2017). Sediment functions as insolation of the cable which there-
fore shows a buffered temperature signal. To separate the temper-
ature effect of sedimentation, Sebok et al. (2015) used parallel DTS
cables which allowed them to detect sedimentation and scouring.
Hilgersom et al. (2016) were able to distinguish sedimentation by
applying a 3D DTS devise, although this seems only practical for lab
or small field areas. Third, we aimed to place the cable in the centre
of the stream but because of that may have missed seepage
occurring only on certain sides of the stream, as recent studies
have shown the large heterogeneity in shallow subsurface
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temperatures, groundwater flow paths and seepage (e.g. Gilmore
et al., 2016; Kennedy et al., 2009; Rosenberry et al., 2016).

Lastly, measurements from the Elsbeek suggested that stratifi-
cation of water temperatures (Neilson et al., 2010) is occurring in
pools (Fig. 4), also leading to a temperature signal similar to that
of seepage. These pools in the Elsbeek are deep (�1 m) compared
to the low streamflow in summer (can go to zero in dry periods).
Because the fibre-optic cable is placed on the streambed, the tem-
perature of the water at the bottom of a pool is measured. Because
more energy is needed to heat the water mass in a pool, the tem-
perature reacts more slowly on changes and thus pools present a
buffered temperature signal, similar to the effect of groundwater
seepage. The temperature at the pool bottom can significantly dif-
fer from the temperature of the surface as thermal layering can
occur in deeper pools, where solar radiation does not heat the
entire water column (Sebok et al., 2013). Pools do not necessary
greatly influence the temperature of streams, as this stratification
can only occur if the water flowing into the pool stays at the sur-
face and continues to flow in the downward direction, with limited
mixing with the water in the pool. Sedimentation of the cable at
the bottom of the pool may also occur, further buffering the mea-
sured temperature signal.

4.3. The buffering capacity of shading and stream morphology

Compared to other studies (e.g. Harrington et al., 2017), the
effect of direct solar radiation on the temperature of our study
stream is relatively low and the other fluxes relatively high
(Fig. 8). Direct solar radiation does not affect stream temperatures
as much as the other atmospheric energy fluxes because of the
high shading of the Springendalse Beek. In addition, the other
energy fluxes are relatively high because the temperature differ-
ence between the stream water and air is large, increasing e.g.
longwave radiation (Equation (19)). As expected, shading reduced
maximum stream temperatures (Table 3, Fig. 9). However, shading
has a large impact on the temperature of the stream: without shad-
ing, the water temperature would increase in summer by �4 �C
(scenario 5). Removing shading from a small stream stretch
(50 m) affected the maximum temperature even 1 km downstream
(scenario 4; Fig. 9b). Garner et al. (2014) argued that while shading
seems to cause cooling of stream water, the discrepancy between
the water temperature in open and shaded stretches is caused by
the fact that in shaded parts water is less heated and daytime heat-
ing therefore lags behind compared to non-shaded parts. This
could also explain the observed temperature variation between
open and shaded parts in the Elsbeek, where temperatures increase
in the non-shaded parts and decrease in the shaded parts (Fig. 4).

In addition to shading, the stream temperature is also influ-
enced by the water depth. A shallow stream warms up faster, but
also has a higher flow velocity than locations with pools allowing
less time for warming of the water. The temperature measured
in the Elsbeek showed that the temperature at the bottom of dee-
per pools was buffered and had less extreme temperature peaks
than the surrounding stream sections because the larger body of
water at these locations was able to adsorb more heat than shallow
stream sections.

4.4. Temperature buffering by groundwater

Our temperature measurements showed that groundwater pro-
vides relatively cool water in summer and warm water in winter
(Figs. 4 and 5), which was especially clear in springs (Table 1).
Separating the energy fluxes of seepage from the other processes
using the model (Fig. 8) showed that the importance of groundwa-
ter for stream temperature depends on the temperature difference
between the surface- and groundwater. For instance, the buffering
capacity of seepage increases during a summer day as the stream
gets heated and the temperature difference increases (Fig. 8). The
scenarios showed that the increase in stream temperature result-
ing from decreased seepage (scenario 3) is larger than the decrease
in temperature following from increased seepage (scenario 2). This
is not only due to the change in the amount of groundwater versus
the volume of stream water, but also follows from the fact that
with higher groundwater fluxes the temperature of seepage is
more similar to the deeper groundwater than with low seepage
rates, because less time is available for downward conduction of
heat. Higher seepage fluxes thus increase the temperature gradient
in the streambed, and therefore increase the buffering capacity of
groundwater both through the advective flux and through
increased streambed conduction (Caissie and Luce, 2017).

Recent studies showed the importance of ‘source depth’ of seep-
age for the temperature signal that is transported by groundwater
to surface waters (Briggs et al., 2018a, 2018b; Kurylyk et al., 2015).
The temperature of shallow groundwater is influenced by the sea-
sonality at the surface, and as such the buffering capacity of this
groundwater is lower than that of deeper groundwater. Thus,
groundwater seepage may hold a (lagged and attenuated) seasonal
temperature signal, resulting from either the groundwater flow
path and transferred from infiltration zones (Briggs et al., 2018b,
2018a; Kurylyk et al., 2015) or from heat conduction from the
streambed at the seepage zone (Caissie and Luce, 2017). Our study
did include the second process of heat conduction at seepage zones
(Eq. (32)), which is especially important if seepage velocities are
slower and deep flow paths are dominant. However, with the
methods in our study we were not able to consider the first process
of source depth, which is especially important when groundwater
velocities are high and/or travel times short, which is known to be
the case for at least part of the seepage in these catchments
(Kaandorp et al., 2018a).

We found that the spring and two groundwater-fed ponds dis-
charge groundwater towards the stream, but with different resi-
dence times from the moment of seepage till the moment of
discharge to the stream. This leads to a clear difference in the tem-
perature effect on the stream, which is listed in Table 4. Because
the water discharging through the spring only takes little time to
join the stream, its temperature in winter is always higher than
the stream water (Fig. 3). As residence time increases, the water
is more influenced by atmospheric processes such as sensible heat
flow and it changes temperature compared to the stream water.
For instance, the large groundwater-fed pond has an estimated res-
idence time between 15 and 19 days and in winter discharges
water towards the streamwhich is both colder on average and dur-
ing the day (maximum) than the water in the stream.

4.5. Climate warming

Scenarios 1a and 1b, in which air temperatures where increased
in both scenarios and groundwater temperatures only in scenario
1b, showed how the buffering capacity of groundwater highly
depends on the temperature increase of groundwater in a changing
climate. Much is still unknown about the exact response of the
temperature of groundwater to climate change (e.g. Menberg
et al., 2014; Watts et al., 2015). Kurylyk et al. (2015) simulated
the temperature of shallow groundwater during several climate
change scenarios. They showed for instance a case where 50 years
after an instantaneous increase in the air temperature of 2.0 �C the
temperature of groundwater at a recharge location in a sandy aqui-
fer had increased by 1.9 �C at a depth of 5 m and by 1.6 �C at a
depth of 20 m. Because it is expected that the increase in the
groundwater temperature will always lag behind on the increase
of the air temperature (e.g. Kurylyk et al., 2013), the temperature
difference between the two increases in a warming climate,



Table 4
Comparison of features with point groundwater seepage.

Spring Small GW-fed pond Large GW-fed pond

Location 1 3 4
Location along cable 305 m 630 m 1120 m
Residence time/time since seepage 0–1 days 5 days 15–19 days

Temperature in winter relative to stream temperature Minimum " " "
Average " " ;
Maximum " ; ;
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depending on the depth where groundwater is flowing. This would
lead to a relative increase in the buffering capacity of groundwater
compared to the current climate and thus partly buffers the effect
of climate warming in groundwater dominated streams.

Climate change might not lead to a consistent year-round
increase in temperatures, but instead lead to a different tempera-
ture increase in summer than in winter, which will also affect
the buffering capacity of groundwater on stream temperature. In
our study area, part of the streamflow is derived from deeper
groundwater (Kaandorp et al., 2018a) and the temperature of this
deeper groundwater depends on the average temperature increase,
not seasonality as seasonal signals are dampened with depth.
Therefore, if summer temperatures increase more than winter
temperatures (e.g. by 3 �C and 1 �C respectively) and the ground-
water temperature increases by the average (e.g. 2 �C), the temper-
ature difference between the stream and groundwater changes. In
this example the thermal buffering by groundwater is increased
both in summer and winter compared to in the current climate.
However, if the reverse happens and winter temperatures increase
more than summer temperatures, the buffering capacity of
groundwater decreases. Furthermore, climate change also leads
to changes in cloudiness and humidity, affecting direct solar radi-
ation and latent heat flow and thus both stream and groundwater
temperatures (Taylor and Stefan, 2009). We conclude that the
effect of climate warming on groundwater temperatures is extre-
mely complex and can have large spatial heterogeneity due to dif-
ferences in e.g. recharge rates (Kurylyk et al., 2014) and
geohydrological settings.
4.6. Implications for groundwater-dependent streams and ecology

The temperature of groundwater is likely to be lower than max-
imum air temperatures in summer and thus in most climate warm-
ing scenarios seepage buffers temperature peaks. In addition,
groundwater dominated streams have a lower risk of drying up
than other streams and rivers, and are therefore able to support
the survival of species during drought. Springs especially, can deli-
ver a thermal signal most related to groundwater towards the
stream due to their local high flow velocities, which does not allow
much time for downward heat conduction. Groundwater-fed
streams are less vulnerable to climate change thanks to these less
intense temperature and discharge extremes.

However, the thermal refugia created by groundwater seepage
are still threatened by climate warming, as many species living
at these locations are more susceptible to changes in temperatures
than species that are already adapted to more variable water tem-
peratures (e.g. Hazelwood and Hazelwood, 1985; van den Hoek
and Verdonschot, 2001). If future temperatures rise, the input flux
of groundwater might not be high enough to ensure the required
low temperature certain species need to survive (e.g. Kurylyk
et al., 2014). The high groundwater input into the Springendalse
Beek allows for the presence of spring and spring stream species
(Verdonschot, 1990) and a high amount of rare species (van
Walsum et al., 2002). This, together with the high amount of shad-
ing makes this stream a special case especially for the Netherlands
and worth protecting.
5. Conclusions

Several measurement techniques were combined with a stream
temperature model in order to study the importance of groundwa-
ter on the temperature of lowland streams. Using DTS measure-
ments, localized seepage was mapped in two Dutch streams,
which was confirmed by sampling of 222Rn. We have seen that
groundwater seepage is able to buffer the temperature of stream
and provide thermal and climate refugia by lowering maximum
temperatures. Seasonality in seepage temperatures can be caused
by shallow and fast flow paths from infiltration areas or by heat
conduction in seepage zones with slow groundwater velocities.
Our measurements suggest that while air temperature and shading
generally have a large influence on stream temperature, the pres-
ence of significant seepage can be crucial in the occurrence of ther-
mal refugia. The effect of groundwater may be even more
important in a warming climate, although this depends on the
exact change in air temperature and its seasonality. We conclude
that groundwater dominated streams are potentially more climate
resilient than streams without a significant contribution from
seepage. It seems possible to make use of groundwater in reducing
summer temperature maximums, as an alternative or additionally
to the creation of (riparian) shading. For instance, reducing the
pumping of groundwater can increase groundwater levels and
seepage. More research effort is needed on the exact consequence
of climate change on the temperature of groundwater and there-
fore of seepage, as this is still mostly unclear and depends on many
(local) factors. We conclude with the statement that groundwater
seepage is a crucial factor to include the study and management of
lowland stream temperatures and ecology.
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