Baseline Assessment of Physical and Biological
Conditions Within Waterways on Big Springs Ranch,
Siskiyou County, California

Jeffrey Mount, Peter Moyle, and Michael Deas, Principal I nvestigators
Report prepared by:

Carson Jeffres (Project lead), Randy Dahlgren, Joseph Kiernan, Aaron King,
Robert Lusardi, Andrew Nichols, Sarah Null, Stacy Tanaka, Ann Willis

Report prepared for:

California State Water Resour ces
Control Board

Citeas:
Jeffres, C. A., R.A. Dahlgren, M.L. Deas, J.D. Kign, A.M. King, R.A. Lusardi, J.M. Mount,
P.B. Moyle, A.L. Nichols, S.E. Null, S.K. Tanaka,lA Willis. 2009. Baseline Assessment of
Physical and Biological Conditions Within WaterwaysBig Springs Ranch, Siskiyou County,
California. Report prepared for: California Stéfater Resources Control Board.

u
UCDAVIS

PP Center for Watershed Sciences W LR Wareourse

nc.

Center for Watershed Sciences
University of California, Davis ¢ One Shields Awee ¢ Davis, CA 95616-8527



1.0
2.0
2.1
2.2
3.0
3.1
3.2
3.3
4.0
4.1
4.2
4.3
4.4
5.0
5.1
5.2
5.3
5.4
5.5
6.0
6.1
6.2
6.3
7.0
7.1
7.2
7.3
7.4

7.5
8.0
9.0

9.1

9.2
10.0

10.1
10.2
10.3
10.4

Table of Contents

EXECULIVE SUMMAIY ...eviiiiiieii ettt e e e e e e e e e e e e e e e e s aeeeenneeeeee 3
INEFOAUCTION ...ttt e e e e e e e as 14
RepOort Organization...........ooiiiiiiiiieeeeeeeeeeeieiiir e e e eeeeeneeeeee 16
ACKNOWIEAGMENTS.....cciiiiieeeeee e eree e e 16
Project DEeSCIIPLION .....ciiiiiie ittt e e e e e e e e e et e beeneneeeenne 17

S YoTo] o L= T 0 Ao ] P 17
e o [=Tod Y =T S 18
Basic Conditions During the Project PerioQu . ......ccccceveiiiiieeeeeeeeiieeeeeiiiins 20
Physical habitat data/ObServations..... .. .eeeeeeeiieiiiiiinee e eeeeeeeeeeieeees 23

[ [0V LV 1Y/ [ 1 (o ] o [ SUUPOSR 23
Water TEMPEIALUIE .......ooiiiiieiii s eeemm e e e 32
Water QUAIITY .......eeeeieiiiiiiie s s et s e e e e e e e e e e e e e e eeeeesseeenneeseennnnes 50
(€1=To] 1 aTe] 1'0] 0 o] [oTe YR 55
Food Web and Aquatic Macrophytes ........eeeeveiiieiiiiiiiniiieeee e 59
T a ] goTo [¥ox i o] o F SRR RRRPPPP 59
Autochthonous ProducCtion................emmmmmeeeeeeee e e 61
Aquatic Macroinvertebrates...........oov oo 64
FOOd WeED ANAIYSIS.......cooveieiiiiiiciie e e e 78
CONCIUSIONS ...t e e e e e e e e e aeaeaeaaaas 100
Fish Abundance and Habitat SUIVEYS.....ccccccceeiii e 210
METNOAS. ... ee e e e e 102
N T 1Y LSRR 104
CONCIUSIONS ...t e e e e e e e e e aeaeaeaaaas 108
ReStoration Strat@QieS ......uuuuuiiii i e e e i e eee e e e e e e e e eeee e 109
Monitoring ReCOMMENTALIONS.............. s eeeeeeeeeeeeeeeeeeeeeeeeieeennneas 110
PasSiVe RESTOIatioN ...........ooiiiiiiieeeeeee e e 114
ACHIVE RESTOTALION .....eviiiiiiiei et e e e e eananrneee 117
Two-Dimensional Hydrodynamic and Temperaturel®img of Restoration
ElEMENTS . 118
(0] a1 11153 o] o FJ PP PR T PPPPP 134
RETEIENCES ... et s 135
Appendix: Hydrodynamic and Water Temperaturel®iog........................ 141
Flow and Temperature Modeling........... o eeeeeeeeeeeeeeeeeeiieeinnnns 141
CONCIUSION ...t ettt e e e e e e e e e e e e eer e ee e 153
Appendix: Review of the Shasta River TMDL Arsaé — Big Springs Flow and
Temperature Boundary Condition ASSUMPLIONS ..cceeeeeeeeieeeeeeeeeeeeeeeeeiiiinnns 153
T oo 18 ox 1 o] o TS 153
Overview of the Shasta River TMDL ASSUMPLIONS...........ccevvvvvvvenniiinennnn 153
Assessment of Shasta TMDL ASSUMPLIONS......ccovviiiiiiiiiiiiiiiiiiiiiieeeeenn 154
Recommendations and CONCIUSIONS .......cceeeeemeiiiiiiieeeieiiieiesriiiiiiienn ) 615



Baseline Assessment of Physical and Biological Conditions
Within Waterways on Big Springs Ranch, Siskiyou County,
California

1.0 Executive Summary

Introduction

The Shasta River in Siskiyou County, California rbayone of the Lower Klamath
River’'s more exceptional tributaries (CDFG 2004aB2004, NRC 2004). The river
receives more than half of its annual flow fromisgrcomplexes. These springs, fed by
recharge from Mount Shasta, are nutrient-rich aredl iighly productive aquatic food
webs. The natural resilience of the Shasta Roaipled with its high primary
productivity, suggests a high potential for sigraft and immediate response to
restoration and conservation actions supportingeaids.

From 2006 to 2008, the University of California M¥a(UC Davis) Center for Watershed
Sciences, in cooperation with Watercourse Engingdnc., conducted a baseline
assessment of aquatic ecosystems within the SRastabasin. With support from The
Nature Conservancy, California (TNC) and the U.&.eBu of Reclamation, these
assessments provided the first-of-their kind cor@nsive evaluation of factors limiting
salmonid spawning and rearing in the Shasta Rivérrelated changes in aquatic
ecology over the course of a year (Jeffres et@)82 A principal finding of these
studies was that degradation of water quality dngsigal habitat in Big Springs Creek, a
large spring-fed tributary, coupled with loss of@ss to the upper reaches of the Shasta
River, were significant limiting factors affectisgmonid spawning and rearing. In
particular, the principle limiting factor for cols@almon was high summer temperatures in
reaches downstream of Big Springs Creek.

These studies, along with earlier work by Dead.€R804), identified Big Springs Creek
and the spring complex that feeds it as the highestity restoration location in the
Shasta River. In March 2008 TNC acquired an optiopurchase the Busk Ranch (TNC
exercised this option on 5 March 2009 and has siramed the property Big Springs
Ranch). The property is approximately 4,100 awnéls an additional 400 acres retained
by the property owner (with a conservation easeneiibng with numerous cold water
springs, the property encompasses 4.0 km (2.5 intifeoUpper Shasta River, 3.5 km (2.2
mi) of Big Springs Creek, 1.6 km (1 mi) of Littlgp@ngs Creek, and portions of Parks
Creek and Hole in the Ground Creek (a spring cre&kpe steady influx of cold
(12°C/54F) water makes the Big Springs Ranch’s spring cemplnatural haven for
native fishes. Cold, clear water and almost 9.7(&mi) of potential prime salmonid
habitat make the Big Springs Ranch one of the mosibgically important parcels in the
entire Klamath River watershed.



Big Springs Creek Project

The UC Davis Center for Watershed Sciences and Maiese Engineering Inc.
conducted a baseline assessment of physical atajlial conditions within waterways

on the Big Springs Ranch. The focus of this effeat to document baseline conditions

in the previously undescribed Big Springs Ranch@nodide guidance to resource
managers in restoration efforts. Specifically, gloal of the baseline assessment program
was to support conservation and restoration planthiroughout the Shasta River

directed toward management of coho and Chinook@aliend steelhead trout. To that
end, the objectives of our study were four-fold:

1) document baseline aquatic habitat conditions ingigngs Creek and other
springs and spring creeks from Summer 2008 thrdMgtier 2009. The sample
sites adequately represent lateral and longitudjredients as well as ranges of
conditions that affect salmonids in these uniqustesys.

2) establish a monitoring infrastructure and protothét capture, to the extent
possible, seasonal changes in habitat conditioti$cand web structure.

3) identify and, where possible, quantify factors tivait salmonid production
downstream in the Shasta River

4) identify a range of options that may be viableifoproved water resource and
habitat management that will directly improve satmicspawning and rearing
conditions

This baseline assessment greatly increases una@irsgeof hydrological and ecological
processes not only within Big Springs Ranch, bs @rovides important insights into
the Shasta River. Using an interdisciplinary apphy we were able to describe physical
and ecological limiting factors affecting salmonid=Big Springs Creek. Study elements
included a wide range of field investigations, lediory investigations, and computer
model simulations. We collected physical data doenting hydrology, water
temperature, water quality, geomorphology and mlaysiabitat; obtained ecological data
through surveys of primary producers, aquatic magsstebrates, and, using light stable
isotopes, food web structure; and conducted exterish surveys to determine seasonal
habitat utilization. This data, along with knowdgdgained from previous and ongoing
studies on the Shasta River, were used to deve@ipniary restoration strategies for
Big Springs Creek. A two-dimensional hydrodynawme water temperature model was
developed to identify potential flow and thermahbgts associated with selected passive
(no direct actions in the stream channel) and adtiwect in-channel activities)
restoration actions after 1, 5, and 20 years.

Key observations and conclusions identified in aminal investigation of Big Springs
Creek include:



Streamflow
Findings
* During the non-irrigation season portion of theegssnent period (1 October
2008, to 8 January 2009) streamflows in Big Spri@gsek (mean = 82°s) were
minimally variable and nearly five times mean stnflaws recorded in the Upper
Shasta River (above the Big Spring Creek confluemekincluding Parks Creek
inflows; mean = 15 fis).

* During irrigation season (1 April 2008 to 1 OctoR€08) Big Springs Creek
streamflow declined by 35% (mean = 53d}. This seasonal reduction was
derived almost entirely from water diversions fr&mg Springs Lake and
apparent reduced spring flow contributions assediatith seasonal groundwater
pumping local to and upgradient (east and souttheBig Springs complex.
Streamflow magnitudes in the Upper Shasta Rivevalioe Parks Creek
confluence fluctuated little during the study pdriGtreamflows in Parks Creek
were variable during the irrigation season and texlifincreasing from
approximately 6 fi's to 13 ff/s) following cessation of irrigation season on 1
October 2008.

Streamflow: Conclusion

The Big Springs complex forms a considerable amabntant component of baseflow
for the Shasta River downstream of Big Springs Kregeasonal depletion is evident
during summer periods when diversions and possgitdyndwater withdrawals
deplete flows not only in Big Springs Creek, bugoalipstream reaches of the Shasta
River and Parks Creek.

Water Temperature

Findings

* Big Springs Lake, an artificial impoundment intedde provide water to
irrigated agriculture, forms the headwater tempgeaboundary condition for Big
Springs Creek. The lake is fed by a spring complake eastern shoreline.
Water that discharges from the lake into the craekies from approximately
10°C in winter to over 1% in summer. Considerable spring inflows averaging
approximately 19C contribute to the baseflow of the creek.



Big Springs Creek is prone to high thermal loadifigys stems, in part, from
water management practices prior to ownership b@ Tihere depletion and
tailwater return contributed to heat gain. Howeweuch of the heating is
associated with the degraded channel form. Mae #ghcentury of intense
grazing has removed all riparian vegetation. Adddlly, grazing has led to
erosion of channel banks and the formation of adbrehallow channel that
maximizes heating due to insolation. During daytimspring and summer, water
discharged from Big Springs Lake and the adjacentg complex warms at a
rate greater thar®@ per km (8C per mi) before reaching the confluence with the
Shasta River. However, due to a short transit,tinsgers within the creek are
completely replaced during the night by spring fl@wupled with local nighttime
meteorological conditions, the result is daily loweoughout the summer
averaging 19C to 12C. These low nighttime values are a potentiallyaile
attribute for anadromous fish.

Tailwater associated with flood irrigation prac8cadjacent to Big Springs Creek
can exacerbate thermal loading associated withadegdrchannel form and lack
of riparian shading. Temperatures ove!@Were measured in tailwater return
flows in May, 2008, indicating that water managetactices are a likely
source of warming. However, more information isdezkto quantify the water
quality impacts of tailwater.

During summer 2008, the previous landowner redggading pressures within
Big Springs Creek. This allowed observation ofithpact of seasonal growth of
aguatic vegetation on channel form, hydrology aatkewquality. Left
undisturbed, aquatic macrophyte growth causedrawarg and deepening of the
channel through increased river stage, which imgadgshysical habitat for
salmonids. Shading associated with extensive vagetgrowth, a reduced air-
water interface available for heat exchange, asitoater transit time due to
channel narrowing all led to moderated water tempees in the creek. These
observations indicate that even basic cattle edaiysractices can markedly
modify channel form and provide direct thermal Hage

Modifications to Big Springs Creek include crossirigr water pipelines and
roads, and modest bank stabilization efforts. Queh feature, an inoperative
water wheel structure, creates a large backwatireinipper creek, leading to
marked increased channel widths (90 m) and shallepths (0.5 m) resulting in
increased thermal loading. Water temperaturegase as much as 3®in the
420 m reach upstream of the water wheel. Modeltesdicate that removing
the water wheel could decrease the maximum heedbegpy £C; however,
temperatures at the mouth of Big Springs Creek @bellargely unaffected by
the removal of this structure.



Conclusion: Water Temperature

The spring complex that feeds Big Springs Creekdsstributed collection of springs
encompassing a fairly large spatial area. Conalderaccretions of spring flow at a
stable temperature of approximately@Xkreate a wide range of thermal conditions.
During summer, the springs provide cool water ispato an otherwise warm

system, and in winter the spring flow provides tigkly warm waters to a system that
would typically be notably colder. Given that loist land and water use practices on
the ranch have created a thermally degraded conditiere is considerable potential
for restoration of cooler thermal conditions thrbugattle exclusion and improved
irrigation water management.

Water Quality
Findings
» Unlike most rivers, where elevated nitrogen andsphorous levels are caused by
anthropogenic sources, elevated inorganic nit€a®&9(mg/l) and inorganic
orthophosphate (0.16 mg/l) levels in Big SpringsdéEkrare naturally derived from
geologic sources along the groundwater flowpath {iom source or recharge
area to the Big Springs complex).

* Alongitudinal attenuation of nitrate was obserdeding the spring and summer
months as distance increased from the spring sodrcis decrease is likely
inversely proportional to the abundance of aquatcrophytes in the channel as
determined from qualitative macrophyte biomass nMag®ns throughout the
year. A similar rate of attenuation was not obsdrin orthophosphate,
suggesting that the system experiences nitrogatation in Shasta River reaches
downstream from Big Springs Creek.

Conclusion: Water Quality

Unique water chemistry in Big Springs Creek inclitirge, dispersed springs of
constant temperature with notable inorganic nitroged phosphorus concentrations.
These high nutrient levels result is unusually tpgimary production, which forms a
critical base of the food web. This food web israportant element of ecology of
Big Springs Creek and is capable of supportingnileesalmonids.

Geomorphology
Findings
» Cross-sectional channel forms in Big Springs Ciaekcharacterized by
predominantly rectangular geometries with largetiwvid-depth ratios. Mean
width to depth ratios observed in Big Springs Craekmore than double those
observed in spring-fed creeks throughout easteeg@r and western ldaho.

* Big Springs Creek exhibits three discrete longiiatidifferences in channel
slope. Gradient differences are controlled byieregesistant bedrock
outcroppings in the channel bed and channel margins



* Qualitative observations suggest fine sedimentdsad silt) transport and
depositional dynamics are strongly influenced byadig macrophyte growth.
Water velocities within and adjacent to macroptbgds are reduced, resulting in
increased sedimentation, particularly within demserophyte beds along the
channel margins. However, increased water ve&sclietween macrophyte
stands (i.e., main channel) promote suspensiomefsediment and the
winnowing of fine sediment from available spawngrgvels — a beneficial
outcome.

* In-channel cattle grazing influenced channel molpdnthrough bank erosion
and fine sediment mobilization. Bank trampling @@d to be the dominant
source of fine sediment in Big Springs Creek. Rkemnore, the removal of
aquatic macrophytes through cattle grazing appedaratbbilize fine sediment
trapped in macrophyte beds.

* The rock structure that supported the historic vwateeel creates a large
backwater resulting in extremely wide and shalld®varmel geometries for
approximately 420 meters upstream. Slow waterciids throughout this reach
appear to promote fine sediment accumulation.

Conclusion: Geomorphology

The relatively stable spring-dominated hydrologBaj Springs Creek (i.e., the
predominance of groundwater-derived baseflows dadlaof large, precipitation-
driven flood events) results in stable channel molpgies exhibiting moderate
gradients and high cross-sectional width-to-deptios. Natural channel change in
Big Springs Creek appears largely limited to atiers in bedform configuration due
to the growth (and destruction by grazing) of sutgad aquatic macrophytes.
Channel restoration activities in spring-fed creldkes these require different
approaches from snowmelt- and rainfall-dominateddesys. Stable, predictable flows
enable the use and management of a wide varigiggsiive actions (e.g., riparian
fencing to promote macrophyte and riparian growltirjng restoration.

Food Webs
Findings
» Standing crops of both epilithon and aquatic @amtreased throughout the study
period with the submergent aquatic macrophigsophyllumsibericum
(northern watermilfoil) an@Polygonumamphibiurtwater smartweed) accounting
for the bulk of the macrophyte biomass.

* The aguatic macroinvertebrate communities in Bigri§js Creek and the Shasta
River were dominated by members of the collectahger feeding guild while
shredders and invertebrate predators were relptiaet.



* Amphipods Hyalellasp.) were especially abundant in Big Springs Crkeing
the summer and fall sample periods with densitkegeding 80,000 individuals
per square meter of streambed during the fall.

* Natural abundance stable isotope analysis indidhggdmost primary consumers
in Big Springs Creek were deriving their carbomirsources of fine particulate
organic matter, epilithic biofilms and attachedaag

* The diets of juvenile salmonids during the spriample period could not be
accurately assessed using stable isotope analysitdhe presence of residual
maternal yolk in their body tissues. However, pileesalmonids had clearly
reached isotopic equilibrium with their riverineeth by the summer and fish
appeared to be feeding opportunistically on theitebrate assemblage.

Conclusion: Food Webs

Abundant growth of submergent and emergent macteplwas a salient feature of
Big Springs Creek throughout much of the year. [/thiese plants serve as
important habitat for macroinvertebrates and fisey make limited contributions to
carbon flow in the food web prior to senescencepagosition and entry into the
detrital pool. Fine particulate organic matter s major source of carbon fueling
secondary production in Big Springs Creek and mesbikthe collector-gatherer
functional feeding group dominated the invertebestgemblage. While overall
taxonomic richness was low, aquatic macroinverteldansities are remarkably high
throughout much of the year. Collectively, ourulessuggest that Big Springs Creek
has a unique intrinsic potential to provide highadify rearing-habitat for juvenile
salmonids.

Fish and Fish Habitat
Findings
* When water temperatures increased in late May, 288&oximately 225
juvenile coho from Big Springs Creek and the Sh&star migrated to the pool
at the outlet of Big Springs Lake, where they remadithroughout the summer
and fall. This was the only location where juverabho were observed in Big
Springs Creek during the summer months.

* Food was never limiting for oversummering coho saimPrimary production, as
fueled by naturally elevated levels of inorganitriants (nitrogen and
phosphorus) from the springs complex, provides dannfood sources that,
coupled with cool summer water temperatures, leagptimal conditions for
growth of coho salmon, albeit in a very small area.

* Relatively warm waters during winter result in #aly emergence and rapid
growth of juvenile salmonids in Big Springs Credkurther, warm winter water
temperatures allow for growth of aquatic vegetatiad benthic invertebrates that
provide cover and food for juvenile salmonids negiin Big Springs Creek.



* During October, adult Chinook salmon returned tavapin the lower section of
Big Springs Creek. Several active redds were famthe lower creek, the only
location where suitable gravels currently existitivadult Chinook present,
mature male Chinook parr were observed in the raddgarticipating in
spawning activities. Maturation as parr is a re&y unique life history strategy
and is likely the result of the productive sprirggisystem.

* A school of adult and juvenile steelhead was ole®mmediately above the
water wheel throughout the study period. The bt utilized the relatively
deep backwater upstream of the water wheel. ubknown if these are resident
rainbow trout or steelhead oversummering in Bigr8® Creek.

Conclusion: Fish and Fish Habitat
Conditions throughout much of Big Springs Creektaewarm for oversummering

of juvenile coho salmon. Currently, localized ca@lter sources with adequate depth

are where coho find habitat throughout the summarths. Despite current

degraded conditions, attributes that could poténtmovide unique and valuable
habitat for anadromous fishes, and in particuldwocealmon, include nutrient rich
spring inflows and unique habitat conditions alopger Big Springs Creek. Springs
moderate temperatures in the creek, with relato@ water in summer and warm

water in winter. Naturally elevated levels of iganic nitrogen and phosphorus result

in substantial primary production, which in turrefsithe food web that provides
abundant, high-quality food for juvenile salmonrdaring in Big Springs Creek.

Restoration Strategies

The data collected and detailed observations nathas study allow for development
and evaluation of an array of restoration strategiehese fall into two categories:
passive restoration strategies that include actidrere no direct in-channel work is
carried out, and active restoration actions theltishe direct in-channel activities.

» Passive restoration strategies
o Riparian fencing Excluding and/or management of livestock in the

riparian zone can reduce channel bank degradatilony woody and
herbaceous riparian vegetation growth, and in-chlawvegetation growth
to narrow and deepen the channel. A narrower,ateg@nnel will
reduce heating through a smaller air-water interfacd reduced travel
time. Coupled with more effective shading fromarian vegetation on a
narrower stream, the new channel morphology watlleo reduced
temperature throughout the system.

10



o0 Tailwater managementrrigation management actions, such as capture of
agricultural tailwater for reuse to eliminate wanputs to Big Springs
Creek will be beneficial to instream water temperes. Tailwater could
also be managed to discharge waters that areexatet in temperature.

0 Management and irrigation efficiencynproved conveyance, water
application rates, field rotation (e.g., hay vazyng), retirement of
unsuitable lands (e.g., avoid flood irrigating gtéends adjacent to creek),
etc., can reduce diversions or modify diversionrgnleaving more cool
water in the creek to support anadromous fishes.

» Active restoration
o Planting emergent and riparian vegetatitianting of emergent and
riparian vegetation to stabilize stream banks aeid trap fine sediment.
Vegetation should be established above the wateelb reduce
sediment flux to Big Springs Creek prior to remowfthe structure.

o Placement of large woody debriSurrently, instream structure in Big
Springs Creek is largely absent, yet has been showa a vital
component in high quality coho salmon habitat.trem structures such
as large woody debris (LWD) placed in a spring-dezek will have a
much longer lifespan than instream structures plaea non-spring-fed
river due to the absence of high-flow events. $m@aced in the stream
will create velocity refugia and overhead coverrearing juvenile
salmonids. Geomorphic impacts of LWD placement wdlude localized
scour of fine sediments, which will increase deptéar the LWD.

o Sediment Managementf active restoration is to take place in the
channel, a fine sediment management plan should fece to monitor
sediment flux as a result of restoration activitidis will allow for real-
time management to strike a balance between longrestoration of
habitat with short term sediment management.

* Modeling Potential Restoration Actions:

0 One element of this study was the developmenttabadimensional
water flow and temperature model to assess potemjpeacts of various
actions including increasing flows, narrowing tteam, and providing
riparian shading. This proof of concept applicati@as provided key
insight into rates of heating along the creek ddimplications of
different prescriptions on thermal conditions alding creek during
summer periods (e.g., the impact of additionalrigrashading versus
narrowing of the channel). The model is limitedig Springs Creek and
does not include downstream effects in the ShaserR
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o In addition to identifying potential implications$ mcreased flow, reduced
channel width, and shade from riparian vegetaspegcific modeling
assumptions associated with an approximate tinmeefraf when
restoration prescriptions would be effective oryide benefit was
completed. Time frames of 1, 5, and 20 years wessemed and different
assumptions on the extent and efficacy of restmatieasures was
applied.

o Simulation results suggest an immediate responeattie exclusion (1
year) with eventual reductions of up f%4in mean daily maximum
temperatures for long-term restoration conditidtears). These
conditions will not only provide benefit to Big Spgs Creek, but to
downstream reaches of the Shasta River.

o The flow and temperature model can interface wxikteng TMDL
models or be extended to include additional watrility parameters. As
such, this tool would be available to assess agtity TMDL
implementation plan activities, determine potergidiicacy of specific
actions, and prioritize actions for completion.

0 Assumptions employed in the Shasta River TMDL netpto Big Springs
Creek were reviewed. Flow assumptions in the TMire confirmed
with field observations from the 2008 field studgummer flows in Big
Springs Creek contribute on the order of 66fto the Shasta River.
However, TMDL assumptions regarding heating in 8agings Creek
between the lake and the Shasta River were loeid Biudies indicate
that water released from the lake can exceé@ {%ersus the assumed
12°C). Furthermore, assumptions made about inflowptatures to the
Shasta River under existing conditions and, inigaler, during future
scenarios were several degrees lower than thosewalssand modeled
under a restored condition. These findings caimbarporated into the
TMDL implementation plan activities as appropriate.

* Monitoring is a critical element of any restoratimmgram. To assess the
efficacy of restoration prescriptions, baseline itaing programs must be in
place prior to, during, and after restoration. dfnprehensive monitoring plan
will allow for real-time information gathering thaiill measure the success of
restoration activities and provide guidance ifsestion/ranch management
actions need to be altered. The report providesiBp recommendations for
flow, temperature, water quality, geomorphologydavebs, and fish monitoring.

12



Conclusion: Restoration Strategies

Big Springs Creek and associated springs complexige multiple attributes that
support coho salmon and other fish species ofesterHowever, land and water use
has degraded streamflow and water temperaturesedireeasonal sequestering of
nutrients in plant biomass, modified the geomorpby] disrupted food webs, and
limited coho and other salmonid production in thee& and in downstream Shasta
River reaches.

Beyond formulating baseline conditions for hab@atl habitat usage in Big Springs
Creek, this project introduces a limited set ofemtial passive and active restoration
actions. These actions are not intended to beustiva, but provide fodder for future
exploration of opportunities to restore this uniqugiatic system as additional
research sheds light on critical elements of tleekciand associated land use actions
(both on site and in the general local area).

Summary and Recommendations

Ecologic, hydrologic and geomorphic assessmentiie at Big Springs Ranch indicate
that salmonid habitat conditions in Big Springsékrare severely degraded due to past
ranch management. However, during the coursei®obthdy, Big Springs Creek
demonstrated high resiliency, with significant imypements in conditions with only
minor changes in management. Aquatic macrophytetbravas prolific in Big Springs
Creek when cattle were excluded from the streaire aquatic macrophytes added
habitat complexity, increased depth, and trappee $ediment in the margins, revealing
suitable spawning gravels in the channel. Degjgtgaded conditions in much of Big
Springs Creek, isolated locations currently exiséme juvenile coho are able to grow at
rates nearly double that of an adjacent waterskhisiing physical and ecological data, a
hydrodynamic and temperature model was built tessgestoration alternatives. The
model will help ranch managers prioritize restanatbptions for a rapid recovery of Big
Springs Creek.

Despite the large amount of information collectedmp this study, many questions
remain about the unique ecologic conditions in Bpgings Creek, how those conditions
will change in response to a range of restoratativities, and how those changes will
impact downstream reaches of the Shasta Riverthi®reason, we recommend
continued investment in improving the ecologic agdrologic models for Big Springs
Creek. The baseline dataset developed during tilnity svill be the foundation of a
monitoring program that should accompany any resitar effort. This monitoring
program will be used to determine degrees of ssdceestoring Big Springs Creek and
to help guide ranch management and restoratiowitaes$i The quality of the baseline
data and models allows for a novel approach tetnes monitoring and assessment that
can be used elsewhere in the Shasta River andlémesith River basin.

13



2.0 Introduction

The 1997 National Marine Fisheries Service (NMAS)rg of the SONCC (Southern
Oregon/Northern California Coast) evolutionary #igant unit of coho salmon
(Oncorhynchus kisutgtas threatened under the Endangered Species 84) (kas
resulted in an increased focus on the ecologiadlpdaysical systems in the Klamath
River basin and particularly within the Shasta RivBeveral Klamath River studies and
conservation plans have highlighted the importafdbe Shasta River in preserving and
restoring anadromous salmonid populations withengreater Klamath River basin
(CDFG 2004, NRC 2004, NMFS 2007, NRC 2007). Desbéing a restoration priority
for anadromous fish, little information is availatdbout the unique hydrologic and
ecologic conditions that exist in the Shasta River.

The Shasta River in Siskiyou County may be on@efmhore resilient tributaries due to
its unique hydrologic/geomorphic conditions andnhpgoductivity (Deas et al. 2004,
NRC 2004, CDFG 2004), suggesting a high potentiasignificant and immediate
response to restoration and conservation actibosthe past two years, the University
of California, Davis Center for Watershed Scienaesooperation with Watercourse
Engineering (see Jeffres et al. 2008), has beedunting a baseline assessment of
aguatic ecosystems on the Shasta River, principallhe Nelson Ranch (approximately
48 kilometers upstream from the confluence withKkemath River). With support from
The Nature Conservancy, California (owners of tleéshin Ranch) and the U.S. Bureau
of Reclamation, these assessments provided thefits kind comprehensive
evaluation of factors limiting salmonid spawninglaearing habitat and usage of those
habitats over the course of a year (Jeffres &0418).

14



A principal finding of the Nelson Ranch studies wlaat water volumes and temperatures
inherited from upstream sources were the domiratofs limiting the availability of
salmonid spawning and rearing habitat in the SHastar on the Nelson Ranch,
particularly for coho salmon. These observaticosybined with previous work by Deas
et al. (2004), suggested that the magnitude ankitgjodwater sourced from the
upstream tributary Big Springs Creek and associadéddral springs (herein referred to as
the Big Springs complex) played dominant rolesnmtlng salmonid habitat availability
downstream in the Shasta River. The comprehefigidestudies at the Nelson Ranch
confirmed the Deas et al. (2004) identificatiortted Big Springs complex region as the
highest priority restoration property in the Shdieer basin., Findings of the Nelson
Ranch studies helped prompt The Nature Conserv&uaifornia (TNC) to acquire an
option to purchase approximately 4,100-acres athrdand surrounding Big Springs
Creek and portions of the upper Shasta River posWadentified as the Busk Ranch and
herein referred to as Big Springs Ranch (TNC esgertthis option on 5 March 2009).
Approximately 400 acres of the Busk Ranch weranmethby the previous property
owner (with a conservation easement purchased ) TMlong with numerous cold
water springs, the Big Springs Ranch property empasses 4 km of the Upper Shasta
River, 3.5 km of Big Springs Creek, 1.6 km of latprings Creek, and portions of Parks
Creek and Hole in the Ground Creek (spring credlie steady influx of cold

(12°C/54F) water from the Big Springs Complex makes the 8pgings Ranch a natural
haven for native fishes. Cold, clear water andoainsix miles of potential prime
salmonid streams make the Big Springs Ranch otteeahost ecologically important
parcels in the entire Klamath River watershed.

This project provides the first comprehensive agsest of physical and ecological
conditions in the Big Springs Creek region througthwarious life stages of salmonids,
and complements the previous Nelson Ranch bassdsessment (Jeffres et al. 2008)
and an ongoing system-wide wide baseline assesgfuoeded by U.S. Bureau of
Reclamation). A principal objective of this effovais to provide the baseline information
necessary to guide and evaluate restoration effiesgyned to improve salmonid
populations. This research takes advantage ofrhyortant events in the watershed.
First, this work was coincident with the 2008 calodort, the largest of the three brood
years in the Shasta River. This relatively largbast provided the unique opportunity to
collect meaningful observations regarding seasosade of key habitat types by juvenile
coho salmon. Second, by securing an option tohyase a large portion of the former
Busk Ranch, The Nature Conservancy (TNC) obtaimedss to the Big Springs complex
and creek.

15



As identified in the previous work at the NelsomB@a, the principal limiting factor in
coho salmon production is availability of cold watearing habitat during the over
summering lifestage. Observations from the Shaster indicate that local differences
in summer water temperatures force juvenile cohextubit two different life history
strategies. One life history strategy is for julecoho to rear in the Shasta River until
increasing springtime water temperatures (4 to thwfollowing emergence) prompt
downstream emigration in search of cooler watéh@Klamath River, tributaries to the
Klamath River or the Klamath River estuary. Theosel life history strategy is for coho
salmon to remain in the Shasta River for more thayear, with emigration occurring
the second spring following emergence. Due topeddence on the availability of cool
water temperatures throughout the summer, thisnselde history strategy appears only
utilized by fish born near cold water sources i tipper reaches of the Shasta River. As
identified herein, considerable cold water resosiae available in the Big Springs
Creek region, but land and water use practices baverely degraded local conditions.
This report focuses on the identification and gitatne characterization of these cold
water features and associated aquatic habitat hadeatation of cold water habitat use by
salmonids, and the development of tools to assaesial restoration strategies in
support of TNC’s long-term goal to restore Big 8gs Creek and the Shasta River to
improve and maintain populations of coho salmon@ther native fishes. .

2.1 Report Organization

The Big Springs Creek region baseline habitat afutht usage study included a wide
range of field investigations, mapping, laboratimyestigations, and associated work.
Report elements include a general site descriptadiowed by chapters addressing
hydrology/meteorology, water temperature, geomdaag habitat mapping, aquatic
macrophyte, macroinvertebrate and food web sampding fish surveys. Each chapter
ends with major findings and future recommendatidrReferences are included, as are
appendices addressing field data.
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3.0 Project Description

The goal of the UC Davis/Watercourse Engineerirgebiae assessment program is to
support conservation and restoration planning tinout the Shasta River directed
toward management of coho and Chinook salmon, eeethead. The objectives of this
study necessary to meet these goals are four-fold:

1) document baseline aquatic habitat conditions onFpigngs Creek, and other
springs and spring creeks from Summer 2008 thrdgtier 2009. The sample
sites will allow adequate representation of lataral longitudinal gradients and
ranges of conditions that impact salmonids in thesgque systems.

2) establish a monitoring infrastructure and prototé capture, to the extent
possible, seasonal changes in habitat conditioti$cad webs

3) identify and, where possible, quantify factors tirait salmonid production in the
Shasta River

4) identify a range of options that may be viableifoproved water resource and
habitat management that will directly improve satimdcspawning and rearing
conditions

Summarized below are the project scope of workpmnogect area. In addition, we
discuss some of the challenges associated withimg#git the Big Springs Ranch during
the transition period where TNC held an optionh® property, but did not control land
and water use activities and had limited access.

3.1 Scope of Work

The scope of work outlined herein includes the paydabitat data/observations, water
quality characterizations, food web data, and dishndance and habitat.
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Physical habitat data/observations included strEaminonitoring, water temperature
observations, geomorphic reconnaissance and hatdigping throughout the Big

Springs Ranch. Streamflow monitoring was completieldcations in the Shasta River,
Parks Creek, Big Springs Creek and selected speddributaries including Hole in the
Ground Creek and Little Springs Creek to definertydrology and quantify spring flow
accretions. A wide range of water temperature oasiens were collected throughout

Big Springs Creek to quantify thermal gradientof@orphic reconnaissance and habitat
mapping were completed within Big Springs Creekupport all aspects of the project.

Water quality characterization included system#ticampling water quality at multiple
sites to capture seasonal variations, particulartyutrients (nitrogen and phosphorus), as
well as to source spring waters emanating fronBilgeSprings Complex.

Food web monitoring included collection and anaysiprimary producers (epilithon
and aquatic macrophytes), benthic macroinvertebrated fishes to examine the
temporal and spatial dynamics of the aquatic foeth.w

Fish abundance and habitat were quantified threxténsive snorkel surveys of the Big
Springs Ranch. Surveys were tied to physical d&inical habitat characterizations
described previously to determine seasonal digtabwf salmonids of different age, life
history and environmental tolerance.

3.2 Project Area

Big Springs Ranch encompasses approximately 45@8 aad part or all of five rivers or
creeks: Big Springs Creek, Shasta River, ParkskCtattle Springs Creek, and Hole in
the Ground Creek. Big Springs Creek, the primaou$ of the study, is 3.7 km (2.3 mi)
long and enters the Shasta River at river kilom&4e? (rm 33.7; Figure 1). The Shasta
River flows approximately 97 km (60 mi) northwestd/érom its headwaters to its
confluence with the Klamath River and is the fodattgest tributary in the Lower
Klamath River system (Figure 1 ). Bounded by thetSMountains to the west, Siskiyou
Mountains to the north, and the Cascade VolcanigB#o the south and east, the Shasta
River Basin exhibits considerable spatial variépil geologic and hydrologic
characteristics. Tributaries from the Scott argkigou Mountains flow northeast to the
Shasta River, roughly perpendicular to the northstrlike of a the Eastern Klamath Belt,
a geologic province comprised of a complex assegebtd Paleozoic sedimentary and
metamorphic rocks and Mesozoic intrusives (HotzZ7)}9Northerly and westerly

flowing tributaries to the Shasta River drain btite northern slopes of Mount Shasta and
the western slopes of the Cascade Range, regigeyainderlain by porous volcanic
rocks of the Western and High Cascades geologminmes. The Shasta River flows for
most of its length along the floor of Shasta Valley area underlain principally by a
complex assemblage of High Cascade Plio-Pleistoardesitic and basalitic lava flows
and volcaniclastic materials derived from a LateifRdbcene debris avalanche from
ancestral Mount Shasta (Wagner 1987, Crandell 198&)v-gradient basalt flows (e.qg.,
Plutos Cave Basalts) dominate the eastern portib8sasta Valley, while western
regions exhibit a mosaic of andesitic and daciliotks and depressions formed by the
aforementioned debris avalanche. The local clinsasemi-arid with mean annual
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precipitation varying between 25.4 cm (10 in) aBd74m (18 in) (Vignola and Deas
2005), much of which falls as snow in higher elexs during the winter months.

Shasta River Basin

'f Klamath River Basin

“Nelson Randh

:
/ oo, *_-Big'Springs Creek
1% Big Springs Ranch

- SR Y

t m

Cwlifornia

© "~ Grenada Irrigation District Weir
® US6S Stream Data Gauge
© USGS Meteorologic Station

Miles

0 3 6 12 18 24 30

Figure 1. Location of the Shasta River within Klamath Basin and Big Springs Ranch within
the Shasta River Basin.

Big Springs Creek joins the Shasta River at Rkn2 Ba4.a major tributary. The creek
itself emanates from Big Springs Lake and sevasairéte springs and flows westward
for approximately 3.5 km. Big Springs Lake was aupded in approximately 1875 to
support irrigation activities on adjacent landsj arundated the easternmost portion of
the springs complex (i.e., the source water foldke). Through time an extensive
network of irrigation canals and associated feateslved to the current conditions.
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Figure 2. Important locations on Big Springs Creek

3.3 Basic Conditions During the Project Period

During the project, TNC held an option on the BgiSgs Ranch, but agreements with
the landowner allowed ranching operations to cargtinSimilarly site visits were limited
in number of people and frequency. Research aquisiton related visits were

carefully scheduled and clear communications withlandowner were paramount to this
project and related efforts. In retrospect, thpasfunity to observe conditions under
ongoing ranch operations as well as under scalek-ty@erations provided a unique
perspective on the restorative potential of Bigiigys Creek.
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Figure 3. Example of aquatic macrophyte growtinfr@) March, after being grazed throughout
the winter and (b) July, after having relativelitlé cattle grazing pressure.

For example, conditions changed dramatically on$gngs Creek throughout the
project monitoring period, primarily due to landdanater use activities associated with
cattle management in the ranch. For example, wharpling commenced, Big Springs
Creek was devoid of aquatic vegetation and habdmatplexity was very low (Figure 3a)
in response to long-term cattle management practibeie to a reduction in the number
of livestock maintained on the ranch during sumofet007, cattle were excluded from
most of Big Springs Creek throughout the summaere fesult was that extensive growth
of aquatic and emergent plants became establisttedatably altered channel
morphology, increasing complexity within the chanfiégure 3b). When cattle were
reintroduced to portions of the creek in Septemtheect grazing on aquatic vegetation
resulted in considerable reduction in standing camgl by late January much of Big
Springs Creek looked similar to when sampling begyaept above the water wheel,
where cattle were excluded until early February.

21



Figure 4. Photo mosaic ocumenting tempral hanglg SpinsCrekaquaic
macrophyte growth. Big Springs Creek during (éjahconditions after instream cattle grazing

in March 2008, (b) after five months of no grazingeptember 2008, (c) three weeks after cattle
were reintroduced, and (d) after four months ofrieam cattle grazing.
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Figure 5. Approximate times when cattle were afldwccess to Big Springs Creek.

Another unique condition for this project was thatess had to be scheduled in advance.
Access to Big Springs Ranch for research purposessgenerally conducted every other
week throughout the study. However, from 7 Oct@¥)8 to 13 November 2008, five
weeks of sampling were missed due to restrictedssccAfter 13 November biweekly
access was resumed throughout the remainder stubg period.

4.0 Physical habitat data/observations

Physical habitat data/observations were collectes@th on protocols established at
Nelson Ranch (Jeffres et al. 2008) and included flmonitoring, temperature
observations, geomorphic reconnaissance and hamagaping (habitat mapping is
addressed under fish abundance and habitat survey).

4.1 Flow Monitoring

Nearly all of the water in the Shasta River flowsotigh the Big Springs Ranch. Along
the southern ranch boundary, snowmelt and rainfalbff, as well as spring-fed
streamflows in Parks Creek combine with the predamily spring-fed streamflows in
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the Upper Shasta Rivleand Hole in the Ground Creek (Figure 6). Appraadiety 2 km
(1.2 mi) downstream, substantial contributions fithie spring-fed Big Springs Creek
nearly quadruple mean annual discharge in the &lager. Quantifying streamflows
throughout Big Springs Ranch was a critical stepriderstanding the spatial and
temporal variability of water supplied to the SlaaRiver, and associated water
temperature and quality conditions.

4.1.1 Methods

To assess streamflow conditions in the Shasta RBrgrSprings Creek, and associated
tributaries, nine streamflow gauging stations wastalled on Big Springs Ranch (Figure
6), augmenting existing streamflow monitoring ef$oon the Nelson Ranch
approximately 2.7 kilometers downstream on the &hRs/er. Four stream gauges were
installed in Big Springs Creek, one gauge in thehsoly Big Springs Ranch irrigation
diversion from Big Springs Lake, and one in eactheftributaries to Big Springs Creek
and the Shasta River: Upper Shasta River, ParkskCHole in the Ground Spring and
Little Springs Creek. Timing of gauge installmantd duration of use are provided in
Table 1.

Table 1: Dates of operation for stream gauges an®rings Ranch. With the exception of
gauges in the Big Springs Lake North Diversion bhakie Outlet, all stream gauges continue to
be operated.

Stream Gauge Dates of Operation
Big Springs Lake - North Diversion 6/9/2008 to 12008
Big Springs Lake - Outlet 6/9/2008 to 8/1/2008
Big Springs Creek - Busk Residence Bridge 7/22/26089/2009
Big Springs Creek - Water Wheel 3/26/2008 to 1/99200
Big Springs Creek - Lowest Bridge 3/26/2008 to 1o
Little Springs Cree 10/1/2008 to 1/9/20(
Upper Shasta River 3/26/2008 to 1/9/2009
Parks Creek 3/26/2008 to 1/9/2009
Hole in the Ground Cre 6/9/2008 to 1/9/20(

! The Shasta River above Parks Creek and Parks @reefpaired due to diversion to and impoundment
at Dwinnell Dam. Under predevelopment conditiorecipitation and snowmelt events probably provided
appreciable flow to the Shasta River above Bigr&miCreek during the winter and spring. However in
the late summer and fall — even under pre-developeenditions — flows in Parks Creek and the Shasta
River above Big Springs Creek probably fell to seas$ lows. Thus Big Springs Creek provided the
majority of baseflow to downstream Shasta Rivechea during critical summer and fall periods.
Additional details can be found in Deas et al. @00
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Figure 6. Big Springs Ranch stream gauge locations.

Stream gauge locations in Big Springs Creek weoseh to quantify flow rates and
changes in flow through time with respect to 1¢ainflow releases from Big Springs
Lake; 2) spring/groundwater accretion between Rigr§s Lake and the Busk
Residence Bridge; 3) spring/groundwater accretiomfa large spring complex adjacent
to the Busk residence; and 4) streamflow accretimm Little Springs Creek. Stream
gauges in the Upper Shasta River, Parks CreekiHaledin the Ground Creek allowed
timing and quantification of tributary inputs tcetlshasta River above the Big Springs
Creek confluence.

Streamflow was measured using standard methodgsl¢B@ntz 1982). Point velocities
were measured at 0.6 of the stream depth usingrahMAcBirney Flo-Mate
electromagnetic velocity meter attached to a tapwseling rod. Vertical cells were such
that no more than 10 percent of the flow at a ceggsion was within a single cell.
USGS mid-section velocity-area methods (Rantz 19&2¢ used to calculate discharge
by integrating water velocity and depth across eamstical. Measured discharges and
river stage data collected at 10-minute intervath wlobal Water WL-16 submersible
pressure transducers were used to quantify stagiatige relationships (i.e. rating
curves) for each stream gauge. Rating curves sudygequently used to estimate
streamflow at each gauge location.

25



Construction of a beaver dam approximately 100 radielow the Big Springs Lake
outlet forced an abandonment of the Big Springsel@kitlet stream gauge on 1 August
2008. As such, the Busk Residence Bridge gaugeused to quantify and characterize
streamflow from the dam outlet, and thus the Bigr&s Lake spring complex. Also,
extensive aquatic macrophyte growth around the fimest gauge on Big Springs Creek
prevented the development of an accurate stagbatige rating curve at this location.
Interestingly, this same confounding factor wasitdied during flow quantification for
the adjudication in the 1920’s (DPW 1925). A canpssnce of the observed macrophyte
growth was a doubling of river stage (i.e. deptr)rfearly identical streamflow
magnitudes (Figure 7) Furthermore, a strong catia between discharge and stage on
Little Springs Creek was not established due tk tddlow and limited variability in

flow measured to date. While discharge measuresvaant corresponding river stage
measurements for both gauges are provided (appeadisociated preliminary rating
curves and 10-minute streamflow data are not irezdud this report.

Big Springs Creek at L owest Driveable Bridge
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Figure 7. Extensive growth of aquatic macrophytesind the lowest stream gauge in Big
Springs Creek approximately doubled observed stage (i.e. depth) for nearly identical
streamflows magnitudes. Removal of aquatic magesithrough in-stream cattle grazing
reduced stream depth in January 2009.
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4.1.2 Data Analysis

Although the project area focuses largely on Bigr&s Creek, both the creek and the
Shasta River and tributaries on Big Springs Rameldscussed because of their overall
relation and importance to the downstream ShastarReaches.

Big Springs Creek

Big Springs Creek exhibits a complex hydrologicimegydominated by stable spring-fed
baseflows upon which are imposed temporally antiapavariable surface water
diversions and groundwater pumping associated iwitiation season (1 April to 30
September) (Figure 8). Streamflow data identifigd large natural spring complexes in
the upper 1.5 km (0.9 mi) of Big Springs Creek.eTinst spring complex (herein
referred to as the Big Springs Lake complex) entezsreek system as distributed or
diffuse inputs from the top of Big Springs Lakethe bridge crossing at the Busk
residence (Figure 6). Mean non-irrigation streamfl at the Busk Residence Bridge,
which likely represent the magnitude of currentnyp@ired discharge from the Big
Springs Lake complex, were 35.%4t(c = 2.64). The second spring-complex (herein
referred to as the Alcove Springs complex) alsaletdha distributed or diffuse inflow,
extending from the Busk Residence Bridge to theemaheel impoundment in Big
Springs Creek (Figure 6). The difference in strd@ammagnitude between the Busk
Residence Bridge gauge and the water wheel gaugeis@al to quantify discharge from
the Alcove Springs complex. Mean non-irrigatioreamflow at the water wheel
impoundment was 82.4%fs (0 = 3.86), indicating unimpaired streamflow accretitom
the Alcove Springs complex is approximately #7sf(Table 2). Streamflow accretion
below the waterwheel impoundment and across therl@w kilometers of Big Springs
Creek is minimal, principally reflecting nearly aiant 5.5 ft/s non-irrigation season
streamflows from Little Springs Creek. Flows fattle Springs Creek are likely
underestimated due to unregulated head gatesitieatat! water (estimated at 1-3/8)
from Little Springs Creek to fields to the northdasouth of the Creek even after the end
of irrigation season.
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The exercising of riparian water rights during tiigation season substantially reduced
mean streamflows in Big Springs Creek below Bigir8m Dam. Additionally, it
appears that seasonal groundwater extraction iBith&prings area and possibly
throughout upgradient regions to the east of Bigrgg, may have a direct effect on the
production of these large spring complexes as ifietitoy Watercourse (2006). Big
Springs Ranch diverted an average of 8/% from Big Springs Lake for transmission
along the property’s northern diversion ditch bedawdune and September 2008.
Additional diversions by other water users from Bigrings Lake are unquantified;
however documented water rights to Big Springs Liakal approximately 47.5%s.

Mean irrigation-season streamflows immediately WweBig Springs Dam and at the Busk
Residence Bridge were 7.6/& (0 = 2.59) and 10.3%s (© = 3.39), respectively. While
mean irrigation season streamflows derived fromBigeSprings Lake spring complex
were notably reduced (-70%) and significantly maagable than non-irrigation
streamflow conditions, spring accretions from tHeo&e Springs complex exhibited
minimal variability throughout the entire periodretcord, with average irrigation-season
spring accretions (44%s) exhibiting only a 6% reduction from non-irrigat season
magnitudes (47 #s). This suggests observed irrigation-seasoarsiiiew variability in
Big Springs Creek was largely derived from operaiof Big Springs Dam and
associated water diversions. While groundwatergiogin the vicinity of Big Springs
Lake likely impacted irrigation streamflows measlie Big Springs Creek, this impact
could not be quantified with available data. lbshl also be noted that temporally and
spatially diffuse irrigation tailwater returns regented an unquantified volume of
streamflow input along the entire length of Bigi&gs Creek.
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Figure 8. Calculated discharge at the North Irrtgan Diversion from Big Springs Lake, Big
Springs Creek below Big Springs Lake, Busk Res&Bridge, and Water Wheel.
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Table 2. Streamflow statistics for gauges on Bigrgp Creek. All measurement units are cubic
feet per second {f6).

Big Spring Lake Big Springs Lake

North Diversion Outlet Busk Bridge Water Whee!
All Data (March 26, 2008 to January 9, 2009)
Mean 8.06 7.60 25.07 65.53
Median 8.02 6.99 33.63 61.93
Max 12.62 16.71 55.56 94.91
Min 0.00 1.47 5.90 41.77
Standard Deviation 1.59 2.59 12.78 15.32

Irrigation Season (April 1, 2008 to September 30, 2008)

Mean 8.08 7.60 10.32 54.30
Median 8.02 6.99 8.89 52.18
Max 12.62 16.71 24.29 83.42
Min 4.25 1.47 5.90 41.77

Standard Deviation 1.52 2.59 3.39 8.07

Non-Irrigation Season (March 26 to 31, 2008; October 1, 2008 to January 8, 2009)

Mean - - 35.54 8243
Median -- - 35.48 83.93
Max -- -- 55.56 9491
Min -- - 9.28 59.92

Standard Deviatic -- - 2.6¢ 3.8¢

Shasta River and Tributaries

Stream gauges located in the Upper Shasta Riveks Baeek, and Hole in the Ground
Creek (Figure 6) measured what is estimated tdb@596 of the streamflow in the
Shasta River above Big Springs Creek. Unquantgteeimflow accretions come from
numerous small springs and a secondary channar&sCreek (Figure 9).

Upper Shasta River

The Upper Shasta River stream gauge was used hifyustreamflows derived from the
combination of water releases out of Dwinnell Damd anmeasured spring accretion
between the dam and the southern boundary of Big@&@pRanch. Releases from
Dwinnell Dam are typically 10 s throughout the year and solely used to meet
volumetric needs of riparian water rights holdevs/dstream. However, the magnitudes
of streamflow releases between March 2008 and dp2089 are unknown and may
even be significantly less than 1&dtdue to a lack of water in Lake Shastina.
Streamflows measured in the Upper Shasta Rivertbegperiod of records were small
(mean = 5.04 fis), minimally variabled¢ = 1.39) (Table 3) and may largely reflect
natural spring accretion between Dwinnell Dam aigi&orings Ranch.
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Parks Creek

Streamflows measured at the mouth of Parks Crdkdcta hydrologic regime
characterized by spring-fed baseflows augmenteshbywmelt and rainfall runoff.
However, upstream water resources developmentidirg the regulation of numerous
springs tributary to Parks Creek, appeared to gtyaregulate observed downstream
flows. Highly variable streamflows dominated bpidly increasing and decreasing
discharge magnitudes during the spring snowmeltodrseérved flows approaching zero
flow occurred during the summer months (Table pderate non-irrigation period
streamflows (mean 10.16/&; ¢ = 4.90) reflected minimal precipitation and snovitme
over the gauged period of record, particularly lestawOctober 2008 and January 2009
(Table 3). Consequently, streamflows measured tineperiod of record largely reflect
spring-fed baseflows. An anomalous and temporaepsflow peak (46 {ts) on 4
October, 2008 may have resulted from upstream tipasabecause no precipitation
occurred during this period.

Hole in the Ground Creek

Streamflows in Hole in the Ground Creek strongRNew its existence as a regulated
spring-fed creek. Measured streamflows were millynwariable throughout the period
of record (Table 3). However, upstream diversi@mtkiced mean streamflow from 6.22
ft%s to 4.83 f/s during the irrigation season.
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Figure 9. Calculated discharge at Shasta RivenabBarks Creek, Parks Creek, and Hole in the
Ground Creek.
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Table 3. Streamflow statistics from gauges locatethe Upper Shasta River, Parks Creek and

Hole in the Ground Creek. All measurement unitsaubic feet per second*(#).

Upper Shasta Rivel

Parks Creeld

Hole in the GrounelCr:

1%

All Data (March 26, 2008 to January 9, 2009

Mean 5.04 10.30 5.48
Median 4,55 8.35 5.18
Max 11.08 76.65 9.68
Min 2.15 0.24 2.70
Standard Deviation 1.39 9.94 1.22
Irrigation Season (April 1, 2008 to September 30, 2008)

Mean 5.60 10.39 4.83
Median 5.58 3.76 4.43
Max 11.08 76.65 9.68
Min 2.68 0.24 2.70
Standard Deviation 1.39 11.89 1.02

Non-Irrigation Season (March 26 to 31, 2008; October 1, 2008 to January 8, 2009)

Mean 411 10.16 6.22
Median 4.06 9.97 6.48
Max 9.36 43.58 8.27
Min 2.15 0.54 3.41
Standard Deviation 0.72 4.90 0.99

4.1.3 Conclusions

Streamflows measured on the Big Springs Ranchtefédg capture contributions to the
Shasta River from Parks Creek, Hole in the Grourekkand Big Springs Creek.
Observed differences in hydrologic regime charasties (i.e. streamflow magnitude and
variability) throughout the period of record forceaributary appear largely derived

from: 1) differences in sub-watershed scale stremmnfieneration processes (i.e.
snowmelt/rainfall runoff versus spring flow); angliigation season water management
along each tributary. Such differences in hydrm@ggime and water management,
which are inherited by the Shasta River below Bigi®)s Creek, are summarized below:

» Streamflows in the Shasta River above Parks Cresk wmall, minimally
variable and represented the combination of sreldbses from Dwinnell Dam,
unquantified natural spring accretions below thpaomdment, and unquantified
irrigation return flows.
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» Streamflows in Parks Creek reflected a hydrologgime characterized by
spring-fed baseflows augmented by snowmelt andathiminoff. However,
unquantified upstream water resources developrmetntden 1 April 2008 and 1
October 2008, including both in-stream diversiond eegulation of numerous
springs tributary to Parks Creek, appeared to gtyaregulate observed flows.
Streamflow magnitudes measured during the periodadrd peaked during the
sprgng-snowmelt (77 #s), and decreased rapidly in the early summezgs than
1 ft’/s.

» Streamflows measured in Big Springs Creek refleatagidrologic regime
dominated by large magnitude spring-fed basefl@&@st¢ 90 ft/s), which are
reduced by approximately 35% between 1 April 2008 & October 2008 by
temporally variable (5 to 12%s) irrigation water diversions from Big Springs
Lake and unquantified groundwater pumping locatig apgradient (east and
south) from the Big Springs complex. Measured nreamirrigation season,
spring-fed baseflows (82fs) were nearly five times the magnitude of meam-no
irrigation season streamflows derived from bothkB&reek and the Upper
Shasta River (~15%s) during the period of record.

» Streamflows in Big Springs Creek, Parks Creek aak lih the Ground Creek
increased following cessation of irrigation seapoactices on 1 October, 2008.
Given the lack of snowmelt or rainfall-derived rdinduring early October, the
observed rapid increase in streamflow suggests lkeogtributions from stable
springs and groundwater sources in these tribstémi¢he Shasta River.

» Combined streamflows measured in the Upper Shast,RParks Creek, Hole in
the Ground Creek and Big Springs Creek comprisecxppately 90% of
streamflows measured in the Shasta River 2.7 kileraglownstream on the
Nelson Ranch. The difference between streamflavestfied on the Busk
Ranch and those measured downstream in the ShiastaaRthe Nelson Ranch is
attributable to several small (and unquantified)rsgs entering the Shasta River
throughout the Busk Ranch property.

4.2 Water Temperature

The Big Springs complex has been previously idexatibs producing notable flows at
near constant temperatures (NCRWQCB 2004). Adnotéore, these circumstances
produce temperatures of approximatelyQ,Iwhich are near ideal for anadromous fish,
particularly coho salmon, due to relatively warmngeeratures in winter and cool
temperatures in summer. Several temperature ige¢isins occurred during the study
period in the Big Springs Creek project area. €hasluded monitoring temperatures in
Big Springs Lake, monitoring selected longitudilwaations in the creek and Shasta
River, identification of spring sources and assesgmof thermal diversity through direct
observation and thermal imagery, and simulationeltiod. Some of these programs
were completed in cooperation with other agenamesfanding sources, including The
Nature Conservancy and U.S. Bureau of Reclamakitamath Basin Area Office.

These investigation and principal findings areioetl below.
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As part of the project a two-dimensional flow aethperature model was constructed to
assess thermal conditions associated with diffdtewtregimes, potential future riparian
vegetation shading configurations, variable chageeimorphic forms (e.g., narrower
and deeper) to support potential restoration gji@se The temperature monitoring work
addressed herein also supported modeling. Thelmgddement is addressed more
fully under Restoration Strategies and in the agpen

4.2.1 Methods

Water temperature field monitoring occurred prirtyattirough the direct deployment of
remote logging thermistors. HOBO® Pro v2 Water perature Data Loggers from
Onset Computer Corporation were used to collecrmétion at 30 minute increments
throughout the project area. These loggers haesalution of approximately 0.03
(0.02C at 25C) and an accuracy of +0@ over the range from°G to 40C, and a 90%
response time of 5 minutes in water (Onset 200@truments were deployed consistent
with protocols developed on the Nelson Ranch (gsfét al., 2008).

Other instruments and approaches used to meastege temperature include handheld
temperature devices and high resolution thermahiatl (TIR) imagery. Handled
devices were used to spot check return flows, itfecdld water sources, and generally
explore thermal conditions and diversity throughiiwt project area. For handheld
investigations the water depth was measured w@kohal Water pressure transducer
(model WL 16) accurate to +/-0.2% in the (®32Irange, and a Tech Instrumentation
model TM99A temperature unit with a model 2007 grokas used for temperature. The
TM99A temperature unit is accurate to +@lin the 0-40C range. The pressure
transducer and TM99A temperature unit were moutddelexiglas on a 1.8 m rod (6 ft).
Probe tips were attached to the end of the rodffaamdod was marked in 0.3 m (1 ft)
increments. Temperature and depth measurementstbem be taken simultaneously in
water up to 1.5 m. The handheld device allowedlgassessment of vertical distribution
of water and streambed temperature, with the gltdiexplore under overhanging
vegetation, cutbanks, and into other types of cele@ments.

TIR was flown for morning and afternoon conditiasspart of the U.S. Bureau of
Reclamation funded project (for a larger spatiababut including Big Springs). These
data were useful in furthering our understandinthefmal conditions in Big Springs
Creek. Details of TIR work can be found in WatexiSciences (2009).

4.2.2 Data/Analysis

The temperature data collection efforts providdxhsis for several assessments of
thermal conditions in Big Springs Lake, longitudinharacteristics of Big Springs
Creek, and general thermal diversity of the creeg.( springs sources and lateral
variability).
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Big Springs L ake

Although not explicitly included in the scope of skkdor this project, an opportunity to
monitor temperatures in Big Springs Lake providedhluable information on the source
water temperatures for Big Springs Creek.

Big Springs Lake is an impounded reach of Big Symi€@reek. The reservoir is
approximately 520 m long, a maximum width of 150amd is generally east-west in
orientation (Figure 10). Field reconnaissance saggthat there is a large springs
complex (the aforementioned Big Springs Lake Comjpde the east end of the lake,
although there may be additional sources alongabervoir. Three vertical strings of
three thermistors each were deployed in the lakieea¢ast end, middle, and west end
with loggers placed near surface, mid-water coluama, near bottom. Not all data were
available at the time of publication. Nonetheliggse are clear findings from this
supplemental study.

i Busk

' . Residence

Lake

X ._Big Springs Ck |
I-. 1% R Big Springs

Primary
Spring
Source

PR i Sk i S T

1
Figure 10. Big Springs Lake

Initial findings suggest:
» Loggers located at the east end of lake clearlicatd a consistent, cool
temperature from the springs complex at the hedbeofake.

* During mid-summer, loggers in the center of theelalere consistently warmer
than those at the east end. During fall, the dar were reversed, with slightly
cooler temperatures in the center of the lake, ssiytg that waters cooled as
distance from the spring source increased.
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» Surface loggers were consistently warmer than botémgers in the summer
period, showing clear stratification. In winterteatemperatures were similar top
to bottom.

» Surface loggers typically show a larger diurnalgathan bottom loggers. There
is considerable aquatic vegetation growth in thke lavhich may impede vertical
mixing and probably limits light penetration. Tleesonditions, coupled with
replenishment of cool water from the spring com@eshe east end of the lake,
lead to a persistent stratification through the s@nperiod — an anomalous
condition for such a shallow lake.

» Cool waters in the summer appear to traverse ttterhaf the reservoir as
density driven flows. The result of passing thiotige lake is that there is a
phase shift in the diurnal signal. Peak water temrapires in Big Springs Creek
below the dam during summer periods typically odmtwveen 1:00 to 3:00 a.m.,
versus the typical summer period peak between @ndd6:00 p.m. Once in the
creek, local meteorological conditions imposedtmndreek largely remove this
inverted signal by the time the water reaches tiesta River or commingles with
other spring inflows downstream.

* A second point associated with transit across Pigngs Lake is that release
temperatures from the dam are several degrees wénarethe springs at the east
end of the lake during summer. Measurements afigiow at the east end of the
lake are on the order of 41, while maximum release temperatures exceeded
15°C during certain periods of the summer.

A more complete synopsis of the role of Big Sprihgke on downstream thermal
conditions will be the subject of future analyses.

L ongitudinal Variability in Big Springs Creek

The longitudinal temperature monitoring program waglemented to assess changes in
temperature from upstream to downstream and indltitke deployment of remote
logging thermistors (Onset HOBO® Pro v2 Water Terapge Data Logger) at multiple
locations between Big Springs Dam and the ShastarRiSome of the data presented
herein are augmented with data from ongoing manigoefforts in Big Springs Creek.

Review of spring time temperatures in Big SpringedR between the dam and the
confluence with the Shasta River suggest that utideconditions of 2008 there was
considerable heating from source to mouth.
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Spring: March-June

Seasonal temperatures vary considerably for thagperiod. Longitudinal profiles of
daily maximum, minimum, and average for 1 Aprilicate that average daily
temperatures at the dam were on the order & 14nd showed little heating en route to
the mouth (Figure 11(a)). However review of dailgxima and minima indicate there is
a fair amount of heating and cooling as diurnafeaimcreases from approximateRC3

at the dam to nearly 20 at the mouth. The suppressed diurnal rangeeaddm is
representative of Big Springs Lake, a relativelgmlbody of water with a large thermal
inertia compared to the shallow and wide creek nbbhwhich responds rapidly to
atmospheric conditions — illustrating considerai@ating above and cooling below the
average. Note that the alcove spring (which foppse of this discussion includes other
nearby accretions associated with the aforemerdidteove Spring complex — see
Figure 6) is a source of heat where it enters thmmstem Big Springs Creek on 1 April.

As the spring season progresses, releases frorf8@iggs Lake increase in temperature
to approximately 1% and heating between the dam and mouth, as repeesey daily
average temperature, increases to ab%tit Ihe alcove spring becomes a source of cool
waters during this period (Figure 11(b) and (dhe diurnal range is well over 4D at

the mouth with maximum daily temperatures appraagi@SC. Daily minima are stable
at temperatures nearly equal to source waterspabgimately 12C. This regime is
possible based on several factors. First, tréinsd is sufficiently short in Big Springs
Creek resulting in essentially all the water in thheek being replaced by cool spring
flows over the night time period. Second, metemgmal conditions in this portion of the
Shasta Valley indicate that nighttime equilibrivemiperaturgis on the order of 11 to
12°C. Finally, source waters are close to this elriilim temperature. Due to the high
specific heat and density of water, changes in &atpre in response to meteorological
conditions often lags loading by several hoursusltin streams that lack a strong
groundwater signal (e.g., dominant spring inflowghttime temperatures may never
attain equilibrium with nighttime meteorologicalratitions — daytime temperatures are
simply too high and the nights too short to atthis condition (particularly around
summer solstice). However, because the transdt inshort, spring flow dominates, and
spring flow temperatures are near nighttime equilibh temperature in Big Springs
Creek, the entire stream for the season (as wéirasgh summer) drops down to 11 to
12°C nearly every night. The implications for thisrr a salmonid fishery perspective
can be considerable: although warm temperaturesot@y during daytime periods,
nighttime temperatures drop to optimal ranges \&afaesalmonids.

2 Equilibrium temperature is the water temperatheg would result from exposure to a specific set of
meteorological conditions, i.e., the water temperats in equilibrium with meteorological conditmnin
reality, equilibrium temperature is a moving targeer the period of a day in response to varying
meteorological conditions. Nonetheless, the th@aeconstruct of an equilibrium condition is sefid
tool to interpret water temperature information.
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Figure 11. Longitudinal temperature patterns fogBiprings Creek in maximum, minimum, and

average daily temperatures for (a) 4/1/08, (b)30B, and (c) 6/15/08. The water wheel is
located 2550 m from the confluence.
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Summer: July-September

Summer conditions in Big Springs Creek are sintibdate spring. Namely, release
temperatures at the dam are between 13 at@, 1Be alcove spring provides
considerable flow at cooler temperatures than teek; and heating in the wide, shallow
channel increases in the downstream direction (Ei@@). There is reason to believe
that thermal loading was moderated in 2008 duedocged grazing in the creek channel,
allowing aquatic vegetation to colonize near staoeas and effectively narrow and
deepen the channel. This process of narrowingdaegening the channel leads to
increased velocity and reduced travel time, a small-water interface for thermal
loading, and a larger thermal mass which moderdtexsinal changes — all factors that
lead to reduced heating. Finally, the longitudipfiles indicate that persistent thermal
conditions in Big Springs Creek are amenable tocdimon and other anadromous
fishes.

Late Fall- Early Winter: December and January

Fall creates an inverse condition to spring. Agsdshorten the rate of heating
longitudinally reduces to no net gain on a dailgrage basis, while daily maxima and
minima may show a larger range at the mouth tharm#dadwaters. However, but late
fall and into winter, the Alcove Springs complexsaas a source of heat in an otherwise
cool or cooling system. As illustrated in Figui® the December and January period
temperatures exhibit little diurnal range in resgmto low solar altitude and short day
length. Releases from Big Springs Dam are typicHIFC or less on a daily average
basis (suggesting cooling from the springs completke east end of Big Springs Lake to
the dam as noted above). However, considerabtetamt (springs) to the creek below
the dam (i.e. the Alcove Springs complex) indiGatancrease in creek temperature from
1 to 2C above dam release temperatures. Subsequenpgtatares begin to cool
downstream of these accretion sources en routeet8iasta River; however, the overall
winter “warming” associated with the Big Springswqaex extends well beyond the
confluence with the Shasta and has direct impboatiof food web and fish production..
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Figure 12. Longitudinal temperature patterns fogBiprings Creek in maximum, minimum, and

average daily temperatures for (a) 8/15/08, (bY@l and (c) 9/15/08. The water wheel is
located 2550 m from the confluence.
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Thermal Diversity of Big Springs Creek

Because Big Springs Creek baseflow is derived fadarge spring complex (principally
the combined inputs of the Big Springs Lake andoécSprings complexes) that is
spatially distributed over approximately 0.8 knnmoore of stream length, there is a wide
range of temperature conditions present in additaihe basic longitudinal variability
described above. The head of the springs complaxtually at the east end of Big
Springs Lake; however, below the impoundment, tieereearly a continuous accretion of
spring flow for approximately 0.5 km, with springeging from seeps to locations with
considerable spring flow, and even artesian feature

To identify and quantify cool water sources, aslaglrates of heating in the system,
lateral variability and thermal diversity were esq@d through direct temperature
observations. Additionally, observations in BigiBpgs Lake illustrate some unique
features of this spring complex and thermal coadgientering the creek at the dam.
System variability was assessed by deploying thetors at multiple cross sections along
the creek. Additionally, handheld measurementewempleted with the
instrumentation presented in the methods sectlmovea

Thermal diversity is a feature present in mostastre, particularly during periods of
increased thermal loading (e.g., spring and summe&gatures that produce thermal
gradients include shading, depth, velocity, aquadigetation and residence time. Shading
affects differential heating rates. Different wadepths lead to different heating rates due
to the specific heat and density of water. Difféneglocity fields can transport heat
energy from one location to another. Aquatic vetyataaffect local residence time of
water. Other factors, including exchange with gbwater, also affect thermal loading,
though they are currently beyond the scope ofgtogect. Such lateral variability was
clearly evident in Big Springs Creek. What maktes system unique is the imposition of
multiple spring inflows (e.g., cold sources of watesummer) on the system.

Transects

Transects and an extensive exploration of the onesgke completed with handheld
instrumentation. This work provided the opportynit explore large areas over
relatively short periods of time and assess attebthat may or may not play important
roles in the system. An example of a cross sectgs@ssment of temperature and depth
with associated field observations is shown in Fegld. These types of field forays
proved invaluable in setting final deploymentslfimg-term transect assessment using
temperature loggers.

In August 2008 ten transects were placed in BignggrCreek from the dam to
downstream approximately two miles (Figure 15).p&wding on the stream width, two
to six loggers were deployed in a cross sectiooggers were set to record temperature
every 30 minutes. These data provided clear insigb the complexity of the system
and assisted in corroboration and interpretatiothefTIR data. Several transects will be
presented herein to illustrate the lateral varigbépparent in the field data.
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Figure 15. Location of temperature logger transects

Starting at the upstream most cross section, Bim&p Lake Dam, lateral diversity was
minimal. This site is less than 10 meters in wigltlal largely dominated by releases from
the dam. Also, there is appreciable riparian sigadind spring flow accretions in the
area that are largely diffuse and difficult to qufyn As a result, there is little lateral
variability (Figure 16).
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Figure 16. Lateral temperature time series for Bigrings Creek below Big Springs Lake dam:
30 minute data 8/14 to 8/20/08.
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Below the Busk residence bridge, discrete springcas are readily apparent. The cross
section above the Alcove Springs complex illusttatenditions unique to spring fed
streams: namely that at this location the left aght bank areas are notably cooler and
generally exhibit a smaller diurnal range thanrthd-channel (center left and center
right) locations (Figure 17). This condition igtresult of streamside springs on both the
left and right banks entering Big Springs CreekheD factors that play a role in these
conditions are local flow paths through extensigeadic vegetation.
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Figure 17. Lateral temperature time series for Bigrings Creek above the alcove springs: 30
minute data 8/14 to 8/20/08.

Below the alcove springs in the wide section altbieewater wheel, the influence of
multiple spring sources, to commingling of maimstereek water from upstream, and
variable transit times manifest themselves in aglemthermal picture (Figure 18). At
this location, left to right differences vary weller 15C. Additionally, the time of
maximum daily temperature and the different rafdseating and cooling among the
traces indicate variable transit times for paro¢lwater moving through the system. It
appears that the center and center-right locatiane notable longer flow paths and or
shallower waters, and possibly may be segregatedmn® degree from the influence of
source waters from springs. Examining the cenggrttime series suggest that these
waters do not get replaced at night by upstrearhsrang waters and do not attain the
minimum daily temperatures of center and centdrléeftions.
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Figure 18. Lateral temperature time series for Bigrings Creek below the alcove springs and
above the waterwheel: 30 minute data 8/14 to 8&0/0

Downstream at the waterwheel, there is a consiteemnstriction and the entire creek
passes through two openings at a bridge (watervditeg! The total width here is
approximately 10 meters. Thus all waters from rgash must commingle as they pass
this point. Although there are appreciable velesiat this constriction and there is

potential for mixing, the left and right channelsarly segregate by temperature (Figure
19).
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Figure 19. Lateral temperature time series for Bigrings Creek at the waterwheel: 30 minute
data 8/14 to 8/20/08.

Thermal Infrared (TIR) Imagery

Airborne thermal imagery (TIR) remote sensing is#iactive method for mapping spatial
temperature patterns in rivers and streams. Ti&yery illustrates the location and thermal
influence of point sources, tributaries, and swefsgrings (Watershed Sciences 2009). In
2008 Watershed Sciences, Inc. was contracted toderd IR imagery for approximately
thirty river miles in the Upper Shasta River ba3ihe TIR acquisition included an early
dawn flight and late afternoon flight for the Up&rasta River, Big Springs Creek, Little
Springs Creek, Parks Creek (East and West) and@@rieek. These data were collected
under a U.S. Bureau of Reclamation grant and dselwiefly introduced herein. A more
comprehensive interpretation of these data willdsgkhcoming in a separate report.
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Images were collected with TIR (7.5-13.0) attacteed gyro-stabilized mount on the
underside of a helicopter. The aircraft was fldamgitudinally along the stream corridor in
order to have the river in the center of the digpldne objective was for the stream to occupy
30-60% of the image. The TIR sensor is set to aeqmiages at a rate of 1 image every
second resulting in 40-70% vertical overlap betwiessges. A flight altitude of 2,000 ft

(609 m) above ground level resulted in a pixel gcbsample distance of 1.6 ft (0.5 m). The
flight altitude was selected in order to optimiesalution while providing an image ground
foot print wide enough to capture the active chhand immediate floodplain (Watershed
Sciences 2009).

Unique to this application of TIR was collectingaat approximately maximum and
minimum daily temperatures. The afternoon (maximtliight was intended to contrast cool
water sources in an otherwise warm system. Thexdight was intended to capture
transient thermal conditions well down the Shast@R This latter point is beyond the
scope of this study; however, the dawn flight didstantiate that spring flow temperatures
dominate the daily minimum thermal conditions. ThiRages for the reach between the
alcove springs and the waterwheel is showRigure 20for both the afternoon (top) and
dawn (bottom). These data indicate that theremsiderable thermal diversity in the reaches
where springs are present adjacent to and witl@rctiannel. Further, preferential flow paths
are apparent through this reach and waters aresegiegated left to right in the channel
depending on their source locations and tempesatufarther, day time minimum
temperatures are largely uniform throughout thekcreach. The conditions are consistent
with thermal refugia temperature response obsarvdte Klamath River (Deas and Tanaka,
2005) wherein refugial areas varied spatially tigloout the day. These findings suggest that
portions of Big Springs Creek under a restored ttmmicould perform with thermal refugia-
like characteristics. Specifically, Big Springse€k could provide extensive thermally-
favorable conditions in the early morning hours ahowing fish to forage widely, and then
congregate in refugial areas during the warmeiqustof the day when conditions are
undesirable. This feature may extend the salmoaid/ing capacity of the stream, but has
yet to be quantified.

TIR imagery of the confluence of Big Springs Creekl the Shasta River is showrFigure
21 Here the cooler waters of Big Springs Creek chat@ temperatures along the right side
of the Shasta River with little lateral mixing feome distance downstream. This is another
example of thermal diversity both laterally anddaundinally — strong gradients exist
laterally in the channel below the confluence drebé gradients diminish with distance
downstream as the two streams slowly comminglé thié Shasta River ultimately
experiencing overall cooling due to the relativiairge spring flow contributions to the
smaller Shasta River flows.
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The 2008 FLIR and hydrology data indicate thatigaificant accretions occur between
the confluence of Big Springs Creek with the Sh&steer and the southern area of
Nelson Ranch (approximately 2.7 kilometers dowmstre Rather, the cold water signal
observed during both the 2003 and 2008 FLIR surigegaused by advection of Big
Springs Creek water downstream. The hydrology ihaligates that flow accretions in
this reach are minimal (see section 4.1.3). Thia gasupported with field observations
of only small springs (<<1s) in this reach. The thermal signal in the ShR$var near
the boundary between Big Springs Ranch and NelsorciRwas dominated by water that
leaves Big Springs Creek. The 2003 FLIR data wieertaluring an afternoon flight on
26 July 2003. A more recent FLIR survey was flowning the afternoon of 16 July
2008. The longitudinal thermal profiles of the ShaRiver illustrate almost the identical
temperature signal in the approximate 12.9 km redithe Shasta River below Big
Springs Creek. Each of these flights shows a teatper decrease downstream of the
confluence with Big Springs Creekigure 22andFigure 23. Though both the afternoon
surveys flown in 2003 and 2008 show a temperatacesdse in the Shasta River below
Big Springs Creek, the morning FLIR survey flownThJuly 2008 shows that this
signal is due to cold water inputs from Big Sprit@yeek. When the signals recorded
during the morning and afternoon flights are coredathe longitudinal profile differs
substantially Figure 23.

During the afternoon flight, the depression in wagenperatures near the Grenada
Irrigation District/Huseman Ditch diversion strucgus the result of advection of cold
water produced by Big Springs Creek that morningteNhow during the morning

survey, water temperatures immediately below Bigrigis Creek are approximately
13°C. Several hours later, during the afternoon surweyer temperatures downstream of
the confluence with Big Springs Creek are slightgrmer (approximately £Z) — this is
due to thermal loading of Big Springs Creek’s amalrning water as it travels
downstream. During the day, water also heats inqpidngs Creek as it travels from its
source to its mouth. This warmer water is what teéhe warmer thermal signal
downstream in the Shasta River during the mornigptt
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4.2.3 Conclusions

Overall, the cold water resources of the Big Smwiogmplex are impressive. The fact
that the complex is spatially diverse adds a lefelomplexity that may prove useful in
restoration actions. This springs complex congigtslongitudinal feature over 0.8 km
in length and that spring flow contributions erttez creek on both river left and right,
within the channel itself, and through unique feasue.g., the spring alcove). In many
cases resource managers are limited to small tiscoel patches or other thermal
refugia type settings for salmonid over summer tadband these features often lack
appreciable/sufficient size and persistent coldewsmperatures necessary to provide
robust, sustainable conditions. Big Springs Ciegekan extensive spatial extent and
robust cold water supplies, creating high poteritiatestoration of oversummering cool
water habitat for anadromous and resident fistedividual conclusions of the various
studies are summarized below.

Big Springs Lake
* Big Springs Lake is an artificial impoundment inded to provide water to
irrigated agriculture.

» There is a large springs complex (Big Springs L@kenplex) located along the
eastern edge of the lake and water temperaturespareximately 19C. During
winter this water may cool en route to the dam @mihg summer it heats en
route to the dam.

* Persistent source of cool water retains thermatitration in this lake — a
condition that would not persist without such cofater replenishment.

Longitudinal Characteristics
* During the spring season, the creek can experiemegiderable thermal loading,
particularly under historic land and water use pcas where the creek was wide
and shallow.

* Summer periods are similar to late spring, withsiderable heating between the
Big Springs Lake Dam and the Shasta River. Howeliez to a short transit
time, spring waters completely replace the watetisinvthe creek during
nighttime periods. Coupled with local nighttimeteerological conditions the
result is daily lows throughout the summer on ttaeoof 11 to 12ZC. These low
nighttime values are a potentially valuable attigoior anadromous and resident
fish.

* Advection of cool morning waters from Big Springse€k result in a noticeable
temperature decrease in the Shasta River duringfteoon. Similarly, as the
water temperature in Big Springs Creek increasenduhe day due to thermal
loading, downstream water temperatures in the 8HRiser also increase as the
warmer water flows from the creek to the river.
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» During winter the springs complex serves as a beatce for the creek and
downstream Shasta River. The influence of thels¢ively warm waters on the
food web and fish production are an important elenoé Big Springs Creek.

Thermal Diversity
The work undertaken here was a preliminary assedsoi¢he thermal diversity of Big
Springs Creek.
* Both the handheld work and the TIR data were usedentify spring sources in
the creek and complex system.

* Generally, waters appeared well mixed verticallyhi@ water column, with few
temperature differences identified between theaserfind the bottom in this
shallow system.

» Transect data indicates water temperature mayocargiderably left to right
depending on depth, current, and local spring eérfaes. Data suggests that
aguatic vegetation can act to buffer water tempeeator slow/reduce heating
from solar radiation.

4.3 Water Quality

The unique water quality of the Big Springs compkexd presumably other spring
complexes associated with the Shasta River soutiedBig Springs Creek-Shasta River
confluence, was likely one of the largest contiitgifactors to high historical
abundances and productivity of salmonids in thesghRiver. The combination of
ancient marine sediments overlain by volcanic riadke Shasta Valley allows for inputs
of natural sources of nitrogen (N) and phosphoR)gq be incorporated into the
groundwater that eventually daylights as springBignSprings Creek. Nitrogen and
phosphorous are key components of primary proditiztnd one or the other are often
limiting in natural aquatic ecosystems (when battitlprimary productivity, the
condition is termed colimitation). When N and B available in sufficient quantities,
primary production in aquatic systems can be apgioée The result is enhanced growth
rates at higher trophic levels in the food web fremmary producers up through
salmonids. In addition to nutrient availabilitiietlarge groundwater inputs strongly
buffer water temperatures. Specifically, tempeaegiare warmer in the winter and
cooler in the summer than they would otherwisealttenuating stress from extreme
temperatures. This moderation of stream temperatmaintain conditions in a more
biologically advantageous range, further enhanpnogluctivity throughout the food

web. Herein we highlight nitrate (NDand soluble-reactive RCSRP), the most
biologically important inorganic forms of nitrogand phosphorous, respectively, present
in Big Springs Creek. A full suite of water quglitonstituents from the sampling
program are included in the appendix.
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4.3.1 Methods

Water samples were collected at 19 locations througthe Shasta Valley on a biweekly
or monthly basi¥ Samples were collected in acid-washed 125 nfi-bignsity
polyethylene bottles. Bottles were thoroughly edhsvith the environmental water three
times prior to collection of each sample. Samplege placed on ice and transported
back to the University of California, Davis whenples were refrigerated throughout
completion of processing. Samples were analyzegdH electrical conductivity (EC),
total N, NQ+NO>-N, NH4-N, total P, soluble-reactive phosphé&P), dissolved

orgar21ic carbon (DOC), turbidity, and major cati¢@st*, Mg**, K*, Na") and anions (Cl

, SQ).

4.3.2 Nitrate (NO3) and Orthophosphate (SRP)

Although a wide suite of analyses were collecteahaltiple sites, one aspect of the water
chemistry that is clearly unique and has a dirgftiénce on the aquatic system is that of
nutrients. In many aquatic systems nitrogen arasphorous play a dominant role in
primary production; this in turn plays a key rateaiquatic food webs. Nitrogen is an
essential nutrient for plant growth, yet is ofteasdribed as a pollutant (e.g.,
anthropogenic sources such as fertilizers, aninagktes, municipal and industrial
discharges, etc.), along with orthophosphate, inynfieeshwater systems and subject to
total daily maximum loads (TMDLSs) due to its rokeeutrophication. In rivers with
elevated nutrient levels (N & P), abundant primaryductivity can result in
eutrophication. Eutrophication is defined as Heglels of nutrients and high primary
productivity. In certain cases these conditionslead to other undesirable water quality
conditions including elevated pH (in weakly bufféi®ystems), associated unionized
ammonia toxicity (if ammonia is present in suffitiéoncentrations), and subsaturation
dissolved oxygen conditions (if, for example natweaeration rates are insufficient to
counter demand). Results of this study indicast ¢tevated levels of nitrogen and
phosphorus are most likely not related to anthrepagsources, but rather elevated
nitrate levels in Big Springs Creek are naturallyided from geologic sources along the
groundwater flow path.

3 A portion of this work was funded under a sepacaiatract through the U.S. Bureau of Reclamation,
Klamath Basin Area Office (Reclamation). The ittehthe Reclamation study was to assess conditions
over a broader spatial and temporal scale, anddoifically support and compliment other studieshia
Shasta Valley. As such, some of the data presdmezin are folded into the Big Springs Creek asialfo
illustrate both characterize conditions within Bigrings, as well as the influence that Big Springs on

the greater Shasta River system.
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Carbon, nitrogen, and phosphorus in algal tissy@sdlly occur in a 106:16:1 molar
ratio, known as the Redfield ratio (Redfield etl®63). Generally, a ratio less than 16:1
is associated with a nitrogen limitation (Allan B99The ratio of N:P at the source
springs on Big Springs Creek (i.e. Big Springs Lakd Alcove Spring complexes) is
2.5:1, suggesting that nitrogen will potentiallytbe most limiting nutrient to aquatic
primary productivity (Figure 24). This hypothesias tested by tracking the availability
of both NQ-N and SRP downstream from spring sources in Biingp Creek.
Ammonium concentrations were very low at all stte®ughout the study period and
therefore N@-N is the primary source of biologically-availaligrogen in the water
column. Flows in the Shasta River above the cemnite with Big Springs Creek were
typically less than 25 percent of Big Springs Craglows. Thus, the primary source of
nutrients in Big Springs Creek and the Shasta Ryeéww the confluence were derived
from the Big Springs complex.
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Figure 24. Nitrogen to Phosphorous molar ratio.
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Water samples were collected longitudinally ovd2a8 km distance from the

headwaters of Big Springs Creek downstream intcstiesta River (under the U.S.
Bureau of Reclamation project). When sampling bagdebruary, little aquatic
vegetation was present and nitrate levels werdivelg similar throughout Big Springs
Creek and the Shasta River reaches at concensatiothe order of 0.25 to 0.30 mg/l.

As day length increased into the spring time peramplatic macrophytes proliferated in
an environment where nitrate and orthophosphate aeailable in surplus quantities.
However, as biomass of this aquatic vegetatioreamed throughout Big Springs Creek
and in downstream Shasta River reaches duringptifiregsand summer months, a
longitudinal attenuation in nitrate concentratiovess observed as distance increased from
the spring source (Figure 25). These findings sagthat the seasonal decrease (June,
July, and August) in nitrate is inversely propamabto the abundance of aquatic
macrophytes in the channel as determined from tgtiak macrophyte biomass
observations throughout the year. Aquatic plaldsest to the spring source were able to
largely meet their nitrate demands. Nearly corttira) extensive macrophyte growth

both in Big Springs Creek and the Shasta River cdtrgam of the confluence with the
creek appear to have systematically removed nithaeigh the primary growth season
(Figure 25). The result is that nitrate was degald@b a level where nitrogen limitation
was probably prevalent in the Shasta River onlgvarhiles below the Big Springs Creek
confluence.

While phosphorus in freshwater systems is ofterithiéing nutrient to plant growth, this
was not the case in Big Springs Creek and the &liser below the creek confluence.
Throughout the summer sampling period SRP fluctuatdy modestly — from
approximately 0.12 mg/l to 0.18 mg/I (Figure 2@&urther, seasonal longitudinal
attenuation of SRP was not observed as it wasifiat®. Chemical equilibrium
modeling of Big Spring waters indicated that theugrdwater SRP concentrations are
controlled by rock-water reactions with the minexphtite. Thus, SRP concentrations
generally fall within a narrow range near 0.15 nigPis interesting to note that a level
of 0.01 mg-P/l is suggested by the EPA as a maxitewel to limit eutrophication in
freshwater aquatic ecosystems (Kelly 2001). Gibhenconcentrations of SRP in the
system and the fact that phosphorus is requiretidgrophytes in much lower
concentrations (16N:1P) than nitrogen, the lackezfsonal longitudinal attenuation in
SRP concentrations due to macrophyte uptake ismetpected. Further findings
supporting this condition are the N:P ratios thitoug the year (Figure 24), suggesting N
limitation is seasonally prevalent during the greweason at downstream locations.
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As day length shortens in the late summer andfaitoplants begin to senesce and
require considerably less nitrate (and SRP) fdydaaintenance and growth. The result
is more nutrients are allowed to pass to downstresches. This considerable reduction
in demand is clearly illustrated in Figure 25, dgate levels between mid-August and the
end of September increase rapidly. By late Sepéemitrate concentrations return to
pre-irrigation levels. Because SRP is not limitinogncentrations show modest changes
through this same period. The small increase iR 8&hcentrations that were observed
beginning in August and into September may refliecreased uptake by macrophytes
and/or release of phosphorus from the senesceraguatic vegetation. Some of the
increase in nitrate may also result from late sumané fall senescence of macrophytes.
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Figure 25. Nitrate concentration longitudinallyofn Big Springs Creek source downstream 26.6
miles into the Shasta River. Note attenuationitoate during summer months due to uptake by
aquatic macrophytes.
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Figure 26. Soluble-reactive phosphorus (SRP) cofmagon longitudinally from Big Springs
Creek source downstream 26.6 miles into the SHRistxr. Note very little seasonal variation in
concentrations, showing that SRP is likely notlittméing nutrient for primary productivity in

Big Springs Creek and in the Shasta River downstreBBig Springs Creek.

4.4 Geomorphology

Geomorphic studies provide key insights into un@deding the physical conditions and
processes that help establish the template upothvaguatic ecological communities
develop and function. Furthermore, geomorphic dia document existing channel
conditions, providing a critical foundation for @xine restoration projects. Such data can
also be used to provide boundary conditions forsp@ajly-based models used to assess
potential outcomes of restoration strategies.

On Big Springs Creek, geomorphic surveys were cotedbetween July and October
2008 to achieve the following research objectives:

* Understand longitudinal variations in existing gewphic conditions along Big
Springs Creek,

* Provide topographic data to populate a two-dimeraibydrodynamic model
(see Section 7.4), and

» Establish baseline geomorphic conditions from whabhompare outcomes of
potential future restoration activities.
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Longitudinal variability in existing baseline cotidns are discussed below.
Topographic data used in populating the 2-D modedsprovided in the appendix.

4.4.1 Methods

Channel morphology was characterized through Ielal topographic surveys of Big
Springs Creek using a TOPCON HiperLite Plus RealelKinematic (RTK) survey unit.
Longitudinal profiles of the channel bed and watarface elevation were conducted
along the channel thalweg while wading. Additidpadixty-four (64) cross-sections
were surveyed across straight reaches and at melagwie apexes from the confluence of
the Shasta River to Big Springs Dam (Figure 27jos€-sections were surveyed across
the channel bottom using at least 13 points, witlresy point densities greater at
locations with topographic variability (i.e. chahngargins). Elevations of the bankfull
surface were estimated at each cross-section loaseghographic breaks in the channel
bank. However, extensive bank trampling by cattld a lack of evidence of bankfull
surface inundation hindered clear identificationtto$ surface. Channel width-to-depth
ratios were calculated by dividing the bankfull chal width by mean bankfull depth.

! _ e = = 3
Figure 27. Locations and channel csessions surveyed on Big Springs Creek
showing cross sectional profile and water surfaeyation when surveyed.

g
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4.4.2 Data/Analysis

L ongitudinal Profile

Longitudinal channel bed and water surface elematpographic surveys identify reach-
scale trends in channel gradient along Big Spritigek. Discrimination by slope
reveals four (4) geomorphologically distinct chdmeaches extending from Big Springs
Dam to the confluence with the Shasta River: 1) 8pgings Dam to the northern spring
alcove; 2) northern spring alcove to the water whrepoundment; 3) waterwheel
impoundment to river kilometer 1.90 and; 4) Rivédometer 1.90 to the Shasta River
(Figure 28).

770 500

Reach 4 Reach 3 Reach 2 Reach 1
768 4 + 450

+ 400
766 |

Big Springs Dam
+ 350
764

Water Wheel Impoundment 1 300

Elevation (m)
N N
o vl
o o
Width:Depth Ratio

[
o
o

756

i
o
o

754

a
o

752

0 500 1000 1500 2000 2500 3000 3500 4000 4500

River Distance (m)

= Water Surface=Channel Bed Surface==Bankfull Width-to-Depth Ratio

Figure 28. Water surface and channel bed longitabprofiles plotted with estimated cross-
section bankfull width-to-depth ration along BigriBgs Creek.

The channel reach from Big Springs Dam to the molytspring alcove exhibits water
surface and channel bed slopes approaching 0l@8erate local fluctuations in
gradient and water depth are observed, largelgspanse to the presence of a large
beaver dam and localized hydraulic interactioné witchannel woody vegetation (i.e.
arroyo willows) extending for approximately 200 exstimmediately below the dam.
Channel gradient abruptly decreases by a factt@roflownstream from the northerly
spring alcove and maintains a relatively constboqes(0.0003) for approximately 300
meters. This gradient reduction appears largelganorphic response to a flow-through
impoundment at a location known as the “water whedlhile water surface gradient
throughout this channel reach remains largely @mstue to streamflow impoundment,
streambed elevations decrease towards the dowmstned of the reach, creating one of
only two pools throughout Big Springs Creek dedpan 1 meter.
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Following an approximately 1-meter hydraulic dropough the water wheel structure,
channel bed and water surface gradient increas@9® and remain relatively stable for
approximately 750 meters downstream. Basalticd@doutcrops in the channel bed and
on channel margins throughout this reach. Furtbesnfractured basalt provides angular
cobble and boulder-sized substrate in this geonmogiically homogenous river reach.

The lowest two kilometers of Big Springs Creek &ivas in gradient, with water surface
and channel bed slopes approaching 0.003. Thetoéite across this reach is
considerably more variable, resulting in large itudjnal variability in local water
depths.

Cross-Section Surveys

Cross-sectional channel morphologies throughout3pigngs Creek are remarkably
wide and shallow. Width-to-depth ratios range friess than nine (9) at laterally-
confining road crossings to 237 across a low-gradiéfle immediately upstream from
the northern spring alcove (Figure 28). The meanersacross all reaches is 84
(including road crossings), with a standard deeiato) of 50. Minimum width-to-depth
ratios are found at road crossings, which lateradiystrict the channel and increase mean
stream depth (Figure 28). Reach-averaged widttefith ratios remain relatively stable
between the mouth of Big Springs Creek and the walteel (mean = 61g = 21), only

to nearly double in reaches above the water wieeb( = 117¢ = 54). Reach-
averaged ratios measured in Big Springs Creekignéisantly greater than those
measured in selected spring-fed streams in Oregdndaho, where average width-to-
depth ratios are 34 (= 24) (Whiting and Moog 2001).

Longitudinal trends in cross-sectional channel fama apparent in Big Springs Creek.
Throughout the 2.5 river kilometers from the moottBig Springs Creek to the water
wheel impoundment, channel geometries are largefangular and exhibit minimal
lateral asymmetry. Excluding channel road crossimgdth-to-depth ratios across this
reach are high (mean = 61) and moderately varigbte21) (Figure 28). Water depths
also remain consistently shallow through this readth a mean depth during the
summer of 0.581 metere € 0.15 meters). Large deviations from the meatemadepth
principally occur across shallow, bedrock-dominatétes and at deeper bridge
crossings (Figure 28). A localized, mid-channeblpmt associated with any in-channel
structures is present below the confluence betvgisprings and Little Springs
Creeks.

The impoundment structure at the water wheel foacesique set of localized
geomorphic conditions over approximately 400 mefiens the water wheel to the
northerly spring alcove (Figure 28). While chanwalth remains largely stable across
this reach, the gradual reduction in mean watetidayway from the impoundment results
in a large upstream increase in width-to-deptlosafiFigure 28). Upstream from the
northerly spring alcove, width-to-depth ratios e&se slightly, but also exhibit much
greater variation (mean = 120;= 60). Extensive growth of arroyo willows through

the 200 meters below Big Springs Dam appears kargsponsible for this variation.
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Willow growth has created numerous islands througtitis channel reach, resulting in a
multi-threaded channel with strong lateral variaian channel depth and cross-sectional
area (Figure 28).

4.4.3 Conclusions

Big Springs Creek can largely be divided into désereaches based on channel slope
and cross-section geometry. With the excepticth®feach between Big Springs Dam
and the northerly spring alcove, localized chamnetphologies within each reach are
remarkably homogenous — exhibiting relatively stadmadient, water depth, and channel
width. Discrete longitudinal differences in chahslepe appear dependent upon external
geologic conditions, namely erosion resistant bekiautcroppings in the channel bed
and channel margins. Stable morphological charatitess observed across each reach
likely reflect stable spring-fed streamflow condits and resultant sediment transport
processes. Cross-sectional channel morphologieaghout Big Springs Creek are
remarkably wide and shallow with the exceptionieé flaterally-confining road
crossings.

5.0 Food Web and Aquatic Macrophytes

5.1 Introduction

Food web studies provide a framework for understanohany of the key interactions
that structure ecological communities. In thersgprsummer, and fall of 2008, we
conducted biotic sampling intended to documentikgibution and abundance of
various food web components within Big Springs RreBpecifically, we examined the
temporal dynamics of primary producers (epilithon agquatic macrophytes), benthic
macroinvertebrates, and fishes (see section Gutidate the structure of the aquatic
food web and understand important conduits fofflthe of energy and material. The
common objective of our biotic sampling was to pdeva baseline understanding of the
important trophic pathways that support juvenilensaids in Big Springs Creek.

5.1.1 Autochthonous Production

Macrophytes (vascular aquatic plants) and epilitiroatrix of algae, bacteria, fungi,
protozoans and non-living organic matter specdicack surfaces) are the two major
aquatic primary producers that serve as the bageedig Springs Creek food web.
Abundant growths of submergent and emergent magteplare an especially salient
feature of Big Springs Creek throughout much ofytbar and these organisms play a
central role in the ecology of the creek. Macrdpblyprovide important habitat for
macroinvertebrates and fish, regulate the cyclingi@ogically important nutrients, and
influence channel roughness and river stage (Cépand Lodge 1986, Sand-Jensen and
Mebus 1996, Diehl and Kornijow 1997). Moreover,cnogphytes, both as fresh plant
material and detritus following plant senesceneeyesas a potential food resource to the
aquatic food web and as a substrate for epiphytdnravertebrate growth (Suren and
Lake 1989, Newman 1991). Similarly, epilithon fseea an important source of carbon
and energy in riverine ecosystems and has beemnteeto support the production of
many aquatic consumers, including juvenile salmeiédg., Bilby and Bisson 1992).
Herein we present data on seasonal macrophyte caitynmomposition and temporal
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changes in epilithon and macrophyte standing ciopsg Springs Creek. We define
standing crop as the weight of biota per unit atea given point in time. Such estimates
provide a snapshot of system productivity and yieldortant insight into the trophic
basis of production.

5.1.2 Macroinvertebrates

Macroinvertebrates represent an ecologically inrgadrgroup of organisms that serve as
the primary link between the energetic base ofdlod web (i.e., organic matter sources
such as epilithon and detritus) and fishes. Funtloee, certain macroinvertebrate taxa
are known to be extremely sensitive to environmergaditions (e.g., temperature,
dissolved oxygen, turbidity, etc.) and provide \&lle insights into the general health of
freshwater ecosystems (Barbour et al. 1999, Dawas €001). We collected
macroinvertebrates and quantified rates of exchéirgeinsect emergence and terrestrial
to aquatic input) between Big Springs Creek andatljacent terrestrial environment.
Our objectives were td) generate macroinvertebrate taxonomic lists foious reaches
of Big Springs Creek and the Shasta Riv@r dpocument seasonal changes in the
macroinvertebrate community; ar®) €lucidate the key taxa that potentially serve as
prey for stream resident salmonids.

5.1.3 Stable Isotope Analysis

Based on results from the seasonal biotic studiesduced above, key members of the
food web were subsequently analyzed for naturahdémnice stable isotope ratios to
establish trophic relationships and the flow ofbcar and nitrogen within the Big Springs
Creek food web. Stable isotope analysis has bédglyapplied in ecological studies to
identify sources of organic matter and the trogdathways through which this matter is
transferred (Peterson and Fry 1987, Michener ah@l5t994, Pinnegar and Polunin
2000). The use of stable carb@’C) isotopes is based upon the observation that the
ratio of the heavy'fC) to light ¢°C) isotope changes little with each trophic transfe
(DeNiro and Epstein 1978, Fry and Sherr 1984). ddg3t°C values are effectively
conserved up the food chain and may be used terdiffiate between alternative carbon
resources when thE>C values of the potential resources are sufficjedigitinct. In
contrast to carbon, stable nitrogen isotope rgtid& N or 3°N) increase by
approximately 2-4%o (mean = 3.4%o) with each stethanfood chain (see Vander
Zanden and Rasmussen 2001, Post 2002). Thusganism’sd™N signature provides
an indirect measure of its relative trophic positemd ecological role in the community.
Unlike traditional gut content analysis, stableége ratios provide information on those
food items that are actually assimilated and caedeto consumer biomass, rather than
those that are simply ingested. Moreover, stagtope analysis provides time-
integrated information on food preferences anéss kubject to short-term bias (Creach
et al. 1997). Our specific research objectivabatBig Springs Ranch (BSR) were to
identify the important sources of organic mattestteam consumers and determine
temporal variability in the structure of the aqudtiod web in Big Springs Creek.
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A fundamental goal of many stream and watersheidnagn programs is to enhance the
abundance and growth of juvenile salmonids. Thusitical underpinning for the
development of effective restoration strategies lisbust understanding of the sources of
energy and organic matter on which salmonid pradnds based. In the following
sections we provide novel data concerning the dycgof epilithon, aquatic
macrophytes, and macroinvertebrates in Big Spr@rgek, and their contributions to the
cycling of energy and material within the aquatogystem.

5.2 Autochthonous Production

5.2.1 Methods

Epilithon

Epilithon was sampled from the surfaces of 10 ramgeselected cobbles during the
spring sample period and from 10 unglazed ceraitei ¢38.4 crf) on subsequent
sample dates (summer and fall). In the laboratisubstrates were examined under
10x magnification and any invertebrates encountere@ removed and discarded. A
rubber template was then used to delineate a krzwean (8.0 crf) and the inside of the
template was scrubbed with a stiff-bristled bruBhislodged material was suspended in a
small volume of water and collected on pre-comhig©0°C for 4 h) Whatman GF/F
filters (47 mm diameter; 0.7 um effective pore kizeor each sample period, 5 filters
were used to quantify epilithon standing stock &mdere reserved for natural abundance
stable isotope analysis (see section 5.4). Fdithegm ash free dry mass (AFDM)
determination, filters were transferred to alumimweigh dishes, oven-dried to a
constant weight (48-72 h at 8D), ashed for 4 h at 500, and reweighed. Epilithon
standing stock is reported as grams ash-free dsg per square meter (g AFDMn

Aquatic Macrophytes

We characterized the aquatic plant assemblagegthienspring, summer, and fall of
2008. On each date, six sample sites were randsehdgted within the study reach. A
square PVC-frame quadrat was used to delineatesarn&0.37 rhand all above-ground
biomass within the quadrat was removed. Harvgs@u material was vigorously
agitated in the stream to reduce the presencengficty macroinvertebrates (epibiota)

and other detrital material prior to being placedndividually labeled bags and returned
to the laboratory. In the laboratory, samples veegarated by species and the individual
fractions were dried to a constant mass &Ca%r> 72h and weighed. Samples were
then ashed in a muffle furnace for 4 h at¥Zcooled to a constant mass and reweighed
to derive AFDM. Mean standing stock for each mpbgde species is reported as grams
ash-free mass dry per square meter (g AFDR):m

Our aquatic macrophyte study site was the oneitmtain Big Springs Creek where
cattle had complete access to the river througtimustudy period. This was unknown at
the time of site selection and cattle grazing ikaltered (reduced) the standing crop of
aguatic macrophytes across all seasons. We olostiraeother locations in Big Springs
Creek where cattle were excluded exhibited highendances of macrophytes relative to
those documented at our study location (Figurelt3s recommended that future studies
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be conducted to accurately estimate plant stanchoy and productivity in reaches not
impacted by cattle grazing.

5.2.2 Data/Analysis

Epilithon Standing Crop

Epilithon standing crop increased throughout ther weelding statistically significant
seasonal differences (ANOVA,= 0.005; Figure 29). Mean (1 SE) standing crop was
similar during the spring (5.7 + 1.3 g AFDM%range = 2.9 to 10.6) and summer (7.0 +
1.3 g AFDM-n¥; range = 4.7 to 11.9) sample periods. Howevalittegn standing crop
more than doubled by fall averaging 15.7 + 2.7 ®M-m(range = 7.8 to 23.31=5

on all dates).
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Figure 29. Epilithon standing crop (g AFDM3rduring each sample period. Bars represent
the mean (+ 1SE) of 5 replicate sampl@&ars that do not share a common letter are sigaiftly
different atox = 0.05.

M acr ophyte Standing Crop

The standing crop of aquatic plants (i.e., macroghy filamentous algae) increased
throughout the year (Figure 30). The lowest tstahding crop was observed during the
spring, averaging 35.7 + 10.7 g AFDM?n = 6; A, Figure 3). Mean total standing crop
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increased by 282% (136.2 + 33.0 g AFDNF:m = 6) between the spring and summer
sample dates, and by an additional 34% (182.1 & §@®\FDM-m? n = 6) between the
summer and fall dates (A). While this temporal@ase in plant biomass is ecologically
relevant, differences were not statistically diéier (ANOVA, p = 0.06) due to high
variability among the replicate samples.

The Big Springs Creek macrophyte assemblage attady location was dominated by
two taxa: northern watermilfoiMyriophyllum sibericunkKom.) and water smartweed
(Polygonum amphibiurh.). MeanMyriophyllumstanding crop accounted for 26% (9.2
+ 2.1 g AFDM-n?), 81% (110.0 + 30.9 g AFDM-1) and 66% (120.2 + 37.5 g
AFDM-m™) of the entire aquatic plant assemblage in spsngymer, and fall,
respectively (ANOVAp = 0.03; B). Polygonumwas the dominant macrophyte during
the spring accounting for 55% (19.6 + 8.0 g AFDM:rRigure 31C) of the entire aquatic
plant biomass during this sample period. The nstanding crop oPolygonum
decreased between spring and summer {7.0 g AFDM-nf) but significantly increased
between the summer and fall sample peridds £49.4 g AFDM-nif, +269 %; ANOVA,
p = 0.04, Tukey's HSIp = < 0.05). Filamentous algae were present duhegpring
and summer and accounted for the majority of tardihg stock classified as “other
aquatic plants” (Figure 28D).

The prolific growth of aquatic macrophytes in Bigriags Creek makes it a unique
ecological environment. Aquatic macrophytes aa agbstrate for benthic
macroinvertebrates and provided complex habitatisbr something lacking in Big
Springs Creek when aquatic macrophytes are abgéoing with providing direct
benefits to invertebrates and fish, growth of aguatacrophytes increase roughness in
the creek resulting in increased depth and a retitraesit time. When depth is
increased and transit time reduced, water doebewitas rapidly. By removing the
disturbance associated with cattle grazing from®&igings Creek and allowing the
natural growth of aquatic macrophytes, habitat dgrs will improve within the creek
and downstream into the Shasta River.
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Figure 30. Mean standing crop (g AFDM-m-2) for all aquatlants (A), Myriophyllum
sibericum (B), Polygonum amphibium (C), and thmammder of the plant community (D) during
each sample period. Bars represent the mean (3 bSE replicate quadrat samples. Bars that
do not share a common letter are significantlyedéht ata = 0.05. Note the different scale for
panel A.

5.3 Aquatic Macroinvertebrates

5.3.1 Methods

Aquatic macroinvertebrates were collected from 8pgings Creek and Shasta River
during March, June, and September of 2008 (spsmgymer, and fall) to determine
community compositions and temporal changes iraisemblages. Multiple sample
sites were selected in an effort to understangplagial arrangement of
macroinvertebrates in Big Springs Creek and thecesfof a large spring creek tributary
on the invertebrate assemblages of the Shasta.RBaanple sites in Big Springs Creek
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included the spring alcove (BS-Up), a middle rikeach (BS-Mid), and the most
downstream reach of the creek occurring directiyalits confluence with the Shasta
River (BS-Low). Additionally, samples were colledtfrom the Shasta River upstream
(SR-US) and downstream (SR-DS) of its confluendé Big Springs Creek (Figure 31).
At each sample site, a kick net was used to acquaeroinvertebrates, except for the
middle reach of Big Springs Creek where a Hess sama@as employed so that
qualitative density estimates could be generated.

0 0.25 05 1 Kilometers

/o\  Macroinvertebrate Sample Location I I I
| 1 | I 1 !

Figure 31. Location map showing benthic macroiteferate sample sites in Big Springs Creek
(BS) and the Shasta River (SR), Siskiyou Countifp@aa.

Qualitative Sampling

Aquatic macroinvertebrate samples were collectenhfthe upper headwater reach of Big
Springs Creek, the most downstream reach of Bign§piCreek (BS-Low), and the
Shasta River above and below the Big Springs Ceealuence. At each location we
established three transects and collected ningidhdil kick samples corresponding to
right, center and left channel for each transécstandard D-framed kick net (500 pum
mesh) was placed immediately downstream of theetasgmple area and approximately
0.09 nf of the streambed was vigorously disturbed forropeof one minute. The nine
individual kick samples were then combined in aketi@and the entire sample was
elutriated to remove sand, silt, and gravel. Témpgosite sample was preserved in 95
percent ethyl alcohol and returned to the laboyafimr processing and identification.
Collection locations and methods remained congtarttss dates, allowing us to examine
temporal variation in the relative abundance anvemdity of macroinvertebrates.
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Quantitative Sampling

Macroinvertebrate samples from the middle readRigfSpring Creek (BS-Mid) were
collected using a modified 21.6 cm diameter Heagpdar (335 um mesh). We used a
tape measure and number table to randomly seledbtiation for a single transect line
during each sample period. Five subsamples weredbllected at evenly spaced
intervals across the length of the transect. Bohesample, substrate within the area
delineated by the Hess sampler was vigorously iistito a depth of 5 cm for one
minute. The five resultant subsamples were contbim@ bucket and elutriated to
remove sand, silt, and gravel. The composite sanmvpk passed through a 250 pm sieve
and all retained material was preserved in 95 perethyl alcohol and returned to the
laboratory for processing and identification.

Taxonomic Deter mination

In the laboratory, macroinvertebrate samples weealg distributed over a standardized
sorting grid and randomly subsampled to reach aimmim count of 500 organisms. The
remainder of the sample was then searched for Emgeare taxa (i.e., invertebrate taxa
not found in the subsample, but present nonetheléssge and rare taxa were excluded
from subsequent quantitative analyses, but inclul¢lde taxonomic list generated for
each sample period (appendix).

Aquatic macroinvertebrates were identified usingiiieet al. (2008), Thorp and Covich
(2001), Smith (2001), Wiggins (1996), as well asaas taxonomic-specific references.
Ostracoda, Oligochaeta, and Arachnida were identifd class, while Chironomidae
were identified to family. Specimens in poor cdimfi or in very young instars were left
at the next highest taxonomic level. We selec&ddmmon macroinvertebrate metrics
that included various measures of taxonomic ricenemctional feeding group
membership, and organism tolerance values. Taleraalues are a measure of an
organism'’s ability to survive and reproduce in pinesence of known levels of stressors.
Tolerance values range from zero (highly intoleramtLO (highly tolerant).Functional
feeding group designations are based on how amisrgaacquires food and include) (
collectorswhich gather or filter fine particulate organicties; (i) shreddersvhich
consume coarse particulate organic matte);qcrapers(grazers) which consume
epilithon; (v) predators which capture and feed on other consum@rsrfinivores

which consume both plant and animal matter; amdérasiteswhich live in or derive
nourishment from other aquatic animals. A desimipof the specific metrics examined
in this study is provided in Table 4.
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Table4. Benthic macroinvertebrate metrics and their expecesponses to ecological
perturbation.

Expected
Macroinvertebrate Metric Description Responseto
Metric Disturbance
Percent EPT Percent macrobenthos in the orders Decrease
Ephemeroptera, Plecoptera, and Trichoptera
Percent Sensitive Taxa Percent macrobenthos wélratae values of 0, Decrease
1, or 2 (scale of 10; least to most tolerant)
Percent Tolerant Taxa Percent macrobenthos wignaote values of 8, Increase
9, or 10 (scale of 10; least to most tolerant)
Hilsenhoff’'s Biotic Index Measure of community tcd@ce to organic Increase
pollution (based on tolerance values and relative
abundance).
Percent CG and CF Percent of the macrobenthosdlett and Increase
gather (CG) or filter (CF) fine particulate organic
matter (FPOM)
Percent Predators Percent of the macrobenthosdpéaire and Variable
consumes other animals
Percent Scrapers Percent of the macrobenthosrdmdgupon Variable
epilithic biofilms (periphyton)
Percent Shredders Percent of the macrobenthosttted coarse Decrease
particulate organic matter (CPOM)
Percent Non-Insect Taxa Percent of macrobenthésthanot insects Increase
Total Density Total number of macrobenthos per sgjuaeter Decrease
Taxonomic Richness Total number or richness of fanad in sample Decrease
Simpson’s Evenness Measure of the relative aburdaindifferent Decrease

species contributing to the taxa richness of a
sample. Values range between 0 (least diverse)
and 1 (most diverse).

5.3.2 Aquatic Macroinvertebrate Results

Our macroinvertebrate sampling was designed torgenéhree seasonally-specific
taxonomic lists for reaches of Big Springs Cree#t tie Shasta River. Further, sampling
was conducted in both Big Springs Creek and thestaHiver in order to understand
how a large spring creek system contributes to amaeertebrate community dynamics

in the Shasta River. Due to cost constraints hadature of the study goals, all
sampling events were unreplicated. However, séugsresting observations were made
based on the data and are discussed below.

The EPT index measures the percentage contribafi&phemeroptera, Plecoptera, and
Trichoptera to the total benthic invertebrate asgdage. These aquatic insects orders are
known to be sensitive to environmental stressodspanturbation and therefore, are often
used to assess the relative condition and healtitiofcommunities (Merritt et al. 2008).
For each season and among all sample sites, pé&tBdnivas greatest during the spring
and summer in the Shasta River above the Big Sp@unfluence (47% and 54%,
respectively; Figure 32).
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Figure 32. Percentage of the total macroinvertebrate assagerepresented by the aquatic

insect orders Ephemeroptera, Plecoptera, and Ttk (EPT) at five sample locations: the
Shasta River upstream (SR-US) and downstream ($RfDie confluence with Big Springs

Creek, and upper (BS-Up) middle (BS-Mid) and lo{@&S3-Low) Big Springs Creek.

In contrast, EPT contributions to benthic assenddag the upper reach of Big Springs
Creek were consistently the lowest across all seas@/e interpret these low
percentages of EPT to be primarily a function ef wverall variability of the abiotic
factors in this spring-fed reach (e.g., thermalmeyg water chemistry, discharge, and
habitat heterogeneity)(Vannote et al. 1980). Muskingly, we observed an abrupt
temporal decline in EPT index at the middle Bigiggs Creek reach from 29% in the
spring to 15% in the summer to less than 1% irfdle Strong declines in EPT taxa are
often associated with increases in fine sedimgnitsnand water temperature from poor
grazing and agricultural management strategiedéMeit al. 2007, Larsen et al. 2009).
Seasonal declines in EPT taxa may be associataccwitent cattle and irrigation
management practices on Big Springs Creek.
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In contrast to the EPT index, the abundance ofdalteorganisms (those with published
tolerance values > 8) and non-insect taxa have associated with several
anthropogenic impacts to lotic systems, includinggaic pollution (Hachméller et al.
1991, Klemm et al. 2003, Miller et al. 2007). H&rbt al. (2008) suggested that the
unique water chemistry of some spring creeks (pignalevated specific conductivity)
may also be associated with natural increasesneswn-insect taxa such as gastropods.
Tolerant organisms and non-insect taxa accounted farger percentage of the overall
benthic community in Big Springs Creek acrossediches when compared with the
Shasta River (Figures 29, 30). With the excepbiblower Big Springs Creek and the
Shasta River below Big Springs Creek, percentafjadarant organisms and non-insect
taxa increased throughout the year at each samabdr Tolerant organisms accounted
for approximately 87% and 94% of the entire assagwht the upper and middle Big
Springs sites, respectively, during the fall sangpperiod. Additionally, non-insect taxa
in those same reaches accounted for 95% and 98peatively, of the entire
macroinvertebrate assemblage during the same sayqariod. Conversely, the Shasta
River exhibited lower overall percentages of taktrarganism and non-insect taxa, with
peaks in these metrics occurring at approximat@® and 53%, respectively, during the
summer sampling period.
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Figure 33. Percentage of the total macroinvertébrassemblage represented by tolerant
organisms (i.e., those taxa with published toleeawalues> 8; see Table 5). Sample sites are the
Shasta River upstream (SR-US) and downstream (SR{DI® confluence with Big Springs
Creek, and upper (BS-Up) middle (BS-Mid) and lo{@S3-Low) Big Springs Creek.
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Figure 34. Percentage of the total macroinverteébrassemblage comprised of non-insect taxa.
Sample sites are the Shasta River upstream (SRudSjownstream (SR-DS) of the confluence
with Big Springs Creek, and upper (BS-Up) middIs-8id) and lower (BS-Low) Big Springs
Creek.

Macroinvertebrates have evolved several differentfional feeding strategies in order
to exploit various carbon sources, both allochthusnand autochthonous in origin. The
abundance or absence of particular functional feedroups provides direct insight into
the types of organic matter available for uptakghsticular macroinvertebrates.
Collector-gatherer insects dominated the macrotebeate assemblage at all sites on
both Big Springs Creek and the Shasta River oVesaahple periods (Table 5), at times
accounting for nearly 98% of the entire assemb(8$Mid during the summer
sampling period). However, Shasta River sampés showed a greater overall
abundance of scrapers during all seasons relatiBegt Springs Creek Figure 35),
suggesting that epilithon may be an important cadmurce for macroinvertebrates in
these reaches. Shredding macroinvertebrates aexénrBig Springs Creek and the
Shasta River during all seasons, never accountingnére than 0.4% of the entire
macroinvertebrate assemblage for each reach (Bybl€he ubiquitous nature of
collector-filterers, coupled with an absence okslaers, implies that CPOM-FPOM
breakdown processes and transport may not folladittonal pathways associated with
the river continuum. Rather, shredder-mediatedkatewn of CPOM may be replaced
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by sources of FPOM associated with bank destabdizand fecal matter from grazing
in these reaches (Scrimgeour and Kendall 2003).

Table 5. Seasonal of macroinvertebrate metricewtated for the Shasta River and Big Spring
Creek reaches. Individual macroinvertebrate mstece defined in the Tab#e

Spring Sample Period

Macr oinvertebrate Metric SR-US BS-Up BS-Mid BS-L ow SR-DS
Percent EPT 46.9 0.6 8.6 9.0 159
Percent Sensitive Ta 2.0 0.0 0.0 0.0 0.€
Percent Tolerant Taxa 9.5 34.9 20.1 204 3.8
Hilsenhoff's Biotic Index 51 7.1 6.4 6.6 55
Percent CG and CF 72.8 93.1 89.4 92.7 79.8
Percent Predatc 2.0 3.6 1.0 0.4 3.k
Percent Scrapers 24.9 25 4.9 5.2 154
Percent Shredders 0.0 0.0 0.0 0.0 0.0
Percent Non-Insect Taxa 195 65.2 64.1 65.5 36.3
Density (Organismsei) 1427 1925 8219 1469 1780
Taxonomic Richness 18.C 11.C 14.C 15.C 23.C
Simpson’s Evenness 0.8 0.6 0.7 0.6 0.8
Summer Sample Period

SR-US BS-Up BS-Mid BS-L ow SR-DS
Percent EPT 53.7 1.1 15.6 36.2 36.0
Percent Sensitive Taxa 22.9 0.0 0.7 10.3 105
Percent Tolerant Taxa 15.6 80.7 71.7 52.5 30.9
Hilsenhoff's Biotic Inde 4.4 7.€ 7.1 6.1 54
Percent CG and CF 70.0 86.6 97.6 84.9 79.5
Percent Predatc 4.9 13.2 0.1 3.6 4.3
Percent Scrapers 21.8 0.2 1.3 2.7 15.1
Percent Shredders 0.0 0.0 0.0 0.2 0.2
Percent Non-Insect Taxa 21.0 80.8 78.1 60.3 52.5
Density (Organismsei) 4299 3025 56750 1086 1271
Taxonomic Richness 26.0 7.0 15.0 22.0 26.0
Simpson’'s Evenness 0.9 0.5 0.5 0.7 0.9

Fall Sample Period

SR-US BS-Up BS-Mid BS-L ow SR-DS
Percent EPT 14.2 2.2 0.8 35.4 26.7
Percent Sensitive Taxa 4.0 2.4 0.2 4.8 11.6
Percent Tolerant Taxa 22.2 87.0 93.8 22.7 21.3
Hilsenhoff's Biotic Inde 5.¢ 7.4 7.€ 5.€ 4.¢
Percent CG and CF 80.7 85.6 96.2 88.3 53.4
Percent Predators 2.1 10.6 0.5 2.7 1.1
Percent Scrapers 14.1 3.7 0.3 4.4 41.4
Percent Shredde 0.1 0.0 0.0 0.4 0.2
Percent Non-Insect Taxa 39.0 95.1 97.9 19.6 394
Density (Organisms+?) 9006 6542 82750 1555 1907
Taxonomic Richness 24.0 11.0 11.0 23.0 24.0
Simpson’'s Evenness 0.8 0.4 0.1 0.8 0.9
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Figure 35. Percentage of the total macroinvertebrassemblage represented by members of the
scraper functional feeding group. Sample sitestaeeShasta River upstream (SR-US) and
downstream (SR-DS) of the confluence with Big §pri®reek, and upper (BS-Up) middle (BS-
Mid) and lower (BS-Low) Big Springs Creek.

Another interesting aspect of the macroinvertebdata was the apparent paucity of
Plecoptera (stoneflies) from both Big Springs Crae#t the Shasta River. This finding is
especially notable because previous macroinvettelraveys conducted within the
basin (DWR unpublished data, Great Northern Cotpna 999) reported the presence
of multiple plecopteran families. Similarly, datallection on the Shasta River above
Dwinnell Dam showed that three families of Plecopt@&emouridae, Chloroperlidae,
and Perlodidae) accounted for greater than 5%eoffrtacroinvertebrate assemblage
during the summer sampling period in 2008 (R. Ldsampublished data). Conversely,
plecopterans never accounted for more than 1.794 &% of the macroinvertebrate
assemblages in the Shasta River below Dwinnell Badin Big Springs Creek,
respectively (Figure 36). Plecoptera are regaeded highly sensitive order of aquatic
insects that require cold, well-oxygenated watehwow turbidity, and stable substrates
(Merritt et al. 2008). Reductions in plecopterdmigdance to overall macroinvertebrate
assemblage structure have been correlated witkased fine sediment production, water
temperature, and organic pollution from grazing agdcultural management (Scott et
al. 1994, Miller et al. 2007, Larsen et al. 2008)range of abiotic factors may contribute
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to declines in plecopteran abundance below Dwirlbath. However, it should be noted
that the riparian corridor and general channel molggy of the study reach above
Dwinnell Dam remain in good condition.
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Figure 36. Percentage of the total macroinvertebrassemblage represented by organisms
belonging to the insect order Plecoptera. Data presented for the summer sample period only.
The six sample sites are: the Shasta River (SR)agps of Dwinnell Dam, upstream (SR-US)
and downstream (SR-DS) of the confluence with Bitn@s Creek, and upper (BS-Up) middle
(BS-Mid) and lower (BS-Low) Big Springs Creek.

Biological diversity consists of two primary mesicpecies richness and species
evenness. Each metric may be influenced by a nuoflsgructuring forces such as
biotic competition, colonization rates, anthropagempacts, frequency of the natural
disturbance regime, overall ecosystem stability, lambitat heterogeneity (Townsend
1997). Consequently, it is often difficult to déso the driving forces associated with
changes in biological diversity. The Shasta Rgemerally exhibited higher
macroinvertebrate richness and evenness relatiBegt8prings Creek during all sample
periods (Figure 37, Figure 38). Temporal declimesvenness and richness were most
apparent in the middle Big Springs Creek reach behithe spring and fall. Evenness
declined from 0.7 to 0.1 (1.0 being the highesnaess attainable) and richness declined
from 14 to 11 individuals. However, it is importda note that five of the 11 taxa in fall
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were represented by a single organism, suggestaigttaxonomic richness of 11 may
be misleading.
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Figure 37. Benthic macroinvertebrate total taxehmess by season. Sample sites are the Shasta
River upstream (SR-US) and downstream (SR-DSgafathfluence with Big Springs Creek, and
upper (BS-Up) middle (BS-Mid) and lower (BS-Lowg Bprings Creek.

Relative to Big Springs Creek, the Shasta Rivereerpces a higher frequency of natural
disturbance events such as flooding, and therefioag,be expected to support higher
biological diversity consistent with the intermediaisturbance hypothesis (Connell
1978, Townsend et al. 1997). However, others Isaeevn that while high species
evenness may be directly correlated with the fraqu®f the disturbance regime, species
richness may increase with ecosystem stabilitya(Pand Winterbourn 1995). This is
contrary to our results for Big Springs Creek arayrsuggest that grazing and
agricultural impacts have reduced overall habitaeiogeneity and altered
macroinvertebrate community structure. Furthe®o @8 the fall sample from the middle
reach of Big Springs Creek (BS-Mid) was dominatgdhe tolerant amphipokyalella,
while EPT taxa accounted for less than 1% of theeeassemblage. Taxonomic richness
and evenness values may be naturally lower on Bim& Creek relative to the Shasta
River (consistent with the intermediate disturbahggeothesis), but strong seasonal
declines in evenness, richness, and EPT taxa ndégate direct perturbations to the
system.
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Figure 38. Simpson’s evenness values for the lmemiicroinvertebrate community. Sample
sites are the Shasta River upstream (SR-US) andstmam (SR-DS) of the confluence with Big
Springs Creek, and upper (BS-Up) middle (BS-Mid) lamver (BS-Low) Big Springs Creek.

The biotic index, a composite measure of benthioroanity tolerance to organic
pollution, can be used to describe the generalitondf lotic habitats (Hilsenhoff
1987). We used a modified biotic index scoringelys(Table 6) which included
tolerance values associated with genus level ifieatiobn* Overall, both the Shasta
River and Big Springs Creek exhibited low biotidéx values indicating that water
guality was of “poor” to “fair” condition. The lo@st biotic index value of all sites over
all seasons (7.8) occurred during the fall on tledie reach of Big Springs Creek, this
was concurrent with heavy cattle grazing in thekreln fact, this reach of Big Springs
Creek showed consistent declines in water quaéitwben the spring and fall sample
periods. Overall, the Shasta River exhibited highetic index values than Big Springs
Creek (average over all samples and seasons) éab.@ater quality) and 6.9 (fairly
poor water quality), respectively (Figure 39).

* The biotic index was calculated by summing thedpm of each organism’s known tolerance value and
abundance and dividing by the total number of cigyas in the sample.
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Table6. Criteria for the evaluation of water quality usiktilsenhoff's Biotic Index (HBI;
Hilsenhoff 1987). HBI values are derived from maavertebrate tolerance values weighted by
the number of individuals of each taxa in the tatinple.

HBI Value Water Quality Degree of Organic Pollution
0.00-3.50 Excellent No Apparent Organic Pollution
3.51-4.50 Very Good Possible Slight Organic Pollution
4.51-5.50 Good Some Organic Pollution
5.51-6.50 Fair Fairly Signficant Pollution
6.51-7.50 Fairly Poor Signficant Organic Pollution
7.51-8.50 Poor Very Signficant Organic Pollution
8.51-10.0 Very Poor Severe Organic Pollution

Extremely high densities of macroinvertebrates niyaamphipods, were observed
during the summer and fall on the middle reachigf$prings Creek (Table 5).
Densities were approximately 23 and 17 times gresgepectively, in this reach when
compared with all other reaches of Big Springs K&l the Shasta River. The
densities (>80,000 in the fall) can only be described as extraordirsard may be a
strong indicator of the intrinsic potential of tlegring fed system to support juvenile
salmonids. Implementation of best managementipes;tincluding riparian fencing
may improve overall conditions on Big Springs Creekl the Shasta River by improving
habitat heterogeneity, channel form, riparian rigerent, and overall water quality
conditions (see section 7 for more details). Sogirovements are subsequently
expected to improve overall macroinvertebrate comtgstructure and ecological
function.
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Figure 39. Hilsenoff's Biotic Index values genethteom the benthic macroinvertebrate
assemblage during each season. Sample sitesef@hidista River upstream (SR-US) and
downstream (SR-DS) of the confluence with Big §prireek, and upper (BS-Up) middle (BS-
Mid) and lower (BS-Low) Big Springs Creek.

5.4 Food Web Analysis
5.4.1 Methods

Allochthonous I nputs

Clear plastic floating pan traps (55 cm long x 4Dwide x 14 cm deep) were used to
guantify inputs of allochthonous material, bothrplenaterial and terrestrial insects, to
Big Springs Creek. We partitioned the width of gieam into three subsections (left,
center, and right) and randomly positioned a sipgle trap in each subsection. This
process was repeated at three locations longitligitwayield nine replicate pan trap
samples per sample period. Once positioned, eaclrap was filled with approximately
3.0 cm of water and a small amount of surfactarg added to retain captured
invertebrates. Collection dates were 3-8 July fae@m and 2-7 October (fall). At the
conclusion of each sample period, trap contente wigved through 250 pum mesh and
retained material was immediately frozen on dry irethe laboratory, samples were
thawed, rinsed with distilled water and dried tooastant mass (55 °C far48 h). Dried
samples were examined under 10-20x magnificatiohseparated into three broad
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categories: plant, animal, and other materialse individual fractions were then
weighed (+ 0.1 mg) using a Mettler AE-160 digitaldnce (MettleiToledo

International, Greifensee, Switzerland), ashedtfbrat 500C, and reweighed to
determine ash-free dry mass (AFDM). Allochthonoymit categories are expressed as
mean AFDM per square meter per day (g AFDM day?).

| nsect Emer gence

To assess the flux of emerging aquatic invertebrate deployed six square-pyramid
floating emergence traps (250 um mesh) that sanp@8 nf of stream surface. Six
emergence traps were haphazardly positioned latigaily throughout the study reach
and anchored in place using rebar. Emergence uwadifjed for five consecutive days
beginning on 3 June (summer) and 2 October (f&dllowing each collection period,
captured invertebrates were frozen on dry ice atgmed to the laboratory for biomass
determination. In the laboratory, samples weredlto a constant mass (55 °C $048

h), weighed (+ 1.0 pg) using a PerkinElmer AD-4oabialance (PerkinElmer, Waltham,
MA, USA), ashed, and reweighed to determine AFDIN& attempt was made to
establish the taxonomic composition of the invadébemergence samples. Emergence
datal are expressed as AFDM per square meter ahssarface per day (mg AFDM“m
day-).

Food Web Sampling

To understand the seasonal dynamics of carbonestinat serve as the energetic base of
the Big Springs Creek food web, we collected fiyges of organic matter on each
sampling date: epilithon (i.e., matrix of algaectegia, fungi, protozoans and non-living
organic matter), seston, detritus, aquatic macrg#hyand filamentous algae.

Seston (suspended fine particular organic matte©#); particles > 0.4pm to < 1.0
mm) was sampled by filtering stream water throughigpmbusted GF/F filters until the
filters were lightly colored. In all casesl.5 liters of filtered water produced sufficient
material for isotopic analyses. Seston filterserienmediately placed in individually
labeled opaque bags and frozen on dry ice. Tditade seston samples were collected
on each sampling date. Five samples were anafgrethtural abundance stable isotope
ratios and five were used to quantify seston comaton (mg AFDML™). Epilithon
sample collection and processing methods are ddtailsection 5.2.1.

Detrital samples (coarse particulate organic mg@&OM); particles >1.0 mm in
diameter) were handpicked from the streambed anslisted mainly of decomposing
aquatic macrophyte fragments and conditioned teraéteaf litter. Aquatic

macrophytes were collected by hand from variouations in the study reach. Harvested
samples were vigorously agitated in a bucket @&eastr water to dislodge clinging
invertebrates (epibiota) before being placed inviddally labeled polyethylene bags and
frozen on dry ice. In the laboratory, samples werefly thawed and examined
microscopically (10-20x magnification) to ensure #bsence of epibiota that could
potentially alter macrophyte stable isotope valu@sly aboveground biomass was
prepared and submitted for stable isotope analysis.
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Aquatic macroinvertebrates for stable isotope aishyere qualitatively sampled using a
D-framed kick net and by handpicking organisms ftbe substrate. Macroinvertebrate
samples were passed through a 500 um sieve aretatied material was frozen (-80°C)
until taxonomic identification and stable isotopeparation. Analysis of the
macroinvertebrate community was restricted to regmeative taxa from each major
functional feeding group (Cummins 1973, Cummins Ehay 1979). Functional feeding
group (FFG) designations are based on how an agaacquires food and included). (
collectors which gather or filter fine particulate organiatter; (i) scrapers(grazers)
which consume epilithic biofilmsji() predators which capture and feed on other
consumersiv) omnivoreswhich consume both plant and animal matter; a&hd (
parasites which live in or derive nourishment from othewatjc animals. A list of the
specific taxa analyzed during each sample perigdasided in Table .7

Table 7. Food web constituents analyzed for nataandance C and N stable isotope ratios
during each sample period. Functional feeding grélaFG) abbreviations are collector-filterers
(CF); collector-gatherers (CG); scrapers (SC); ommies (OM); predators (P); and parasites
(PA). Taxon codes are used to identify organisnile stable isotope bi-plots (Figure 43,
Figure 47, and Figure 50).

Taxon Life Sample Period
Food Web Component Code Stage FFG Spring Summer Fall
Organic Matter
Epilithon 1 n/a X X X
Detritus (CPOM) 2 n/a X X X
Seston (FPOM) 3 n/a X X X
Macrophytes Myriophyllum sibiricum 4 n/a X X X
Polygonum amphibium 5 n/a X X X
Filamentous Algae 6 n/a X X
Macroinvertebrates
Diptera Simuliidae Simuliumsp.) 7 Larvae CF X X
Coleoptera Elmidae 8 Larvae CG X X
Diptera Chironomidae 9 Larvae CG X X X
Ephemeroptera Baetidae 10 Larvae CG X X X
Amphipoda Hyalellidae Hyalella) 11 Adults CG X X X
Oligochaeta 12 Adults CG X X
Ephemeroptera Heptageniidae 13 Larvae SC X
Gastropoda PleuroceridaeJuga sp.) 14 Adults SC X X X
Trichoptera Brachycentridae 15 Larvae oM X X X
Plecoptera Perlodidae 16 Larvae P X X
Hirudinea GlossiphoniidaeHelodbella) 17 Adults PA X X X
Fishes
Chinook Salmon 18 Juvenile P X
Coho Salmon 19 Juvenile P X X
Steelhead Trout 20 Juvenile P X
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Fish samples utilized in our study were obtainedhfthe California Department of Fish
and Game, Yreka office. Our reliance on donatedpses resulted in different members
of the fish community being available for analydising each sample period.
Consequently, while we had adequate replicatiomduhe spring sample period, we
only received a pair of coho salmddr(corhynchus kisutglduring the summer sampling
period, and no fish were provided for analysis oigithe fall. All fish samples were
frozen and later transported to the laboratorydiesection and processing. Dissection
protocols consisted of using a scalpel and fortepemove muscle tissue from behind
the dorsal fin and above the lateral line. Excisescle samples were placed in
individually labeled vials and prepared for natuahlindance stable isotope analysis as
detailed below. Fish species analyzed during these of this investigation included:
Chinook salmon@. tshawytschig coho salmon, and steelhead trddt (ykiss

5.4.2 Laboratory Methods

Stable | sotope Analyses

Samples for natural abundance stable isotope asalgse dried at 55°C for 48 h and
ground to a fine powder using a Wig-L-Bug® dentaldgamator (Crescent Dental
Corp., Chicago, IL. USA). For epilithon samplesed material was removed from
filters when possible. Otherwise, entire filtersr& ground, package in 9x5 mm tin
capsules, and combusted. Snail body tissues werged from their shells to avoid
potential carbonate interference. Sample weigleiewpproximately 1.0, 3.0, and 40.0
mg for animals, plants and filters, respectivelgotopic analyses were carried out at the
stable isotope facility at the University of Catifiia, Davis using a PDZ Europa 20/20
continuous flow isotope ratio mass spectrometerZ(EDropa Ltd., Sandbach, United
Kingdom). Stable isotope results are presentetubie deltad) value notation to

reflect the ratio of the heavier to lighter isotaeal expressed as the parts per thousand or
per mil (%o) deviation from standard reference matéPeeDee belemnite faf°C and
atmospheric nitrogen fd"°N) according to the following equation:

|1ample

(Egn 1) oX= (
I1tandard

- 1} x100C

whereX="C or*®N andR ="*C:*?C or**N:**N. Under this convention a more positive
value (or less negative for carbon) is deemed @moatly enriched and indicates that the
sample contains more of the heavier isotope (£@.or'°N). Analysis of replicate
(within-run) standards yielded standard deviatiof8.03%. and 0.15%o fob"*C and

5N, respectivelyrf = 41 each). Replicate blank pre-ashed GF/F §ilieere also
analyzed for quality control. Blank filters comtad no measurable N but contributed
small amounts of background carbon. Thereforditlepn *°C values were corrected
using a carbon-specific variant of the equatiorspnéed in Torn et al. (2003):

_ [(613C33mple) (“g C Sampl) - (813C Filte) (Hg C Filte):|

(Egn. 2) §°C orrected —
an Corrected [(Hg Csample) _(Hg CFilter)]
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Where,813CSamp|e: uncorrected epilithod™*C, pg Gample= the carbon content of the
uncorrected samplé Criwer = 8*3C of the blank filter, and pgeger = the carbon content
of the blank filter. Mea®w'*Criwer and g Giver values were determined to be -26.3%o. and
21.2 ug, respectiveln(= 4). All isotope samples containing < 100 pg &Gd0 pug N

were considered unreliable and excluded from ara({Zavid Harris, UC Davis Stable
Isotope Facility, personal communication).

5.4.3 Data/Analysis

Data were logy(x+1) or arcsine square-root transformed as apprepigacorrect for
heteroscedasticity and non-normality. One-way aislgf variance (ANOVA) was used
to test for seasonal differences among biotic dem We set our experiment-wide Type
| error rate ¢) at 0.05 and significant ANOVAs were followed by TulelMonestly
Significant Difference (HSD) test. Statistical testsre conducted using NCSS software
version 2004 (NCSS, Kaysville, UT, USA) or SAS versioh® (SAS Institute Inc.,

Cary, NC, USA).

Trophic relationships within the Big Springs Creekd web were inferred using
graphical interpretation (bi-plots) of carbon arlagen stable isotopes in conjunction
with stoichiometric data (molar C:N) on potentiallwam resources. Plant C:N ratios
provide insight into food quality (Elser et al. Z)@&nd empirical studies have shown
preferences by herbivorous invertebrate consunoerf®dd items with lower C:N ratios
(Burns and Ryder 2001, Menéndez et al. 2001).

Results are presented for several elements otdidg s1cluding seston concentration
(representing fine particulate organic matter)emebrate emergence, allochthonous
inputs, and stable isotope analysis

Seston (FPOM) Concentr ation

There was an overall significant seasonal diffeeendhe amount of suspended fine
particulate organic matter (seston) in Big SpriG@geek (ANOVA,p = 0.016; Figure 40).
Mean (= 1SE) organic seston concentrations were: 0.8, 3.3 + 0.3, and 3.1 £ 0.3 mg
AFDM:. L™ during the spring, summer, and fall sample pericelspectively. However,
mean concentrations for the summer and fall diddiféer statistically (Tukey’'s HSDp

> 0.05).

In most low-order salmon-bearing streams, orgarstoseoriginates primarily as
allochthonous material (e.qg., leaf litter) whictprecessed into successively smaller
particles through biological and physical breakdd@ammins 1975, Hynes 1975,
Vannote et al. 1980). However, in Big Springs Creskis true throughout much of the
Shasta River, seston is largely derived from thdtdeprocessing of submerged and
emergent aquatic macrophytes (i.e., autochthonaierral). In addition to serving as
the primary source material of FPOM to the ecosysteatrophytes reduce water
velocity and increase the retention of particutaganic matter (POM). The low
hydrologic variability of Big Springs Creek contuiles to POM being locally retained
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until it has been biologically processed into vemyall, low density particles (Wallace et
al. 1982, Webster 1983).

c Big Springs Creek
S 401 )
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Figure 40. Mean total organic seston (FPOM; paed&> 0.45um to < 1.0 mm) concentration
during each sample period. Bars represent the ni#aSE) of 8 replicate water sampleBars
that do not share a common letter are significadtfferent ate = 0.05.

Our efforts to understand the natural seston dyranfiBig Springs Creek was greatly
hindered by cattle grazing, both along the streankb and in the active channel, which
began in early June prior to our summer samplirige removal of macrophytes and
physical disruption of the streambed by cattle ltedun the entrainment of both
sediments and organic matter and contributed tsitreéficant increase in seston
observed during the summer and fall sample peridde physical disturbance created
by cattle grazing fundamentally alters the organatter budget of Big Springs Creek
and potentially influences the productivity of #watire aquatic food web.

I nvertebrate Emergence

Aquatic insect emergence traps were deployed dunemgimmer and fall sample
periods. Mean emergent biomass was 204% greategdbe fall (mean = 0.07 £0.05 g
AFDM-m2.d*; n = 6) than the summer (mean = 0.02 + 0.01 g AFDR¢T n =5)

sample period. Despite this disparity, the highalality among individual traps during
the fall (range = 0.003 to 0.24 g AFDM?ndY) resulted in non-significant differences
between the two sample periods (ANOA5 0.260; Figure 41).
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Figure 41. Mean daily biomass (grams AFDM.dt) of aquatic insects emerging from Big
Spring Creek during the summer and fall. Mean%E]) biomass estimates were derived from 6
floating emergence traps that were deployed foosecutive days during each season.

Allochthonous | nputs

Invertebrates were the dominant component of thialaeput to Big Springs Creek
during both seasons examined (Figure 42). Inveatebnput was significantly higher in
the fall averaging 1.2 + 0.4 g AFDM-frd?, compared to 0.2 + 0.1 g AFDM*d™
during the summer (ANOVAp = 0.03). As a percentage of the total mass being
delivered to the creek, invertebrates represerétl &d 92% of the allochthonous input
during the summer and fall sample periods, respagt(Figure 42B). These temporal
differences were chiefly driven by the capture @inylarge-bodied adult caddisflies
(primarily Dicosmoecusp.) during the fall. Although plant material repented a
greater proportion of the total input to Big Spsmduring the summer period (Figure
42B), the mean AFDM of this material did not diflenong seasons (ANOVA,= 0.54;
Figure 42A). Plant material contributed 0.06 +10g0AFDM-m?-d* in the summer and
0.04 +0.01 g AFDM-i-d* in the fall.
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Figure 42. Aerial input of allochthonous materiatsBig Springs Creek during the summer and
fall sample periods. Data are presented as thermeh SE input rate (A), and proportion of
total input (B) for invertebrates, terrestrial plamatter, and other material. Bars that do not
share a common letter are significantly different.
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Stable | sotope Analysis

In the following section we present and discuss éiselts of our seasonal stable isotope
analyses. For each season, we begin our discusgiexamining the energetic base of
the food web and move to progressively higher tropdvels (i.e., from basal sources of
organic matter to macroinvertebrates to fish).ttd5'°N versuss*>C are presented to
illustrate the flow of nutrients from sources to somers. For visual clarity, unique
numbers have been used in place of names to igehdfisotopic position of the various
food web components in all dual isotope plots ((legure 43, Figure 45, and Figure 48).
A key to the numbering convention is provided in [Eah

Spring

Basal sources of organic matter exhibited a widgeafs'*C values during the spring
period (Table 8). Filamentous algae were the hi@stlepleted source with a mean (+1
SE)&™C value of -33.2 + 0.02%. (range = -33.3 to -331 % 5). Epilithon and the
submerged aquatic macrophygelygonumwere the most’C-enriched of the organic
matter sources with meah°C values of -25.0 + 0.8%. (range = -27.3 to -22.%;6) and
-24.5 + 0.02%o (range = -24.5 to -24ni= 5), respectively. Meadt°C signatures for
seston (-29.9 + 0.2%o0) and detritus (-28.3 + 0.2%)eNEositioned intermediate to the
range of values observed for primary carbon soutaesg spring. The overall mean
83C signature across all samples of basal organitemats 28.1%o (+ 0.6%4) = 29).

Meand™N values of organic matter ranged from 2.2 + 0.02%difamentous algae to
7.1 + 0.04%o for the macrophyMyriophyllum(Table 8). Sesto&™N values were fairly
1>N-depleted (mean = 2.7 + 0.3%o, range = 2.0 to 37 5) and showed some degree of
overlap with thes*®N values obtained for both filamentous algae andtdst(mean = 3.3
+ 0.6%o, range = 2.7 to 3.8;= 3). The overall meadi N signature across all basal
sources of organic matter was 4.2%o (+ 0.3%s; 28).
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Figure 43. Stable carbord3C) and nitrogendl5N) isotope ratios for key members of the Big
Springs Creek aquatic food web during the springQif8. Circles designate basal carbon
resources, triangles represent macroinvertebrak@tand squares signify salmonid species.
Data are presented as mean values 1 standardrerfokey to numerical codes is provided in
Table 7.

Carbon to nitrogen (C:N) molar ratios of organic t@aserve as an indicator of food
quality, with high C:N ratios signifying nutritionglpoor (refractory) food resources.
High C:N ratios can result from extremely recalcitrstarting materials such as
macrophytes with high lignin or cellulose contemtplant matter that is in early stages of
decomposition. A decrease in the C:N ratio is tylhia@ssociated with colonization by
heterotrophic organisms which add particulate nérotp the detrital pool (Thornton and
McManus 1994, Pagioro and Thomaz 1999). Shelddn/éalker (1997) reported that
macroinvertebrate consumers preferentially seleitted resources with C:N ratios
below 10, and that the maximum C:N ratio for maintajrthe growth of primary
consumers was approximately 17. Among the primargricgmatter sources analyzed
during the spring sample period, epilithon anditlet(CPOM) had the lowest C:N
(Figure 44). Mean epilithon C:N was 7.2 + 0.7, indiividual samples were highly
variable ranging from 5.1 to 9.2 € 6). Detrital C:N was slightly higher averaging Z.6
0.3 (range = 6.9 to 7.8;= 3). The remainder of the basal sources exantiaddnean
C:N molar ratios between 11.1 (organic seston or FP@id)14.5Polygonum
amphibium. All of the organic matter sources analyzed dythe spring sample period
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had mean C:N ratios below 17 and potentially conteiduo carbon flow within the Big
Springs Creek aquatic food web.

Steelhead Trout
Coho Salmon
Chinook Salmon
Perlodidae
Baetidae
Chironomidae
Glossiphoniidae

Simuliidae
Pleuroceridae
Hyalellidae
Elmidae
Epilithon
Detritus (CPOM)
Brachycentridae

Organic Seston (FPOM)
Myriophyllum sibiricum

Filamentous Algae
Polygonum amphibium

O 2 4 6 8 10 12 14 16 18 20

C:N (molar ratio)

Figure 44. Carbon to nitrogen molar ratios for ssiéood web components during the spring
sample period. Green bars indicate basal sourdesganic matter, blue bars represent benthic
macroinvertebrates, and red bars signify fishearsBepresent the mean C:N +1 standard
error.

Mean macroinvertebraf®’C values ranged from -37.6 + 0.2%. for omnivorous
brachycentrid caddisflies (primariBrachycentrusp. andAmiocentrus aspilygo -28.9
+ 0.8%o for scraping pleurocerid snailkigasp.). The enrichedC value of
pleurocerids directly reflects their functional dé®g role as scrapers and the
incorporation of epilithic carbon. Me&h°C values for the other macroinvertebrate
functional feeding groups were -33.1 + 0.4%o. (rang&4-8 to -32.5n = 5) for collector-
filterers, -31.5 + 0.3%o (range = -33.1 to -2865 17) for collector-gatherers, -31.1 +
0.3%0 (range = -31.4 to -30.7;= 2) for predators, and -30.4 + 0.3%o. (range = -3&.2 t
29.5;n = 5) for parasites.
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68

Table 8. Food web components analyzed for C and N stablepsanalysis. Deltadf values reflect the ratio of the heavier to lighte
isotopes (i.e.X*C/**C and™N/*N) and are expressed as the per mil (%o) deviatiomfthe standards PeeDee Belemnite and atmospNeric
for C and N, respectively. Values for each food e@hponent are presented as the mean + 1 standaod @ the mean. Dashed lines

indicate that no dal were collecte(

Taxon Spring Summer Fall
Food Web Component Code 37°C (%) 5N (%o) 5C (%) 5N (%0) 57°C (%) 5N (%)
Organic Matter
Epilithon 1 -24.95 £ 0.76 511 +0.44 -24.80 £ 0.70 5.17 + 0.25 -23.72 406 555+0.21
Detritus (CPOM) 2 -28.33 £0.22 3.27 £+ 0.56 -28.15 + 0.17 5.59 + 0.03 -28.97 0.9 517 +1.12
Seston (FPOM) 3 -29.92 +£0.15 2,69 £0.31 -29.04 + 0.39 6.72 £ 2.42 -28.96 0.3 291 +0.94
Macrophytes Myriophyllum sibiricum 4 -28.72 £ 0.01 7.10 £ 0.04 -26.13 + 0.08 3.50 + 0.04 -25.4540.0 4.03 +0.02
Polygonum amphibium 5 -24.46 £ 0.02 4.28 +0.03 -20.49 £ 0.01 1.83 £ 0.06 -27.53 40.0 3.46 £ 0.05
Filamentous Algae 6 -33.18 £ 0.02 2.23 £0.02 -38.22+0.09 362 0.07
Macroinvertebrates
Collector-Filterers
Diptera Simuliidae Simulium) 7 -33.09 £ 0.44 4.47 +0.08 -30.68 + 0.10 5.31+0.06
Collector-gatherers
Coleoptera Elmidae 8 -30.61 £ 0.51 3.61+0.19 -28.50.27 3.02 +0.19
Diptera Chironomidae 9 -30.65 + 0.68 439 £0.27 -31.53 4.96 3171+ 142 2.44 + 2.56
Ephemeroptera Baetidae 10 -32.94 £ 0.07 4.20 +0.08 -30.88@ 0 5.24 +0.29 -30.20 £ 0.28
Amphipoda Hyalellidae Hyalella) 11 -31.26 + 0.69 4.15 +£0.47 -31.01 + 0.24 4.29 + 0.09 -26.57190. 4.05 + 0.16
Oligochaeta 12 -31.41 £ 0.24 6.09 + 0.52 -28.30 4.08
Scrapers
Ephemeroptera Heptageniidae 13 -31.52 + 0.67 5.6612 1
Gastropoda PleuroceridaeJuga sp.) 14 -28.92 £ 0.81 6.16 £ 0.44 -29.09 + 0.24 6.54 + 0.03 -25.04481. 7.00 £ 0.24
Omnivores
Trichoptera Brachycentridae 15 -37.57 £0.21 5.60 + 0.48 734 0.12 448 + 0.11 -32.77 £ 0.11 5.41
Predators
Plecoptera Perlodidae 16 -31.06 + 0.35 10.37 + 3.63 -30.726 0 7.40 + 0.49 ---
Parasites
Hirudinea GlossiphoniidaeHelodbella) 17 -30.40 £ 0.33 8.95 + 0.69 -30.21 + 0.05 7.70 £ 0.03 -28.6537 0. 8.18 + 0.07
Fishes
Chinook Salmon 18 -27.13 10.47 - - - -
Coho Salmon 19 -26.32 £ 0.62 10.42 +0.25 -30.31 + 0.62 9.76 + 0.38
Steelhead Trout 20 -26.84 £ 0.32 9.43 +£0.18




Macroinvertebraté*°N values were highly variable among individual taxarval riffle
beetles (Coleoptera: Elmidae) were the nitstdepleted invertebrate (meadhN = 3.6

+ 0.2%o, range = 3.2 to 4.h;= 4) during the spring. Conversely, leeches (Hired:
Glossiphoniidae) and predatory stoneflies (Plecapteerlodidae) were the md3-
enriched invertebrates with me&HiN signatures of 9.0 + 0.7%. and 10.4 + 3.6%,
respectively (Table 8). Although leeches are ppalty classified as temporary
ectoparasites of fish, amphibians, and waterfowl (B&i991, ABL 2003), members of
the family Glossiphoniidae have also been repoddceguently prey on other aquatic
macroinvertebrates. The position of leeches iml feeb space (i.e., tH&°C versuss*N
bi-plot, Figure 43) indicates they were largely ammghg benthic macroinvertebrates
during the spring and effectively functioning ae ttominant invertebrate predator in the
Big Springs Creek food web.

The community-wide meadt°N value of primary consumers was 4.8 + 0.2%o (range =
3.2 to 8.0n = 35) an enrichment of only +0.6%. over the m&&hl for organic matter
sampled during this same period. Given the expastadpic fractionation with each
trophic transfer, the dominant (numerically) maov@rtebrate consumers in Big Springs
Creek appeared to be deriving their carbon frora fiarticulate organic matter (seston)
and filamentous algae. While macrophytes were ptei@ing the spring (>25.0 g
AFDM-m see section 9.2.2) their enriched stable isotapes (specifically3*>N for
Mriophyllum and&*>C for Polygonum Figure 43) suggest that live plants were notdpein
directly utilized as a food source by primary cansus. Although some
macroinvertebrate taxa have been reported to gnatige macrophytes (Berg 1949,
Gower 1967, Suren and Lake 1989) direct consumpsicimought to be fairly uncommon
in lotic ecosystems (Mann 1988). Rather, live raphytes principally contribute to
carbon flow in stream food webs by serving as sutastos epiphytic biofilm or as
refugia from predators (France 1998)yriophyllum in particular, may be of limited use
as a carbon source to the Big Springs Creek food Miembers of the genus
Myriophyllum(Haloragaceae) have been reported to containededse allelochemicals
that target epiphytes, cyanobacteria, and inveateldrerbivores (Gross 2003). While the
allelopathic effects oMyriophyllum sibericunare not well documented (Linden and
Lehtiniemi 2005), they have the potential to attemmunity composition as well as
flows of energy and material within the ecosystem.

An especially notable finding during our spring $alotope sampling was a larval
perlodid stonefly with an extremely eleva@dN signature (+14.0%c). We are not aware
of any native source of nitrogen in the Big Spri@ysek drainage that is sufficiently
>N-enriched to produce such an elevated signal imbi@/e hypothesize that this
enriched3™N value stems from the incorporation of marine-detiinputs vectored to

Big Springs Creek by spawning anadromous salmoniogdebic consequence of feeding
in the marine environment is that anadromous saldsare uniquely enriched with the
heavier isotopic forms of many elements (e.g., @nN S) relative to terrestrial or
freshwater sources of these same elements. Therseenderived nutrients are ultimately
liberated to freshwater ecosystems through the #®oref metabolic waste products,
deposition of gametes, and decomposition of paatvamg carcass (Cederholm et al.
1999, Naiman et al. 2002). Kiernan (2009) reported adult coho salmon in a coastal
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California river had mea#">C ands™N values of -16.9 + 0.2%o (range = -17.3 to -
15.7%0) and 15.1 + 0.1%o. (range = 14.5 to 15.7%o)peetively. Many aquatic
macroinvertebrate taxa (Piorkorwski 1995, Kline etl@97, Minakawa 1997, Wipfli et

al. 1998, Minakawa and Gara 1999) have been reptwtezhdily scavenge and ingest
salmon carcasses, gametes, or dead fry when tleese dtre present and empirical
studies have shown that incorporation of such rmadsely consumers leads to significant
isotopic enrichment of their body tissues (Bilbyakt1996, Chaloner et al. 2002, Hicks et
al. 2005, Kiernan 2009). While adult anadromoumsal were not directly observed in
Big Springs Creek prior to our initial sampling &to site access), the occurrence of this
highly enriched stable isotope value suggestssjaivning activity occurred in the creek
during the months preceding our sampling.

We determined stable isotope ratios for 13 juvernleo salmon (mean FL = 47 mm), 8
juvenile steelhead trout (mean FL = 47 mm), animh@le juvenile Chinook salmon (FL =
53 mm) during the spring sample period. All salndospecies had meah°C values that
were within 1.0%. of each other (Table 8). Coho samere the mostC-enriched of
the salmonids (meait®C = -26.3%o) while the lone juvenile Chinook was thestt*C-
depleted §°C = -27.1%.). With respect to nitrogen, juvenileiiok and coho salmon
had nearly indistinguishab&°N values of 10.5%. and 10.4 + 0.3%o, respectively.
Juvenile steelhead wet®N-depleted by approximately 1.0%o (me3niN = 9.4 + 0.2%o)
relative to the other two salmonid species (FigueTable 8).

It is difficult to interpret our salmonid stabletspe results within the context of the rest
of the Big Springs Creek food web. We found sigaifit relationships between fish size
(fork length) and stable isotope ratios, with snrgléend presumably younger) fish
exhibiting enriched™C and3™N values. These results indicate the presence bhea
derived nutrients in juvenile fish, specificallytime form of residual maternal yolk.
Following emergence from the gravels, the C and dms®oratios of juvenile salmon
systematically decline as they deplete their maleyalk and begin to feed exogenously
(Doucett et al. 1996). However, the time requiradyflung salmon to reach isotopic
equilibrium with their riverine diet is highly vabée and remains very poorly
understood. Power and Finlay (2001) reported thadrjile steelhead in the South Fork
Eel River watershed maintained a maternal (mariigegas until they reached standard
lengths >50 mm. Our data for Big Springs Creek shaignificant negative relationship
between salmonid fork length and muscle stable jotatios for fish with fork lengths
up to 55 mm (Figure 45). Unfortunately, we lackigglent data for fish between 55 and
75 mm, and are unable to predict the size at whicarjile3C andd™N values begin to
accurately reflect their freshwater diets. Whilelsisotopic enrichment in juvenile fish
is ultimately transient, it greatly obscures thieipretation of both diet and trophic
position. Consequently, efforts to understandhiojinkages in salmonid food webs
must recognize that the presence and assimilatioradne-derived nutrients and
biomass, be it in the form of dissolved nutriegmetes, carcass material, or residual
maternal yolk, can alter the stable isotope ratfdsiota at all trophic levels. Presently,
the extent to which marine-derived nutrient subsididluence food web structure and
salmonid productivity in the greater Shasta Rivesib is unknown and warrants
additional investigation.
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Figure 45. Relationship between juvenile salmdoill length (mm) and muscle tissue stable
carbon (A) and nitrogen (B) isotope ratios. Pldisstrate that smaller, and presumably younger,
salmonids exhibit an isotopically enriched matergmérine) signal that dissipates as they grow
and begin to equilibrate with their freshwater giet
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Summer

Basal sources of organic matter demonstrated ceraite isotopic separation during the
summer sample period. Nearly all sources analyzed mere™>C-enriched relative to
meand™*C values obtained during the spring sample peffiigu¢e 46; Table 8).
Filamentous algae were again the ntd8tdepleted of the basal carbon resources with a
meand™*C value of -38.2 + 0.1%o (range = -38.5 to -3816;5). This mean value
represented an isotopic shift of more than -5.08nfthe previous sample period (Figure
46). Summer samples of the macroptBtéygonumproduced the mostC-enriched
carbon measurements obtained in our entire st@djygonund**C averaged -20.5 +
0.01%o during the summer and individual plants destrated surprisingly little

variability (range = -20.50 to -20.46;=5). ExcludingPolygonumthe overall mea&'’C

of all basal carbon sources during the summer geves -28.7 = 0.9%. (range = -38.5 to
-22.1;n = 29).
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Figure 46. Per mil (%0) change in the mean stataldbon ¢13C) and nitrogend15N) isotope
ratios for basal sources of organic matter betwtdenspring and summer sample periods.

As a group, freshwater autotrophs can demonstrateresty variableé*>C values

ranging from -50 to -10%o. (Boutton 1991). Althoudjie fundamental reasons for this
variability are not well understood, they likelgst from the source (HGOor CQ),
concentration and isotopic composition of the digswinorganic carbon (DIC) in the
water column (Keeley and Sandquist 1992). Additigndiydrologic parameters such as
water velocity have been shown to strongly influeggitithon and macrophy@&-=C
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values (Finlay et al. 1999, Trudeau and Rasmus8688)2 Under low velocity (i.e., low
turbulence) conditions, boundary layers are thicket rates of COand HCQ' diffusion
are reduced (MacLeod and Barton 1998). This resulteduced discrimination against
the heaviet*C and more enrichetC values (Osmond et al. 1981, Trudeau and
Rasmussen 2003). Other environmental variablesasitbmperature and light intensity
have also been shown to affect carbon isotopicifmaation through changes in
metabolic activity (MacLeod and Barton 1998). Hinas™>C may be influenced by
community composition, plant growth rates (Laws efl@B5) and biomass (Singer et al.
2005, Hill and Middleton 2006). Given the broad ruef mears'C values observed

for primary producers in our study (from -38.2%. fitementous algae to -20.5%. for
Polygonum amphibiujpan improved understanding of carbon cycling vatuire
detailed sampling of dissolved inorganic carbordpe values§*C of £ DIC), and how
these values influence th&C of autotrophic organisms and other carbon sowatése
base of the food web.
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Figure 47. Stable carbordl3C) and nitrogendl5N) isotope ratios for key members of the Big
Springs Creek aquatic food web during summer o82@@ircles designate basal carbon
resources, triangles represent macroinvertebrak@tand the square indicates juvenile coho
salmon. Data are presented as mean values + Idatanerror. A key to numerical codes is
provided in Table 7.
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Basal organic matter sources clustered into twandisgroups with respect to meahN
values. Polygonum(1.8 £ 0.1%o), filamentous algae (2.4 £ 0.1%o), &mdophyllum (3.5

+ 0.04%0) were all significantly’N-depleted relative to mean values obtained for
epilithon (5.2 + 0.3%0), detritus (5.6 + 0.03%o0) aswkton (6.7 + 2.4%o0) (Figure 47; Table
8). Mean sestod N was surprisingly enriched and increased by mone #a0%o
compared to samples collected during the springufiei 46; Table 8). It should be noted,
however, that the mea&1°N value derived for seston was influenced by one
extraordinarily enriched sample witlb&N value of 16.2%.. While this observation
represented a statistical outlier, we opted tomatan our data set given the dearth of
information that currently exists regarding sessod FPOM dynamics in Big Springs
Creek. However, with this point excluded, mean se3ttN decreased from 6.7%o to 4.4
+ 0.6%0 (= 4), arenrichment of +1.7%o. relative to seston in the gpriontrary to the
general trend of organic matteN-enrichment between the spring and summer sample
periods, both submerged macrophyte species were fioune™N-depleted (Figure 46).
Myriophyllum the dominant plant in terms of standing crop migithe summer period
(see Figure 29), wasN-depleted by 3.6%. anlolygonumwas depleted by 2.5%o
relative to values obtained for the same taxa duthe spring (Table 8).

Carbon to nitrogen ratios were again generally lomtHe various basal organic matter
sources, ranging from 8.1 + 0.5 (range = 4.9 to ®#) for epilithon to 20.8 + 1.6
(range = 16.9 to 23.%1 =5) for detritus (Figure 48). The elevated C:Nlefritus during
the summer sample period was due to the increasenrence of terrestrially-derived
materials (predominantly grasses and some leaf)lith the conditioned detrital pool.
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Coho Salmon
Simuliiddae

Glossiphoniidae
Chironomidae
Baetidae
Pleuroceridae
Oligochaeta

Brachycentridae

Perlodidae

Heptageniidae

Hyalellidae
. H Epilithon
1 | Polygonum amphibium
1 H Organic Seston (FPOM)
. H Filamentous Algae
. I Myriophyllum sibiricum
1 — Detritus (CPOM
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C:N (molar ratio)

Figure 48. Carbon to nitrogen molar ratios for setiéood web components during the summer
sample period. Green bars indicate basal sourdesganic matter, blue bars represent benthic
macroinvertebrates, and red bars signify fishearsBepresent the mean C:N +1 standard
error.

There was surprisingly little variability 51°C among macroinvertebrate taxa during the
summer sample period. Only omnivorous brachycenaihibited a relatively distinct
(depleted) mead*C value of -34.8 + 0.1%. (range = -35.1 to -3%14; 5). All other
macroinvertebrate taxa had mearC signatures that fell between approximately -29.0
and -31.5%. (Figure 47, Table 8). Me3tiC values for the major functional feeding
groups were -31.1 + 0.1%o (range = -32.1 to -2A.8;16) for collector-gatherers, -30.7
+0.3%o (range = -31.5 to -30.0;= 5) for invertebrate predators, -30.7 + 0.1%. & -
31.0 to -30.4n = 5) for collector-filterers, -30.6 £ 0.7 (range32.6 to -28.9n = 5) for
scrapers, and -30.2 £ 0.1%o (range = -30.4 to -30-5) for parasites.

In contrast to carbon, macroinvertebr&t® values were highly variable during the
summer sample period. Amphipods were the numeridaliginant consumer taxon and
exhibited the mostN-depleted isotope signature (medarN = 4.3 + 0.1%o, range = 4.0
to 4.5;n =5). Predictably, invertebrate predators (perjodid stoneflies) and parasites
(i.e., leeches) were again the two mobk-enriched feeding guilds with meafrN

values of 7.4 £ 0.5%0 (range = 5.5 to &5 5) and 7.7 £0.03%o. (range = 7.6 to h8;

96



5), respectively (Table 8). MearN values for the other functional feeding groupsever
4.5 + 0.1%0 (range = 4.3 to 4.8;= 5) for omnivores, 5.2 £ 0.3%o (range = 4.0 to; h.5

16) for collector-gatherers, 5.3 + 0.1%o. (range 2t.5.5;n = 5) for collector-filterers,
and 6.0 = 0.7%o (range = 4.3 to 7185 5) for scrapers.

As mentioned previously, only two juvenile coho satmere available for analysis
during the summer sample period. Mean c&6 ands™*N signatures were -30.3%o
(individual values = -30.9 and-29.7) and 9.8%. (eale- 9.4 and 10.1), respectively. In
contrast to juvenile coho salmon analyzed durirgsring period, theses mean values
were depleted by -4.0%o fofC and -0.7%. for°N. This directional shift, coupled with
their position in food web space (see taxon 19 gufd 47) indicates that the tissues of
juvenile fish were in isotopic equilibrium with thelrets during this sample period.

Fall

There was no clear pattern of isotopic enrichmemtepletion among organic matter
sources between the summer and fall sample pefffogisre 49). Epilithon exhibited the
most depleted meait>C (-23.7 + 0.6%0) and most enriched mé&aiN value (5.6 +

0.2%) among the basal resources (Table 8). NME#&hsignatures of detritus and seston
were nearly identical at -28.97%o (x 0.9%0= 4) and -28.96%o (£ 0.4%# = 5),
respectively. However, meam°N values for these two resources differed by more tha
2.2%o with detritus (mea&™N = 5.1 + 1.1%o) being significantly more enrichedrh
seston (mead™N = 2.9 + 0.9%0). Curiously, the macrophyaelygonumwas*3c-
depleted by more than 7.0%. relative to the meaunevekrived for this same taxon during
the summer (Figure 49; Table 8). No other orgaratten source exhibited a temporal
shift in §**C of greater than + 1.1%. between the summer angéaibds (Figure 49).

97



o Summer to Fall
€ | =mmm Carbon
o ) N\
o . zzzza Nitrogen =
g a4 2
@ _ S
Q c
27 °] w
S :
2 0 Jn , | 72 no data
5 0 _
p I
E~ 2+ 3
= I 3]
) o
o 47 <
c a
ccd -
O -6 T N2
©
5 2 S £ g k=)
= s o] > o n
= ) ) < <Y S
o e Qo = 0
] 8 e =
s, o G
= £
<
C

Figure 49. Per mil (%0) change in the mean stataldbon ¢13C) and nitrogend15N) isotope
ratios for basal sources of organic matter betwdensummer and fall sample periods.

As discussed in the macroinvertebrate results predearlier (see section 5.3), the Big
Springs Creek invertebrate assemblage was notaplgugperate during the fall sample
period. The community was dominated, both numdyi@aid in terms of biomass, by
amphipodsKlyalella sp) and other collector-gatherers, while collectotefiérs and
predatory invertebrates were rare or absent (T&bléleurocerid snailsdggasp.) were
the most-*C-enriched invertebrate taxa during the fall witme@and'C value of -25.0 +
1.4%o0 (range = -27.9 to -20.6;= 5) reflecting their incorporation of epilithiadon.
Hyalellawere the next mostC-enriched taxon with a meaf’C signature of -26.6 +
0.1%o. (range = -26.8 to -26.8;= 5). This carbon signature was notabiy-enriched (>
4.0%0) when compared to mean values obtained forpsmifscs during the previous
sample periods (i.e., -31.3%o in spring and -31.0P&ummer; Table 8). Since few of the
organic matter sources analyzed were apprecfaBhenrichment between summer and
fall (see Figure 50), it is unclear what contributedhe marked change Hyalella §**C.
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As was the case during the spring and summer saraptedp, brachycentrids were the
most**C-depleted of the invertebrate taxa analyzed. Howélve mears'C signature

of brachycentrids (-32.8 £ 0.11%= 5) was far less isolated in food web space during
the fall and shifted (vi&’C-enrichment) toward the balance of the macroimieste
community. Thes'*C values of larval chironomids were especially Malgavith
individual observations ranging between -32.1%o &813%0 (mean =-30.7%0). As a
group, the mead™C value of collector-gatherers was -28.5 + 0.4%.dean -32.1 to -
26.2;n = 16) and the mean signature for all primary comests during the fall sample
period was -28.7 = 0.6%o (range = -33.1 to -20.5;26).
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Figure 50. Stable carbord3C) and nitrogendl5N) isotope ratios for key members of the Big
Springs Creek aquatic food web during the fall@®& Circles designate basal carbon
resources and triangles represent macroinvertebtaxe. Data are presented as mean values +
1 standard error. A key to numerical codes is jed in Table FWA4.

Leeches had the higheetN value among the fall macroinvertebrates averagifg:
0.1%o (range = 8.0 to 8.4;=5). Pleurocerid snails had a méaN signature of 7.0 +
0.2%0 (range = 6.3 to 7.6;=5) indicating a trophic fractionation factoragproximately
1.5%0 between the snails and their primary food sa(ire., epilithons™N = 5.6%o).
There was considerable variabilityd’N signatures among members of the collector-
gatherer feeding guild during the fall. Larvalrdmomids and riffle beetles were the
most™N-depleted collector-gatherers with mearN values of 2.4 + 2.6%. (range = -0.1
to 5.0;n =2) and 3.0 £ 0.2%o (range = 2.5 to 315;5), respectively. The numerically
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dominant taxontyalella sp, exhibited a slightly more enriched me#rN value of 4.1
*+ 0.2%0 (range = 3.6 to 4.5;=5).

Glossiphoniidae
Baetidae
Hyalellidae
Oligochaeta
Pleuroceridae
Chironomidae
Epilithon
Brachycentridae
Elmidae
Detritus (CPOM)
Organic Seston (FPOM)
Polygonum amphibium
Myriophyllum sibiricum

o 2 4 6 8 10 12 14 16 18 20

C:N (molar ratio)

Figure 51. Mean (x1 SE) carbon to nitrogen malatio for select food web components during
the fall sample period. Green bars represent basakces of organic matter and blue bars
indicate benthic macroinvertebrate taxa.

Epilithon obtained its lowest C:N during the fall gamperiod with a mean molar ratio
of 5.7 £ 0.5 (range = 3.8 to 8A4=9). This C:N closely matched the stoichiometiralb
primary consumers during this period (Figure S¥ean C:N for conditioned detritus,
seston, and the macrophyRelygonumwere similar ranging between 11 and 12 (Figure
48).

5.5 Conclusions

Standing crops of both epilithon and aquatic @antBig Springs Creek increased
throughout the study period. While total aquatanp standing crop exhibited a step-
wise increase over successive seasons (i.e., frangdp summer to fall), significant
increases in epilithon biomass did not occur uhslfall sample period. The submergent
aquatic macrophytddyriophyllum sibericun{northern watermilfoil) anéolygonum
amphibium(water smartweed) were the dominant plant speciesglall sample periods.
Abundant growths of macrophytes are central to tléogeal integrity of Big Springs
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Creek as these organisms provide complex habtdistoand aquatic invertebrates and
serve as key food resources to the aquatic foodf@lelving senescence.

The aquatic macroinvertebrate communities in Bigr§js Creek and the Shasta River
were dominated, both numerically in terms of biomaganembers of the collector-
gatherer feeding guild. At times, collector-gatihgm@ccounted for more than 97% of the
entire macroinvertebrate assemblage. Converdaigdding macroinvertebrates
(organisms that process coarse particulate orgaaiter) were surprisingly rare in both
Big Springs Creek and the Shasta River, never adoaufor more than 0.4% of the total
assemblage on any date. Tolerant organisms (thitisgublished tolerance values

out of 10) and non-insect taxa were more abundamiraBig Springs sample sites than
in the Shasta River. The Shasta River generalybéed higher taxonomic richness and
community evenness relative to Big Springs Creeinduall sample periods. We
documented extremely high densities of the amphhpgalella sp. during both the
summer and fall in the middle reach of Big Spri@ysek (BS-Mid). Amphipod
densities exceeded 80,0017 in the fall and abundances were considerably gréat
BS-Mid than at all other Big Springs and ShasteeRsample sites. The biomass of
aguatic insects emerging from Big Springs Creek 2086 greater during the fall than
the summer. Similarly, aerial inputs to the creede significantly greater in the fall and
consisted predominantly of large-bodied invertedgat

Sources of organic matter at the base of the fbashaexhibited variable stable carbon
(8"3C) and nitrogend*°N) isotope ratios during the all sample periods.Htie

exception of detritus during the summer, all patdrstources of organic matter during
each season had mean carbon to nitrogen (C:N) matlas below 17:1, a reported
critical maximum ratio for maintaining the growthmimary consumers. In general, the
numerically dominant aguatic macroinvertebrate taxaig Springs Creek appeared to
be deriving their carbon from sources of fine matate organic matter, epilithic biofilms
and attached algae. While primary consumers eehiltinly modest variability i6**C
values during the spring and summer, values duhiadall sample period were highly
variable and did not track any single food sourering the spring sample period the
muscle tissue of juvenile salmonids (<55 mm forigl) contained enriched carbon and
nitrogen stable isotope ratios due to the presehoesidual maternal yolk. These
elevated values greatly hindered our interpretadiomoth diet and trophic position
during the spring. By summer, however, juvenilensal were in isotopic equilibrium
with their riverine diets and appeared to be feedimgortunistically on the invertebrate
assemblage.

Our findings provide important and heretofore unknamfarmation regarding the
structure and function of the aquatic communitiig Springs Creek. However,
significant data gaps still exist and continued lamg is necessary to advance our
understanding of the key ecological and trophieriattions that support juvenile
salmonids in the Shasta River basin. Future ssugheuld seek to (1) quantify ecological
rates such as primary and secondary productioprtelrate drift, emergence, and aerial
input; () characterize the contributions of epiphytic Hiafand the different size

fractions of benthic organic matter to primary aamers; (3) document temporal changes
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in dissolved carbon and nitrogen isotope ratiostaow these values influence the
isotopic signatures of key carbon sources at tise b&athe food web; (4) determine
stable isotope values for the complete fish assagethcross all seasons; and (5)
incorporate traditional gut content analysis tofecamtrophic relationships inferred from
the stable isotope studies.

6.0 Fish Abundance and Habitat Surveys

Snorkel surveys were conducted in Big Springs Chesek April 2008 to January 2009

to determine fish relative abundance and habi@geisSeven distinct reference reaches
in Big Springs Creek were established and a tot@lfadurveys were conducted. Six
species of fish were documented including; cohmeal Chinook salmon, steelhead,
speckled dace, Klamath small-scale sucker, and ethsdulpin. Due to cattle grazing
during the previous winter, followed by removal oftleafrom the creek for the summer,
habitat conditions changed dramatically throughbatstudy period. Below we discuss
how temporal changes in habitat affected fish abonoeland habitat usage in Big Springs
Creek.

6.1 Methods

We conducted non-invasive snorkel surveys to detertie relative abundance of fish
in Big Springs Creek and their utilization of diéat habitats. Seven distinct reaches
throughout Big Springs Creek were surveyed bi-weékiyn April through January as
conditions and access allowed (Figure 52). Reaargged from 24 to 114 m in length.
During each survey, a single snorkler moved upstrdaough the length of the reach
and enumerated fish by species and age class ostsslate. After a reach survey was
completed, instream cover, substrate type and expbasbstrate were qualitatively
estimated and recorded. Further, temperatureplgess oxygen, turbidity, pH, and
conductivity were measured using a YSI 6820 dataeon

Due to the uniform nature of Big Springs Creek rabijtsurvey reaches were not chosen
by habitat type as was done for previous surveyseohasta River (Jeffres 2008).
Rather, survey reaches were selected to includeuab variability as possible
longitudinally throughout Big Springs Creek. Reasimcluded uniform reaches with
little variability, bridge crossings, above andd»elthe water wheel and in the willows
below Big Springs Lake. The only survey reach witimplex habitat was near the top of
the Big Springs Creek at the outlet of the lake wheitlows are present in the channel
providing velocity refuge and overhead cover. Dgrarly spring when snorkel surveys
began, habitat was homogeneous throughout Big @pfineek with only minor changes
in depth at constriction points. As spring/summegpessed, water volume was reduced
due to irrigation withdrawal and aquatic and emergeatrophytes became more
abundant (Figures 3, 29). With reduced flow, ongeureach was abandoned due to
insufficient water to snorkel. As aquatic macropbygeew, the channel narrowed and in
some places no single channel was visible. Thistedevarying habitat complexity in

the survey reaches throughout the sampling effort.
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Cattle were excluded from most of Big Springs Crae#t all of the survey sites from
April through September. This allowed aquatic an@émgant vegetation to establish,
trapping fine sediment on the margins ultimatebating complex habitat for rearing
fish. In mid-September cattle were allowed into Brings Creek below the water
wheel and above Little Springs Creek and they béggaing on the aquatic and
emergent vegetation. This allowed fine sedimentagenic matter to be mobilized and
entrained in the water column and made it extrerdéficult to observe fish at the three
downstream-most snorkel sites. In mid-December dfteeavere moved to downstream
of Little Springs Creek where they began feedin@quatic and emergent vegetation.
Due to low visibility, fewer surveys were performed detveam of the cattle in the creek
in the fall and winter months.
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Figure 52. Snorkel survey locations on Big SpriGgsek.
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6.2 Analysis

We observed six fish species during our snorkeletsr of Big Springs Creek (coho
salmon, Chinook salmon, steelhead trout, speclkdee ,dKlamath small-scale sucker, and
marbled sculpin). In the following section, we repmur findings on seasonal habitat use
by coho, Chinook, steelhead, and speckled dace.ré8ults suggest that water
temperature, habitat complexity, and physical basrare the dominant drivers of fish
distribution in Big Springs Creek.

6.2.1 Coho

Very little habitat was available for juvenile cohadraon in early spring due to a lack of
cover and depth in Big Springs Creek,. Coho thagrged in Big Springs Creek likely
moved from spawning grounds either downstream t&testa River or upstream toward
the water wheel where adequate cover (from blackleush) and depth (from the
constriction) existed. During spring, when the celere small and water velocities were
high, the water wheel was a migration barrier foeple coho. As temperatures
increased in Big Springs Creek and Shasta Rivbtan (Figure 11), juvenile coho
moved into the upper portions of Big Springs Creeér the lake outlet (Figure 53).
Many of the juvenile coho at the lake outlet migthfrom downstream sections of Big
Springs Creek and Shasta River (B. Chesney pemancp During times of warm water
in Big Springs Creek and Shasta River, primarilg tluirrigation practices and stream
degradation, the lake outlet provided an importaatr summering thermal refuge for
juvenile coho salmon. The pool formed from thdetutf the lake provided adequate
depth and cover from nearby willow trees. Additiopalhe outlet contained a very high
abundance of amphipods that get transported diiedbike and provide the juvenile
coho with an abundant food source. Juvenile coabré#ared in the outlet of Big Springs
Lake grew at a very high rate compared to the neigh@ Scott River. In fact, when
juvenile coho were sampled from the lake outlet ivéober they were found to be
roughly twice the length of coho sampled from thetBRiver the previous week (B.
Chesney pers. comm.).

From late May through December, juvenile coho weltg faund in the lake outlet and
adjacent downstream willows in Big Springs Creek,l\ildaie to high water temperatures
in the rest of the creek. In late July, a beawan dvas constructed in the willows and
increased the water stage throughout the reachin@surveys conducted after the
beaver dam was established, juvenile coho were widersing deeper water habitat
throughout the willow reach. During December, whenamnperatures were very cold,
Big Springs Creek temperatures also cooled wittadest from the spring source. The
outlet from Big Springs Lake was much cooler thawmstream at the water wheel,
which lies immediately below a large influx of spriwgter. This cold-water input
altered coho distribution as they moved from théomilreach near the outlet of the lake
to downstream of the water wheel where temperatures warmmer. These observations
provide valuable insight into how coho utilize seadty limited habitat in Big Springs
Creek.
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Figure 53. Abundance of juvenile coho salmon i &prings Creek at the various sample
locations throughout the study period. Juvenilecwere most abundant at the outlet of Big

Springs Lake (km 3.55) after water temperaturessim®ed downstream in Big Springs Creek and
the Shasta River.

6.2.2 Chinook Salmon

When surveys began in early April, no juvenile Cloikevere observed in Big Springs
Creek. This is likely due to warm temperaturemdreek during winter months
allowing for early hatching and rapid growth of Chokceeggs and fry. Upon emerging
from the gravels, Chinook fry left Big Springs Ckar search of suitable rearing habitat.
On one occasion during the summer (3 July 200&geljuvenile Chinook was
observed in lower Big Springs Creek. At the timehaf observation, aquatic
macrophytes had grown in and stream depth was gtéaie during spring. After this

observation, however, no Chinook were observed indpigngs Creek until the fall
when adults returned to spawn.
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Adult Chinook returned to Big Springs Creek duringt@er and began spawning in the
lower portion of the creek (river km 0 to 1.6). Dhgithis time, cattle were excluded
from Big Springs Creek below Little Springs Creekhe confluence of the Shasta River.
However, cattle were not excluded from the channeVval.ittle Springs Creek and were
observed trampling Chinook redds on multiple oamasi Similar, observations were
also made below Little Springs Creek in late Decamiée presence of cattle in the
creek can adversely effect Shasta River salmonpdiptions. Trampling of eggs and fry
while they are in the gravels can be a significantrse of mortality. Additionally,
removal of aquatic and emergent vegetation inceetimeamount of fine sediment
mobilized in the creek. Increased fine sedimedtices the quality of spawning gravels
and the removal of aquatic macrophytes reduceartfaint of rearing habitat for those
fish that do emerge from the gravels.

Snorkel surveys conducted below Little Springs Crgelded many important
observations concerning Chinook spawning behawtwst significantly, we observed
large numbers of sexually mature male Chinook padrdocumented several of them
participating in spawning activities. Using an undeier camera, we successfully
recorded this rare behavior. To our knowledge recording represents the first time
that mature male parr have been video taped gaatiog in spawning activities in the
wild. Mature male parr were documented in the FadleR hatchery, on the Klamath
River above Iron Gate dam in the 1950’s prior todbmestruction of Iron Gate dam in
1961 (Robertson 1957). Robertson (1957) also fanadmature parr did not die after
spawning (iteroparity) and produced viable progengnvbrossed with an adult female.
Mature male parr are very rare in the wild and aostroften found in hatchery
populations where growth rates are high due to anddnce of food resources (Larsen et
al. 2004). While the extent to which mature pamtdbute to the population in the
Shasta River or Klamath Basin is unknown, this lisgdry strategy may help the
population against poor migratory conditions dowaestn. More study is needed to
determine what impact mature parr have in the ov€tahook population in the Shasta
River. Mature parr highlight the growth potenti&jwvenile fish in the Big Springs
Creek if thermal refuge is found during criticaleoxsummer rearing.

6.2.3 Steelhead

Steelhead are regarded as the most thermally tblefahe salmonid species and thus
widely distributed in the Shasta River and its tt#ies. Steelhead were observed
throughout the length of Big Springs Creek during 80 month study. Young-of-the-
year steelhead (age 0+) were observed using mandiaguatic macrophyte habitat
downstream of the water wheel until they were approtetp@0 mm when they moved

to deeper water. In general, numbers of age @tead in Big Springs Creek decreased
throughout the summer (Figure 54).
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A school of 1+ steelhead was observed in the deeprmnediately above the water
wheel throughout the study. These fish ranged fapproximately 20 to 61 cm (8 to 24
inches) in length and were observed holding intiretly deep water (1.2 m deep)
containing aquatic macrophytes for cover. Moregpirese fish were frequently

observed feeding at an extremely high rate (apprately every 10-15 seconds) and

were markedly robust for fish of their length likelye to optimal temperature and
abundant food source.
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Figure 54. Abundance of steelhead observed irSpiings Creek at various survey locations.
Many of the steelhead observed at the water wbeatibn ( 2.67 km) were adult (1+), while
most steelhead observed at the downstream locai8ris93 km) were 0+.

6.2.4 Non-Salmonids

Speckled dace, Klamath small-scale sucker, and ethedulpin were the three non-
salmonid species observed in Big Springs Creelhguwur study. Observations of
speckled dace, the most abundant of the non-satteotéeclined throughout the summer
months (Figure 55). It must be noted, however, shatkled dace were typically
observed among aquatic macrophytes near the craeknrmUse of this habitat made
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accurate censusing difficult and may have led taraderestimation of true population
abundance. Speckled dace were never observed tigowater wheel, which likely
functions as a migration barrier. Klamath smalllscsaickers and marbled sculpin were

rarely observed in Big Springs Creek, presumabbytdua lack of suitable habitat and
warm water temperatures.
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Figure 55. Abundance of speckled dace observBibjitsprings Creek at various survey

locations. No speckled dace were observed abevedter wheel (2.67 km) which likely is a
migration barrier for the relatively small fish.

6.3 Conclusions

Physical conditions (water temperature, habitat derity, and migratory barriers) are
the principal factors affecting fish distributiomBig Springs Creek. There was little

suitable rearing habitat available to salmonidsrduthe spring as a result of intensive
cattle during the preceding winter months. When ma@peratures warmed in May,

juvenile coho moved to the outlet of Big Springkéavhere suitable habitat and cool
temperatures existed. Coho rearing in the lakeebbénefited from an abundant food
source (see section 5 for more details) and greates nearly double those of coho in
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the adjacent Scott River watershed (B. Chesney gersim.). If high quality
oversummering conditions like those found at the lautlet can be replicated through
restoration activities at other locations in Bigiggs Creek, over summer habitat, a key
limiting factor in the coho life history in the S$ta River watershed will be ameliorated.

7.0 Restoration Strategies

Ecologic, hydrologic and geomorphic assessmentiie at Big Springs Ranch indicate
that salmonid habitat conditions in Big Springsékrare severely degraded as a result of
past and present ranch management. Based ontckm@mledge, we identified three
principle factors that limit the maintenance offseistaining salmonid populations in Big
Springs Creek and much of the Shasta River dowmstrea

* Seasonal water temperature impairment;

» diminished habitat complexity and availability imgESprings Creek; and

» downstream propagation of seasonally elevated watgperature into the
habitat-rich Shasta River below Big Springs Creek

These primary limiting factors are inter-related amderstood to various degrees. The
role that elevated seasonal temperatures pla ibeht understood, but implications
under future restoration conditions are still ldygendefined. The various factors that
affect habitat and the associated interrelationahgpcomplex, and certain elements are
not completely defined. For example, there aretriiady inter-relationships (i.e.,
feedback mechanisms) between irrigation practicdscattle grazing within the wetted
channels and along the channel margins of Big §pr@reek and its tributaries with
channel margin features (e.g., riparian vegetatmmmunities), geomorphic conditions,
and habitat complexity. These feedbacks resweinindicators of stream and salmonid
habitat degradation in Big Springs Creek, including

» Seasonally elevated water temperatures

* Reduced streamflows during irrigation season (11Apr80 September)

* Channel bank erosion and fine sediment introduction

* Absence of aquatic macrophytes and emergent vegetati
Monitoring of physical habitat conditions and egpéal functioning is imperative to
improve current knowledge about the stream systaht@mform and support decisions
about restoration strategies. A principal objectf¢éhis process was to provide this

information explicitly to fulfill these needs andig these analyses to bear on potential
restoration actions.
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A principal element of any long-term restorationgraom where information is limited is
a monitoring plan. Subsequently, a range of rasitmr actions should be considered.
Herein, both passive and active restoration aawiire recommended for Big Springs
Ranch to mitigate habitat and aquatic system dagjiad To help prioritize these
restoration activities, the hydrodynamic model (déed in Section 7.4) was used to
simulate projected restoration configurations aftes and 20 years of restoration.

7.1 Monitoring Recommendations

UC Davis Center for Watershed Sciences and Wateredtngineering have monitored
hydrologic, geomorphic, water quality and ecologica&l. fish, aquatic macrophytes and
benthic macroinvertebrates) conditions in Big Sgsireek since March 2008. This
effort has provided an invaluable baseline datalsetimenting habitat conditions as
described in previous sections. A comprehensiveitoramg plan will allow for real-

time information gathering that will measure thecass of restoration activities and
improve the performance of the hydrodynamic mololelh of which will provide
guidance if restoration/ranch management actioed tebe altered. Recommendations
for future monitoring efforts at Big Springs Rarente outlined below.

7.1.1 Flow

Monitoring streamflow is vital to quantifying sprirayitput and water use on Big Springs
Ranch. We propose that the current array of sjagges, with the exception of the
lowest bridge, remain in place throughout restoratictivities. Due to aquatic
vegetation growth and a lack of a weir-type strugttire lowest crossing cannot provide
an accurate stage-discharge relationship. DiscHeogethe water wheel location and
Little Springs Creek combined provides a proxydmcharge at the lowest crossing and
should be used for future studies of flow in BigiBgs Creek. Maintaining stage gauges
at Upper Shasta River, Parks Creek, Hole in the Gr@neek, and the top of the Nelson
Ranch will provide an adequate water budget for&wgngs Ranch.

Also, an effort should be made to isolate and géafitiw contributed by individual
springs and assess the spring output during spurgmer, fall, and winter to determine
seasonal changes as well as their potential resgorseasonal groundwater withdrawals.
Spring discharge can be quantified by isolatingvi@nd completing a discharge
measurement. These data would improve the disclistyéution in the hydrodynamic
and temperature modeling effort, allowing a betgresentation of accretions and
associated temperature.

7.1.2 Water Temperature

Currently, water temperature is the largest thre@itenile coho rearing in Big Springs
Creek and the Shasta River. As one of the primaaysgs to reduce water temperatures
to improve salmonid habitat, monitoring water tenapere is essential to determining the
success of various restoration activities on Bigrgs Creek. Thermistors should be
maintained in a longitudinal array in Big Springe€k and the Shasta River throughout
the Big Springs and Nelson Properties. Upstreandamshstream property boundaries
are key monitoring sites; existing intermediatesghould be maintained.
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Figure 56. Map showing Nelson Ranch, Shasta Bim§pRanch, and Conservation easement
on Big Springs Creek.
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Thermistors should also be placed at selectedrrémw locations and where other
tributaries enter Big Springs Creek or the ShastarHi.e. Little Springs Creek, Parks
Creek, Hole in the Ground, etc.). Monitoring retélow and tributary temperatures will
improve our understanding of the temperature pefdt the stream’s edge. Finally,
thermistors should be placed in spring sourcesutiirout Big Springs Creek to
determine the individual thermal contributions. wall as improving our current
understanding of the thermal regime, these datddndantify valuable habitat areas,
potential thermal refugia and support temperatuvdeting.

7.1.3 Geomorphology

Several geomorphology components are importantaitor when assessing restoration
actions. Measurable physical parameters (e.g.nehavidth and depth) principally
reflect geomorphic responses to ranch managemampsed to underlying hydrologic
or geomorphic processes inherited from upstreashosnts. Furthermore, geomorphic
responses (e.g. channel widening and shallowin@rd inanagement induce complex
reactions in the form of degraded water quality immcdeased fine sediment
accumulation. Because the stream’s geomorpholagyapily responds to land
management changes, initial stream restorationiaes should be assessed based on
first the stream’s geomorphic response and thah®@more complex metrics of
ecological function that represent the biotic res@to restoration. Also, because the
rate of heating in the hydrodynamic model dirediypends on channel geomorphology,
maintaining an accurate model configuration isl\tdgroviding assessments of
restoration activities.

Channel morphology characteristics such as widththdand channel pattern are easily
measured physical parameters that are likely foores to both passive and active
restoration activities (Graf 2001). Currently 64ss sections have been established in
Big Springs Creek from which baseline geomorphiaatt@ristics have been
established. Furthermore, documented longitudiedland water surface elevation
profiles determine current hydraulic energy gratierAs the quality of spawning gravels
in Big Springs Creek has not been evaluated, satdnshould be acquired to help
identify future responses to restorative activities

Seasonal reoccupation of selected channel croisrseand thalweg longitudinal
profiles should be performed to monitor and evauwastoration activities. Mapping
channel geometries at different periods (e.g. sunameé winter) will demonstrate
whether channel geometries will narrow permanenteaisonally with vegetation
senescence. Furthermore, the quality of spawniagets in Big Springs Creek should
be monitored over time using surface and/or butkdag techniques to quantify
changes in particle size distributions. Replicg@emorphic survey activities will
enable documentation of physical habitat changegs ¢bannel widths and depths) in
response to restoration. Survey activities wilbdkcilitate quantification of the
direction, magnitude and rates of change for ingrargeomorphic characteristics such as
channel gradient, sediment storage, and coarselgeoruitment and transport.
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7.1.4 Water Quality

Further research should continue to refine watatityjumonitoring to ascertain seasonal
variations in water quality conditions consistenthaestoration objectives. Restoration
of the creek through narrowing will most likely retsml reduced stream width, increased
velocity and depth, and reduced transit times.s Thindition will limit growth of aquatic
macrophytes to the margins and a shift in nutr@eatlability in the downstream
direction will theoretically occur. Monthly water glity sampling will be necessary to
guantify this potential trophic shift in downstreawer reaches and be critical to
ascertain the implications of TMDL implementatiastians and overall water quality
conditions in downstream Shasta River reaches.

7.1.5 Aquatic Macrophytes

Quantifying longitudinal changes in aquatic macrdptgpecies composition and
biomass will be an important component in deterngrilve success of cattle exclusion.
Seasonal assessments of aquatic macrophyte abenddinshow how plants recover
with the removal of cattle grazing. In most spriedg-systems fine sediment trapping by
aquatic macrophytes is often followed by a reled$me sediment when plants senesce
in the fall (Cotton et al. 2006). Quantifying seaalosenescence without grazing pressure
will be important in determining how much fine sedihthe plants can capture annually.
Fine sediment capture by aquatic macrophytes wpkawe spawning gravels and
facilitate habitat for establishment by emergergetation. It will also lead to channel
narrowing, deepening, meandering, and lower residémee which will result in lower
rates of water heating.

The amount of shade provided by aquatic macroplsytesld also be monitored to
improve the performance of the hydrodynamic mod@lantifying shade contributions

by aquatic macrophytes will be accomplished by uksmgdheld solar pyronometer
and/or PAR sensors for the subsurface work. Shadeuags of the various shade species
expected in the project area under restored comdifie.g. woody and riparian species,
terrestrial species of interest) will be identifielthiformation will be collected at different
periods of the year to capture variations in vegetaover and the effects of ambient
temperature changes.

7.1.6 Benthic Macroinvertebrates

Aquatic macroinvertebrates should be monitored mx#wey represent an ecologically
important group of organisms that serve as theamriink between the energetic base of
the food web (i.e., organic matter sources suchgase and detritus) and fishes.
Moreover, certain macroinvertebrate taxa are knanretextremely sensitive to
environmental conditions (e.g., temperature, dissbbxygen, turbidity, etc.) and
community assessments can provide valuable insigtitgestoration success. Because
of the unique physical conditions, seasonal lomital sampling should be performed in
Big Springs Creek as well as in the Shasta Rivevafand below Big Springs Creek.
This will quantify how aquatic macroinvertebratesoasd to restoration actions in Big
Springs Creek.
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7.1.7 Fish

Continuing to monitor fish populations in Big SgysCreek is necessary to determine
success of the primary goal of the purchase oBigeSprings Ranch, the recovery of the
federally listed SONCC coho salmon. Currently, sebskirveys and PIT tags have been
used to provide information about salmonids’ movetsgpreferred habitats and survival
rates. Snorkel surveys should be continued taméte habitat use by salmonids and
other resident fish as conditions change due tonm&son activities. Also, monitoring of
juvenile salmonids using PIT tags over time shdaddtontinued to determine the
salmonids’ movement in Big Springs Creek and thas&hRiver, gather data describing
juvenile to adult survival rates, and indicate lladitat locations that contribute to the
high survival rates. Data regarding changes inigakrvates and increased habitat
locations are both strong indicators of succegsfstioration strategies.

7.2 Passive Restoration

Ongoing monitoring efforts suggest passive restomadictivities (i.e. activities that take
place outside of the stream channel) are likelyietd benefits to habitat conditions in
Big Springs Creek. However, current managementigsliregarding cattle grazing
return flow, and tailwater returns to Big Springs €k@revent passive restoration from
occurring. Addressing these land management isseeaxitical to allow passive
restoration to occur in Big Springs Creek. Cattelusion and tailwater management
have been identified as critical priority actiohattwill enable passive restoration
activities in Big Springs Creek.

7.2.1 Cattle Exclusion

Excluding cattle from Big Springs Creek may beitihest cost effective and beneficial
restoration activity available to ranch manageéfgen cattle are allowed to graze on
aguatic and emergent vegetation, salmonid halotaditions are adversely affected.
Aquatic macrophytes are removed, stream banks dieztaline sediment is introduced
to the stream and the channel widens and shallB&sause cattle were kept in pastures
away from the creek during the previous summer, we \&ble to observe rapid short-
term recovery of aguatic and emergent vegetatiohinvihe channel and margin habitat.
As aquatic vegetation grew, the channel narrowedestegeased and fine sediment
mobilized from the creek bottom and collected ia thargins revealing gravels in the
mid-channel. Though aquatic macrophytes do sersgsnewhat in the winter months in
Big Springs Creek, the relatively warm spring watkows aquatic plants to continue to
grow throughout the winter and retain their fine sgghts. If aquatic macrophytes
continue to grow and accumulate sediment and orgaatter, they will create conditions
conducive to the establishment of more permaneetgant plants such as tul&cirpus
sp) and cat tails{ypha sp(Figure 57). With a more established, narrowemctel,
habitat conditions will be much more complex andahle for all life stages of salmonids
in the Big Springs Creek.
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Establishment of aquatic vegetation provides mioa& physical habitat in Big Springs
Creek; it can reduce water temperatures, too. Bywywing the channel and increasing
depth, residence time and surface area are redwaén the residence time and surface
area are reduced, the rate of heating decreased) vduuces water temperatures in Big
Springs Creek and downstream in the Shasta Riveredisced water temperatures are a
key component of improved salmonid habitats, engltie creek to naturally create
conditions to maintain cool water temperatures thhocattle exclusion is critical.
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Figure 57. Conceptual model of future conditiorairestored Big Springs Creek.

7.2.2 Water Management

Current irrigation practices on Big Springs Ranaokate conditions that are detrimental to
salmonids in Big Springs Creek and the Shasta RiVailwater that enters Big Springs
Creek from flood irrigation has been measuredraptratures in excess of82(~90F).

As well as the heated water returning to the creekythume of water used to flood
irrigate the fields contributes to the degradatbmstream water temperatures.

Development of a ranch operations plan that acconatesctonservation, conveyance,
fields recapture systems, and ultimately reduceshdirge to the creek will be paramount
to successful water management. To prevent thedeaturn flow from draining
directly into the creek, ditches can be construtbechpture return flows. These rock-
filled ditches would run parallel to the creek tdlect return flows. Then the collected
irrigation runoff would collect in tailwater returropds and either percolate into the soil
and return to Big Springs Creek via groundwater arge or be reused for irrigation.
Coordinated management of irrigation practices bellparamount to reducing the
amount of hot tailwater that enters the river. Tdngails increasing the efficiency of
delivery ditches and head-gate structures so tiogigp, previously determined amounts
of water can be placed on fields with less waste tharent practices.
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7.3 Active Restoration

Active restoration of Big Springs Creek will acceterprocesses that would otherwise
occur too late to benefit the dwindling salmon pagioh in the Shasta River. By
enhancing passive restoration by planting, remogoggstrictions or placing instream
structures such as large woody debris, habitat dondiwill improve more rapidly
within Big Springs Creek than if only passive reatmn occurs.

7.3.1 Planting of Emergent and Riparian Vegetation

When cattle were excluded from the creek duringotie®ious summer, we observed
abundant growth of aquatic macrophytes and a subseqgarrowing of the channel,
increase in stream depth, trapping of fine sedinretite margins, and an increase in
habitat complexity. While we saw the beginningserkstage growth, the distribution
of these plants was limited to a fraction of thee&reBy actively planting both emergent
and riparian vegetation, passive restoration pseEewill be accelerated and greater
ecological benefits (including extensive bank diasiion and habitat complexity) will
occur sooner.

Preliminary restoration with various types of reatmn plantings in different reaches of
Big Springs Creek will provide information necesstmya complete and successful
restoration of the creek. It will identify physiaanditions where various vegetation
species will be successful for future large scadafphgs. From previous work we have
defined four separate reaches in Big Springs Chgedhannel gradient, substrate type,
and volume of water. Restoration should entailiigtdopographic surveys to establish
baseline conditions and hydrodynamic modeling tietent restoration configurations in
different reaches. Once a planting approach iseamphted, the biotic response to
reestablishment of emergent and riparian vegetatibbie surveyed. From information
gathered by preliminary plantings, we will determsmecessful restoration strategies and
implement those strategies where deemed approphiaieghout the creek.

7.3.2 Removal of Water Wheel

Since the late 1800s a partial impoundment locapgatoximately one kilometer below
Big Springs Lake has altered streamflow on Big Symi@reek. Historically utilized as a
water wheel to generate power and provide a liftrfogation water, the impoundment is
now used to structurally support a road crossinganurigation water delivery pipe.
The hydraulic head maintained by the flow-througpandment provides an upstream
migration barrier for federally and state-listegiguile salmonids. Furthermore, the
structure retards in-stream water velocities, rasyin the trapping of fine sediment and
the widening and shallowing of the wetted river chaforeapproximately 400 meters
upstream. Reduced water velocities (and assodiatesit times) and increased surface
area of the wetted channel facilitate rapid thermadling of the stream, with resultant
detrimental impacts on cold-water salmonids. Rerholvtne water wheel impoundment
will facilitate juvenile salmonid access to cold efspring-sources that provide critical
over-summer rearing habitat. Additionally, impouredrhremoval will also reduce
streamflow transit times, reduce the rate of thedoeding, and propagate cold water
through Big Springs Creek and into the Shasta River
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7.3.3 Large Woody Debris/Instream Structure Placement

Currently instream structure in Big Springs Creekery limited, yet has been shown to
be a vital component in high quality coho salmohitz (Cederholm et al. 1997).
Instream structures such as large woody debris (Lpf@Ded in a spring-fed creek will
have a much longer lifespan than instream strustpli@ced in a non-spring-fed river due
to the absence of high-flow events (Whiting and M8691). Currently there is an
abundance of dead juniper trees near the creekaligd be placed in the stream
experimentally. Trees placed in the stream wilatzerselocity refugia and overhead
cover for rearing juvenile salmonids. Geomorphipacts of LWD placement will
include localized scour of fine sediments, which wiirease local depths. Snorkel
surveys will determine the levels of scour and presef fish near the LWD. If LWD
placement is successful in experimental locatiarndan will be developed for large scale
LWD placement throughout Big Springs Creek.

7.4 Two-Dimensional Hydrodynamic and Temperature
Modeling of Restoration Elements

Given the scope of habitat degradation and theduniinds available for immediate
action, a hydrodynamic model was developed to hedpss restoration alternatives and
identify priority actions (details of the model ¢dopment are provided in Section 9.1).
Such a model allows planners to simulate differenterm@anagement and irrigation
strategies and examine their effects on water temtyes. Instream grazing effects can
be simulated by altering roughness and shadingaat different areas. Similarly, the
impacts of reduced solar radiation due to ripaslaading on water temperature can be
simulated. Alternative channel geometries can la¢stested to examine their impacts on
water temperatures. Results can be tabulated semed graphically to identify spatial
and temporal conditions throughout the creek. lllstrate how local stream velocity

and water temperature results are graphically ristl, present temperature conditions
were simulated for the reach from Big Springs Danthéwaterwheel (Figure 58 and
Figure 59). To illustrate how broad temperaturadecare graphically illustrated over the
entire creek reach, present temperature conditi@ns also simulated (Figure 60).
Simulations of present temperature conditions prethe geometries, flow and
vegetative growth observed during the 2008 fieldsera

Based on our current knowledge of the creek, sepasdive and active restoration
actions were identified and described in the prevgection. Several restoration
scenarios based on those actions were developatintate the effects of each action on
water temperatures in Big Springs Creek after &n8,20 years. Alternative restoration
configurations were built using the same technigumployed for the base case
hydrodynamic model. A summary of the restorationfigomations that were simulated
for each target year is provided in the sectiorievbe A discussion of the results from
these simulations follows.
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Figure 58. RMA-2 Simulated velocity vectors: presemditions (velocities in m/s)
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Figure 59. RMA-11 Simulated water temperaturesseng conditions (temperatures’@)

119



Year 2008 day 225 hour 18.000 bscres.rma CONSTITUENT 2
400.

T

10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5

Big Springs
Lake Dam

Figure 60. RMA-11 Simulated water temperaturesseng conditions (temperatures’@)

In addition to employing models to assess diffelentndary flows and temperature,
model grids can be modified to accommodate altermatream configurations under a
proposed restoration action. RMA-2 and RMA-11 werdus model a proposed future
condition with modified channel widths and islandsshown in Figure 61 and Figure
62. In the narrowed channel, higher velocitiesagmgarent and isolated channels are
cooler than in the historic conditions. These epl@nare but one of a wide range of
conditions that can be assessed with the model.|Defascenario assumptions are
provided in section 7.4.1.
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Figure 61. RMA-2 Simulated velocity vectors: medifthannel under 2030 conditions (velocities
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7.4.1 Restoration Alternatives: Approach and Assumptions

Several model configurations and options were c@nsatifor preliminary assessment of
restoration actions at Big Springs Creek. Forigoses of this report, we focus on
three characteristics: streamflow, channel geomatrgt,vegetation growth. Changes in
each of these categories were tested to assesssgianse of water temperatures in the
creek. Streamflows were changed to test the themspbnse in Big Springs Creek to
release changes from Big Springs Dam, e.g., undegced irrigation delivery scenario.
Channel geometry was changed to test the creed¢mtil response to channel
narrowing. A second configuration was assessed whireiwaterwheel was removed.
Vegetation growth simulated the effects of increaseghness and shading in the stream
channel due to aquatic and riparian vegetativeession. Currently, with the exception
of configurations that include the removal of theavavheel, these configurations reflect
a largely passive set of restoration activities.e ©ould argue that aggressive planting of
larger woody riparian species is active restoratiSsnmmaries of the restoration
configurations for each recovery year are providetthe sections below.

The approach used herein was to define conditiodsativities to represent the
response of passive and active restoration thréogh Three time horizons are
identified, approximately representing initial resge of the system to cattle exclusion (1
year); an intermediate condition where the streapmesumed to be evolving to a
dynamic equilibrium with exclusion fencing in plateit the long-term measures have
not had time to provide appreciable benefit (5 ggand a long-term conditions where
the channel is established and riparian vegetaiomaturing and providing shade for
temperature management (20 years). Simulationsamthwithout the waterwheel in
place were completed. In general, simulation tedal with and without the waterwheel
indicated minimal improvements in water temperatuiewever, model results identify
that this reach experiences some of the largess idtheating. After considerable review
of model results and field data, we determined allditional, site specific information
was required to more fully explore and represeist téstoration option effectively in the
model. Runs herein include the waterwheel.

Specific details for the 1 year, 5 year, and 20 geafigurations are discussed below.
Specific assumptions for flow, channel width, andetagon are summarized in Table 9,
Table 10, and Table 11, respectively. Restoratmrditions are presented on a sub-reach
basis. Each sub-reach is defined as follows:

» Big Springs Dam to Busk residence bridge

* Busk residence bridge to alcove springs

* Alcove springs area

* Alcove springs to waterwheel

* Waterwheel to corral crossing immediately downstream

* Lower creek (below corral crossing)

Year 1 restoration configuration

The first restoration configuration focused on ithenediate benefits to water
temperatures given one year of passive restoratiwities. This first-year
configuration assumes that livestock are excludeah the entire creek reach and that no
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return flows enter the creek as surface runoffe&@tflow, channel geometry and
vegetative growth changes were predicted based loindia collected over the past
year.

Streamflow alternatives focused on release changeg fnom Big Springs Dam. Data
collected from the stage gauge just below Big Spribgm indicates that during the
irrigation season (when maximum water temperatueslserved) the minimum
amount of water released into Big Springs Creelpjgaimately 5-7 f/s. The water
right held by Big Springs Ranch allows it to divéét ft'/s from Big Springs Lake.
Streamflow alternatives for year 1 recovery condsitest the effect of releasing the
minimum and maximum amount of water into the cre€kat is, the minimum discharge
released from the dam is assumed to b&4& ffThe maximum possible discharge is
assumed to be 15f6. This discharge volume was determined by adbinff’/s to the
minimum flow; this assumes that irrigation diversare released into the creek instead
of diverted to irrigation canal system. These tleavfregimes are intended to bracket the
available water at Big Springs Dam.

Channel geometry changes represent a narrowednstigannel that results from one
year aquatic and riparian vegetation growth (foomceptual illustration of this idea, see
Year 2 in Figure 57). Because the livestock werduebed from the stream channel last
spring, we were able to observe the rapid growtlgohic macrophytes. These
observations provide invaluable observations ofdbation and extent of first-year
growth in the creek. The location and dimensionthefnew stream channel are
determined based on photographs and field obsengithade during spring and summer
2008 when vegetative growth was at a maximum. Chatepth changes were
determined based on early data from the streamegaiutipe lowest bridge and estimates
based on field observations.

Observations of rapid aquatic vegetation also allowsetb determine locations where
roughness and shading associated with instreamiagegetation would potentially

occur. Thick vegetative growth increases the roeghof those areas and prevents water
from flowing easily. Though the water moves slowiyough the vegetation, the
vegetation provides shade and limits the amousblar radiation that can heat the water.
Roughness and shading factors are estimated badezldbobservations.

Y ear 5 restoration configuration

The second restoration configuration simulated ghann the stream channel after five
years of restoration activities. Streamflow altéirres are the same that were described
for the year 1 restoration configuration, i.e., miam flows released from Big Springs
Dam are simulated as 5/&, and maximum flows are 15/.

Channel geometries reflect increased narrowing étifp creek reaches. After five
years of passive restoration activities, we asstnmatesediment will be transported and
trapped by the increased emergent and intermestage aquatic macrophyte growth,
further increasing channel narrowing. The new strehamnel was estimated based on
available stream bed data and field observations.
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Aquatic vegetation was assumed to progress from emnetg seral species in some
locations, especially along the south bank. Sstegle growth, including bulrush and
cattail species, would provide modest but increabedling, roughness and bank
stability. Emergent aquatic macrophyte speciegwéso included in some of the creek
reaches. Roughness and shading factors for tbemietliate growth species are
estimated based on field observations.

A restoration configuration was also developed tautate the removal of the water
wheel. The same streamflows and vegetation growthatieadescribed above were used
to isolate the effect of removing the water wheale&nh geometry also remained the
same with the exception of the area around the wdteel. At the water wheel's
location, the stream width was increased from 8 dBten to reflect estimated stream
geometries prior to the water wheel’s constructidpstream of the water wheel, a
narrower channel from the spring alcove to the watezel was simulated to eliminate
the backwater effects.

Y ear 20 restoration configur ation

The third restoration configurations simulated wagenperatures in Big Springs Creek
after 20 years of restoration activities. As inyear 5 simulations, passive restoration
activities included modified streamflow, channel getry, and aquatic vegetation
changes. Streamflow alternatives are the sameedbotis simulated in year 1 and year
5 configurations.

Channel geometries reflect further narrowing froe ybear 5 configurations. In year 20,
we assume that midstream bars have matured to raaaah, splitting the creek channel

to further narrow the flow areas. Also, we assumedbainstream areas that previously
trapped sediment have now established new and sti@béen banks with woody riparian
growth.

Extensive woody riparian vegetation is assumed ist ekter twenty years of restoration
activities. This new growth contributes extensivadehto the creek. However, since we
assume it exists on established bars and streaks bi#we woody riparian growth does
not contribute any roughness to the flow channelim&emergent and seral aquatic
macrophyte growth is included in some of the creedeshes.

A restoration configuration was also developed tausate further recovery after the
removal of the water wheel in year 5. The same ifleavs and vegetation growth
projected for the year 20 configuration that ineddhe water wheel were applied to the
alternative that did not. Stream geometries were @ssistent except for the reach from
the spring alcove to the water wheel, where a narramémeandering channel was
simulated.
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Table 9. Assumptions for restored flow conditiongaar 1 for individual sub-reaches of Big Spriiyeek

Reach Description Year 1 Year 5 Year 20
A Big Springs Lake Dam to Busk10 ft/s minimum, 15-17 f{s | Same Same
residence bridge max, net spring accretion of
10 ft'/s
B Busk residence bridge to Spring accretion of 16¥s Same Same

alcove springs

C Alcove springs area Spring accretion of 16 | Same Same
D Alcove springs to waterwheel| Spring accretion of 2.5%s | Same Same
E Waterwheel to corral crossing No local inflow Same Same
F Lower creek (below corral No local inflow Same Same

crossing)




Table 10. Assumptions for restored channel widtidimns in year 1 for individual sub-reaches offEprings Creek

crossing)

more), downstream depth @
0.42m

f more), downstream depth
of 0.56 m

more), downstream depth g
0.66 m

Reach Description Year 1 Year 5 Year 20
A Big Springs Lake Dam to BuskDown through willows, no | Same Same
residence bridge change.
25% narrowing from
willows to road
B Busk residence bridge to 25% narrowing 50% narrowing More narrowing due to
alcove springs development of marsh islan
that splits the channel
C Alcove springs area No change No change No change
D Alcove springs to waterwheel| 25% narrowing Reach tested to simulate | Reach tested to simulate
presence and absence of | presence and absence of
waterwheel. Removal of | waterwheel. Additional
waterwheel will yield narrowing due to marsh
reductions in width of 50 tq island below alcove is testef.
75%.
E Waterwheel to corral crossing 30% narrowing tested to | Same Same
simulate space occupied by
extensive macrophyte
growth.
F Lower creek (below corral 25% reduction in width (or | 35% reduction in width (or| 50% reduction in width (or

-
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Table 11. Assumptions for restored vegetation/skeadéguration conditions in year 1 for individustib-reaches of Big Springs Creek

D

Reach Description Year 1 Year 5 Year 20
A Big Springs Lake Dam to BuskExisting willow thicket in Add bulrush/cattail shading Complete willow thicket to
residence bridge top half of reach. In bottom| to elements adjacent to the road.
half of reach, macrophyte | south bank.
A* growth along banks.
B Busk residence bridge to Macrophyte A growth along| Add bulrush/cattail shading Woody riparian shade on
alcove springs banks. Mid-stream patcheg south, near-shore elements;new” banks. Notable shad
of macrophyte B. islands and bars. in portions of this reach and
on south and north shores.

C Alcove springs area Above old rock berm, 100% Same Same
macrophyte A growth. Open
water channel around left
side of berm. Mix of
macrophyte A and B
downstream of berm.

D Alcove springs to waterwheel| Extensive distribution of On shores and formed Woody riparian shade along
macrophyte A as per aerial| islands/bars, add with south bank and along mid-
photos and estimated flow | bulrush/cattail shading channel bar.
paths. Less growth as south, near-shore elements.
velocities increase near
waterwheel.

E Waterwheel to corral crossing Extensive macrophyte A Same Convert shading on south,
growth. near-shore elements to

bulrush/cattail.

F Lower creek (below corral Extensive macrophyte A Add bulrush/cattail shading Riparian shade on 50 perce

crossing) growth. to the elements adjacent to of reach length.
the south bank.
*Macrophyte A is simulated using shading and rowsisn while macrophyte B is in the water and is kted using roughness only.

nt
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7.4.2 Results

The RMA-2 and RAM-11 model geometry and input filesewaodified to represent
restoration configurations for the 1, 5, and 20r\genarios. The models were then used
to simulate flow velocities, water depths, and wagergeratures. Initial water
temperatures and surrounding meteorological canditivere simulated using the same
period of data applied to the base case configarafi2 August to 20 August, 2008
(meteorological conditions from this period are laggpto all simulations). This period
was chosen because the most complete data set aikdbbesagainst which to calibrate
the model. Though maximum temperatures commonlyrodering the last week of July
through the first week of August in this area, pesiadjacent to that time frame can also
experience high temperatures and are suitableafdoration. Herein, results compare
mean daily maximum water temperatures during 12 Auigus8 August, 2008.

Once the simulations were completed, results foriBpelownstream locations were
extracted to illustrate water temperatures alondahgitudinal profile for each
configuration. These downstream locations (measoydteir distance from the
confluence of Big Springs Creek with the Shasta Riaee:

1. Big Springs Dam (River kilometer 3.6)
2. Upstream Busk Residence Bridge (R. km. 3.3)
3. Upstream Springs Alcove (R. km 3.1)
4. Downstream Springs Alcove (R. km 3.0)
5. Upstream Water Wheel (R. km 2.8)
6. Water Wheel (R. km. 2.6)

7. Upstream Irrigation Pipe (R. km. 2.1)

8. Lowest Drivable Bridge (R. km. 1.5)

9. Upstream Little Springs Creek (R. km 0.9)
10.Mouth of Big Springs Creek (R. km 0.1)

Multiple locations were selected to identify reaciwsch experience the highest heating
rates and to capture areas where appreciable spfiogs occur. This approach allows
restoration activities to be targeted where actiwiigorovide the greatest benefit.

1 Year: Immediate Response

Simulation results under assumed conditions assaktigith letting the creek respond to
one year of passive restoration activities suggelscrease in peak water temperatures
throughout the system (Figure 63). Differences uadew flow condition (5 f¥s)
indicated a modest decrease of typically less #i&n Under increased flows (15/&) at
Big Springs Dam, an additional decrease in temperatas realized throughout much of
the creek. Rates of heating were highest in betwiee alcove springs and the
waterwheel as a result of cold water rapidly seekaglidrium temperature and channel
geometry in this sub-reach (wide and shallow flowsdte that heating was minimal in
all cases through the heavily shaded willow thicledolw Big Springs Dam. The alcove
springs (approximately 3.0 km (1.9 mi) upstreanmirine mouth) provided additional
cool water inflows during this summer period, whictvéved local water temperatures.




Once below the waterwheel the stream steadily heati@ idownstream direction, but
rates were lower with additional flows.
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Figure 63. Year 1 restoration simulation resultrgitudinal profile of mean daily maximum
water temperature during August 12-18

5 Years: | ntermediate Response

Simulation results under assumed conditions agsaciaith letting the creek respond to
five years of restoration activities suggest a éase in peak water temperatures
throughout the system (Figure 64). Under theseitiond mean daily maximum
temperatures for low flow reduced temperatures ngtalplarticularly below the water
wheel. For the high flow conditions, mean daily maxm temperatures did not exceed
20°C. Overall differences under a low flow conditionft®s) and increased flows (15
ft3/s) were modest. Again, rates of heating were highdsetween the alcove springs
and the waterwheel as a result of cold water rapeiking equilibrium temperature and
channel geometry in this sub-reach (wide and shdllmms).
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Figure 64. Year 5 restoration simulation resultrgitudinal profile of mean daily maximum
water temperature during August 12-18

A second 5-year simulation was run to examine thecefif removing the water wheel
given minimum flows (5 fi's). Results suggest that while water temperaturesdse
locally, the effects of removing the water wheel db propagate to the mouth of Big
Springs Creek (Figure 65). Local water temperatoness the water wheel decrease
approximately 0.%C when the structure is removed. By the time the watches the
mouth, cooling effects from the water wheel's remaval negligible. Simulating
increased flows from Big Springs Dam (194] yielding similar results.
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Figure 65. Year 5 restoration simulation resultastrating the removal of the water wheel —
longitudinal profile of mean daily maximum watemigerature during August 12-18

20 Years: L ong-term Response

Simulation results under assumed conditions assaciith letting the creek respond to
twenty years of restoration activities suggest aahse in peak water temperatures
throughout the system (Figure 66). Under theseitiond mean daily maximum
temperatures for low flow reduced temperatures ngtiibbughout the creek. Overall
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differences between a low flow condition (§$) and increased flows (15/&) were
modest, but notable. An important aspect of thisugtion is that the slope of the
longitudinal temperature trace for the 20 year @ooas (low or high flow) is less than
that for the base case, indicating that restorgirescriptions are having a positive
benefit throughout the system. Additional narrowamgl shading in the upper-most
reach yields marked benefit in the uppermost 11@6€ers of the creek — mean daily
maximum temperatures are on the order €15

Rates of heating were highest in between the alspriags and the waterwheel as a
result of cold water rapidly seeking equilibrium fgernature and channel geometry in this
sub-reach (wide and shallow flows). However, removimgwhater wheel had negligible
effects both locally and at the mouth of Big Spsiri€¢yeek (Figure 67).

Additional sensitivity testing was completed with thedel for further width reductions.
Preliminary results suggested that mean daily mawirntemperatures on the order of
18°C were achievable — approximately’€4eduction over existing condition. Mean
daily maximum temperatures would be belo#%nd mean daily average temperatures
would be approximately 126 (data not shown). These conditions would extetal in
the Shasta River for a considerable distance doearstiof the confluence with Big
Springs Creek, providing additional benefits to amganding the available cool water
habitat for coho salmon and other anadromous fiskiss.
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Figure 66. Year 20 restoration simulation result®rgitudinal profile of mean daily maximum
water temperature during August 12-18
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Figure 67. Year 20 restoration simulation resullsstrating the effect of removing the water
wheel — longitudinal profile of mean daily maximwater temperature during August 12-18

7.4.3 Recommendations for future model applications

These results reflect a modest set of potentiébrason actions that may affect water
temperature management at Big Springs Creek atigtiShasta River downstream of
Big Springs Creek. However, these actions are piiyn@assive and do not explore the
effects of more active approaches. These initidifigs are intended to prompt TNC and
other stakeholders and regulatory agencies to iemviésbroader range of restoration
prescriptions for testing in the model.

To better guide the implementation of active resion options, specific improvements
should be made to the model and restoration cordiguns. These improvements are:

» Assessing long-term potential for stream narrowingigithe geomorphology of
the creek and ability of aquatic vegetation to fiap sediment; and sediment
supply conditions in the creek.

» ldentifying the potential for woody riparian vegébatto be used as a temperature
control approach in Big Springs Creek. This work ldanclude identifying
limiting factors to riparian vegetation colonizitige various sub-reaches of the
creek (e.g., bedrock), preferred species (leafiounhg considerations), desired
location of woody vegetation, and the time to essalbdnd grow trees.

» Identifying the role of herbaceous riparian vegetain Big Springs Creek. The
approach identified herein explicitly consideredassion of one sort (in channel
aguatic vegetation, cattail/bulrush, and ultimatatge woody vegetation). There
may be areas where wetlands are desirable fromdiablization perspective, as
a desired habitat component, and/or providing stgadenefits (modest).
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Explicitly identify land and water resource managetraptions to support or
refute the minimum and maximum flow conditions enypl herein. This also
relates to return flow management.

Considering real time operations of waters on Bigri§gs Ranch to ameliorate
adverse thermal conditions. The modeling effod fo@used on one week in
early August, but more extreme thermal conditiongehaertainly occurred.
Water resources management in the form of redueitugn flows and increasing
creek flows based on short-term forecasts couldfli@mdo salmon and other
temperature sensitive fishes and accelerate theegfaecovery and support long-
term maintenance of these species.

Further exploring the removal of the waterwheel.ntdieation of potential
restoration options above this structure will agsisepresenting this activity in
the model, which in turn will provide insight on appriate timing for removal.

Based on the sediment characteristics in the systensider modeling sediment
to manage sand and other fine material during rasom activities.
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» Given the unique water quality conditions of the spisources — elevated forms
of inorganic nitrogen and phosphorus — consideargmg the model to include
other water quality parameters that would lend irtsigo food web dynamics
and assist in TMDL implementation activities in thieasta River below the Big
Springs Creek confluence.

By including these restoration options and simalatapabilities in the hydrodynamic
and temperature models, we can improve our undelisiqof the effects of each
restoration action and use funds and resources efi@eively and efficiently.

7.5 Conclusions

Reducing water temperatures is a key componentpgoomng rearing habitat for
juvenile salmonids. Both passive and active resimn activities result in lower water
temperatures throughout Big Springs Creek. Withanfirst year of restoration, peak
water temperatures in Big Springs Creek may decteasearly 2C in the lower

portions of the creek provided livestock exclusiom return flow management is
implemented. By year 20, peak water temperatuesstimated to decrease B4t

the mouth and show marked improvements througheutrtbek. Examining the low and
high flow conditions suggests that during times wftgacasted conditions are likely to
lead to increased thermal loading, increased digehalume from Big Springs Dam
may reduce peak temperatures by just unfier Removing the water wheel will have
little effect on temperatures at the mouth of treek; over time the water quality benefits
of removing the water where are negligible. Ovesathulations of long-term restoration
suggest that much of Big Springs Creek will experéetinermal benefit from actions
taken on Big Springs Ranch and other TNC lands.sé& lbenefits will extend into the
Shasta River, expanding potential habitat for ceddenon and other salmonid species.
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9.0 Appendix: Hydrodynamic and Water Temperature
Modeling

9.1 Flow and Temperature Modeling

One element of the Big Springs Creek study was tkieldement of a flow and water
temperature model to characterize existing conustiand assess and prioritize potential
future restoration actions. Current conditionghi@ study area have been heavily
impacted through land and water use activities.

9.1.1 Purpose

Though the relative effects of existing water managet and grazing practices are
broadly understood, little data exists that quagithese effects on Big Springs Creek.
Historically, neither discharge nor groundwater pumgpdata was recorded, nor were
there even general records of the timing, locatiomolume of irrigation diversions or
return flows. This critical lack of data preventety quantified assessment of the effects
of the different management practices on water teatypees and challenged cold water
management plans to evaluate the benefits of aligesolutions. To overcome this
paucity of data a monitoring program and associatedeling project were identified as
a means to assess potential cold water managentemizdives.

Specifically, a two-dimensional numerical model waseloped to describe temperature
conditions in Big Springs Creek and quantify theddds of different restoration
alternatives (described later in this documentthSamodel allows planners to simulate
different water management and irrigation strategied examine their effects on water
temperatures. Instream grazing effects can be ateuliby altering roughness and
shading factors in different areas. Similarly, tn@acts of reduced solar radiation due to
riparian shading on water temperature can be stedilaAlternative channel geometries
can also be tested to examine their impacts on wertggeratures. By using a model to
gain a better understanding of current conditigpegific prescriptions can be tested to
develop a cold water management plan. The modesasgents help identify high

priority actions and define an effective restonatsrategy, resulting in an efficient use of
resources and funds.

9.1.2 Methods
The steps to develop a model that accurately repted Big Springs Creek were as
follows:

» Conceptualization

» Data assembly/organization

* Implementation

» Calibration

» Production
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Conceptualization helped identify what kind of modeluld best represent the system.
Data assembly and organization helped refine theeminalization and define baseline
conditions over a period of several months. Im@etation involved creating a running
model of the system. After a running model wasi@@, it was calibrated by using field
data to test its accuracy. Finally, once the meadeal adjusted to accurately simulate
observed baseline conditions, assessment of réstoedternatives was completed.

9.1.3 Conceptualization

Before the model was constructed, a conceptualrstataling of Big Springs Creek was
developed to identify the type of model that woudstorepresent the system. The
conceptual understanding was achieved by gatherglgninary data of Big Springs
Creek’s geometry, hydrology, water temperature aateorological conditions.
Understanding the general characteristics of thekdnelped identify appropriate model
characteristics. For example, early temperatuta slaggested that the model should
simulate temperature changes in two dimensionsséxrand longitudinal changes (i.e.,
x and y directions). While lateral and longituditteermal variability existed, the wide
and shallow geometry of the creek yielded well-mjxauform vertical (i.e., z-direction)
temperatures in the water column. Therefore, adwm@ensional model would simulate
appropriate thermal complexity.

A suite of modeling software, RMA-2 for hydrodynam{g8.1(a)) and RMA-11

(v8.1(b)) for water temperature, was selected toessgnt Big Springs Creek as a two-
dimensional, depth-averaged, finite element mo&MAGEN (v7.3(g)) was used to
create a geometry file of Big Springs Creek thas wsed by both the hydrodynamic and
water temperature models. RMA-2 is a two-dimensidivate element, depth-averaged
numerical model that calculates velocity, water atgfelevation and depth at defined
nodes on the boundary of each grid element in doengtry file. RMA-11 is a finite
element water quality model that uses the depthvatatity results from RMA-2 to

solve advection diffusion constituent transportatns. Details of each of these
applications are provided below.

RMAGEN

RMAGEN is a preprocessor program, used to constreattimerical mesh used in
RMA-2 and RMA-11. RMAGEN assigns spatial informatioresch node within the
mesh (x-y location and elevation), interpolatingues from the topographic description.
The mesh consists of triangular and polygon elesehvariable size and configuration.
A triangular element consists of six nodes — thtdbeavertices and three mid-side
nodes. Similarly, polygon elements consist of ergides — one node at each corner and
one node at the midpoint of each side.
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RMA-2 Model

RMA-2 is a two-dimensional, depth-averaged, finiengént hydrodynamic numerical
model. It computes water surface elevations andzbotal velocity components for
subcritical, free-surface, two-dimensional flow fieldThe model computes a finite
element solution of the Reynolds form of the Nax8&nkes equations for turbulent
flows. Friction is calculated with the Manning’s oh€zy equation, and eddy viscosity
coefficients are used to define turbulence charsties. Both steady and unsteady
(dynamic) problems can be analyzed. RMA-2 is a ggrmirpose model designed for
far-field problems in which vertical acceleratiome aegligible and velocity vectors
generally point in the same direction over thererdepth of the water column at any
instant of time.

RMA-2 has been applied to calculate water levelsfinvd distribution around islands;
flow at bridges having one or more relief openings;ontracting and expanding reaches,
into and out of off-channel hydropower plants, ag¢rijunctions, and into and out of
pumping plant channels; circulation and transpowwater bodies with wetlands; and
general water levels and flow patterns in riversereoirs, and estuaries. For complete
details about RMA-2 see King (2008).

RMA-11 Model

RMA-11 is a finite element water quality model cagat simulating one and two-
dimensional approximations to systems either séglgrar in combined form. Itis
designed to accept input of velocities and dephier from an ASCII data file or from
binary results files produced by the two-dimensidnalrodynamic model, RMA-2.
Results in the form of velocities and depth froma llydrodynamic models are used in the
solution of the advection diffusion constituentisport equations. Additional terms for
each constituent represent source or sinks and lgrowdecay.

The model solves the advection diffusion equationkide sources, sinks, and reactions.
The governing transport equations may be integraved the vertical dimension with the
assumption that C is independent of elevation (z).

In RMA-11 the dependent variable modeled when sirmgdteat transport is
temperature, T°C). (The truly consistent parameter should be entration of stored
heat or heat content of water, @hich has units of kJ/f) The approach used in RMA-
11 consistent with QUALZ2E and other literature anaiadsume that heat is transferred
from various energy sources. So that:

Hn = Hsn+ Han -(HB + HE+ Hc)

where

Hsn= Net short-wave influx, (kJ/fthr)

Han = Net long-wave influx, (kJ/Ahr)

He = Long-wave back radiation, (kJ#hr)

He = Conductive flux, (kJ/fihr)

Hc = Evaporative flux, (kJ/Athr)

For comprehensive details about RMA-11 see King (2008
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9.1.4 Data overview

Field data describing Big Springs Creek’s geométygrology, water temperature and
meteorology were required to

- build a conceptual model and the two-dimensional ehjod

- describe baseline conditions in Big Springs Creek}

- provide a measure of accuracy with which to testtbeel.
Data were available from a previous project (stairieddarch 2008) and augmented with
data from this project. Data include informatiasdribing the longitudinal and cross-
sectional profile of the river, instream temperatabservations, and flow velocities. At
that time, stage gages and data loggers were ajgoyed to monitor flow and water
temperature conditions. Currently, flow and wasenperature data are still being
collected as part of ongoing monitoring. As wellregream data loggers, infrared aerial
imagery was used to describe water temperature comslin Big Springs Creek in 2003
(NCRWQCB, 2004) and 2008 (Watershed Sciences, 200¢tkorological data was
gathered using the California Department of Foréstygige at Weed Airport. Details
about data gathering methods are provided below.

9.1.5 Geometry

Longitudinal and cross-sectional bathymetry dateevgathered by surveying the length
of the creek to define the shoreline and specifisg sections, noting relative network
coordinates and elevation of each point in x-zyepordinates. Data describing 2,448
points were recorded along the 3.5 km (2.2 mi) creekh, including measurements of
63 cross-sections (see Geomorphology section foe metails). Survey data were
gathered using a TOPCON HiperLite Plus Real-Time Kinen{RITK) survey unit. The
RTK survey unit is accurate up to 0.01-0.02 m (Q.B#0).

9.1.6 Hydrology

In July 2008, velocity measurements were made adrbgransects. Point velocities

were measured at 0.6 of the stream depth using ahMAcBirney Flo-Mate
electromagnetic velocity meter attached to a tapwseling rod. Measurements were not
made at regular intervals, but rather at points witiee creek cross-section changed (e.g.,
edges of vegetation, noticeable flow paths, et&.Jotal of 201 point velocity and stage
measurements were made. The number of measureatesash site ranged from 10 to
32, depending on the width of the channel. Additiet@ge data was gathered at five
locations and used to generate stage-dischargg @irves (see Hydrology section for
more details).

9.1.7 Temperature

Forty nine data loggers were deployed to gatheemtatmperature data along the
longitudinal profile of Big Springs Creek as well@sints upstream and downstream of
Big Springs Creek’s confluence with the Shasta Rigata was downloaded from
loggers three times throughout the study. Crostieseal water depth and temperature
data were also gathered at several sites during AUZQB8. Some loggers were not
recovered due to removal or vegetative growth (ost). Currently, loggers are still
deployed to collect longitudinal temperature data.
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In June 2008, three transects in the willow thicladbl the lake outlet were sampled to
monitor thermal diversity. Locations of transewtre chosen for representative places
to capture margin warming, local temperature difiees, and riparian shading. Cross-
sectional temperature data was recorded with simediasmeasurements of water depth.
Water depth was measured with a Global Water pressureducer (model WL 16)
accurate to +/-0.2%. A Tech Instrumentation moddB¥PA temperature unit with a
model 2007 probe was used for most handheld temypersampling. The TM99A
temperature unit is accurate to +/-@lin the 0-40C range. The pressure transducer
and TM99A temperature unit were mounted to Plexiglaa 1.8 m (6 ft) rod. Probe tips
were attached to the end of the rod, and the rodweaked at 0.3 m (1 ft) increments.
Temperature and depth measurements could therkdre samultaneously in water up to
1.5 m (5 ft). The handheld device allowed quickeasment of vertical distribution of
water and bed temperature, with the ability to expbmeas under overhanging
vegetation, cutbanks, and other types of cover ehtsn

In July, thermistors were deployed in 11 transelcisgathe river corridor to monitor
temperature over a three-week period. Water tertyreravas recorded using HOBO
Water Temp Pro and Hobo Water Temp Pro V2 thermistoasiufactured by Onset
Computer Corporation (Onset, 2007). These devieeaaurate to +/- 0°€ in the —20-
50°C range (temperatures typically experienced on3igngs Creek, Little Springs
Creek and the Shasta River fall within this rang&l).devices were launched prior to
deployment using a computer with HOBOware software.

Finally, aerial thermal infrared radiometer (TIR)agery provided a longitudinal profile
of water temperatures in Big Springs Creek as veetemperature estimates for
individual springs. This imaging was collected gsanFLIR System SC660 TIR sensor,
which is accurate within +/-0.62, and a high resolution camera. Three flightsioea:
one was flown in 2003, which provided a longitudinafiee of water temperatures. The
second and third were flown on 07/16/2008 (evenamg) 07/17/2008 (morning) to
compare diurnal water temperature trends and edtithatwater temperatures of
individual spring inflows.

9.1.8 Meteorology

To model water temperatures in Big Springs CreekARM required information about
local meteorological conditions for the followingtegories:

* Atmospheric dust attenuation

» Cloudiness

» Dry bulb temperatur€’C)

» Dewpoint temperaturéC)

» Atmospheric pressure (mb)

* Wind speed (m/s)

* Wind direction (radians from x-axis)
« Solar radiation (W/rf)
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These data were required at sub-daily (e.g. hotrdgluency. Because this study
focused on water temperatures that benefit com@abluring summer rearing, data
extending from June through August was necessanpugdh one goal for extending this
study was to include other seasons, currently tbat ig outside the scope of work.
Therefore, while data was compiled for the entire@®@ater year (1 October, 2007 — 30
September, 2008), ensuring data quality for thersanmonths was a priority. By
employing meteorological data for that period, tdr@perature model provided water
temperature results that could be compared to iexgperatures gathered by field work
for that same period, i.e., calibration.

Meteorological data for water year 2008 were usedbse this period brackets available
flow and water temperature data in Big Springs Crd2&ta from the Weed Airport were
used in the modeling study. The meteorologicdimstas located approximately nine
miles south of Big Springs Creek. Data were downlddoam the California Data
Exchange Center (CDEC) website.

The Weed Airport weather station included data fgrlalilb temperature, relative
humidity, wind speed, wind direction and solar radmat The data records were
complete except for several missing hourly measargsn(and, in two cases, two hours).
The data gaps were identical for all meteorologiedgories. Missing data were
determined using linear interpolation between mesamants for the hour before and
after.

Cloudiness and dewpoint temperature data were eddctlibased on solar radiation and
relative humidity data downloaded from CDEC. Cloediswas estimated using the
daily maximum solar radiation at Weed Airport and #ine curve function (Figure 68).
A sine wave function was developed to simulate theimam possible solar radiation
for a given time. The difference between the obesgmaximum radiation and the
possible maximum radiation provided an estimatiefcloud cover for that day.
Because there is some subijectivity in fitting asivave to the meteorological data, a
sensitivity analysis was performed with regards tudlcover. The results were nearly
identical to simulations made using the sine wawetion illustrated in Figure 68. Fires
in the region during the summer of 2008 would hade@ect impact on solar radiation,
i.e., reduction. This is captured in the procddgting a theoretical sine function to the
data and calculating percent of maximum theoretioldr radiation.
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Figure 68. Sine wave function used to estimate cloud covexteiyear begins on 1 October and
ends on 30 September.

Dewpoint temperatures were calculated based on relatimnidity measurements made
at Weed Airport. The relative humidity data coneminthe same data gaps as the other
data downloaded from CDEC for WY 2008. These gaps alsceresolved using linear
interpolation. Another data gap existed for therenast day of WY 2008. This gap was
filled using the average relative humidity for thest three days and following two days.
As this study focuses on the period from May throAglust, the missing data at the end
of September was not critical.

Wind speed was converted to m/s and used in thegiatyse model. Wind direction is
predominately used for wind set-up in water bodiesciwban affect flow patterns. Such
conditions were not modeled at Big Springs Creek.

Atmospheric pressure was calculated based on elavalfibough the Weed Airport gage
also records atmospheric pressure, data were oallable until 31 July, 2007, which is
outside the identified modeling period. Howevergsithe data during the two-year
measured period does not vary more than 0.2 ingsseme that pressure is constant — a
reasonable assumption during summer periods. Atsgtysanalysis was performed
using the atmospheric pressure data at Brazie Rapgmoximately 200 m higher than
Big Springs Creek). The results were within 4 peroémesults that used Weed Airport
atmospheric pressures.
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9.1.9 Model Implementation

Once field data was gathered and processed, the mendional model was
implemented. Model implementation followed sevstaps. First, a geometry file
describing the bathymetry of the creek was developéext, flow data was added to the
model and tested. After a flow simulation was sudodlgcompleted, temperature data
were added to the model, and tested again. OncadHtel was successfully ran a flow
and temperature simulation, it was calibrated (diesdrin more detail below).

The first step in building the temperature mode$ waconstruct a grid that replicated the
bathymetry of the creek. The profile, water edgel cross section data were used to
construct a contour map of the stream bed usinfgSuersion 8 software (Figure 69).
The contour map was generated using?X1h &) resolution and defined contours for
every 0.5 m (1.6 ft) change in elevation. Thistoan map was imported to RMAGEN
(v7.3(g), which was used to construct a two-dimengsidascription of the creek bed that
was subsequently used to simulate flow (RMA-2) and mtataperature (RMA-11)
conditions in Big Springs Creek (Figure 70).

The model grid was created using polygons and tigaglgments, to describe the shape
of the river. The size of each element was detexthbrased on the amount of detail that
needs to be described in each area to accurafalysent the creek’s characteristics,
while balancing the computational requirements efrttodel. Big Springs Creek was
represented through much of the stream using fer@ents to describe the cross-section
of the river. In areas where less resolution islireg (for example, reaches that are
wide, shallow and flat, with uniform bed substratd¢ment dimensions were larger than
in areas where more detail was needed to descrilmrdbk. This level of detall
represents the creek with sufficient accuracy fofoum sections, while those areas with
more complexity are represented with consideraldatgr spatial detail. Finer resolution
was used to describe features such as spring irgortBuences, channel constrictions
and islands.

Streambed characteristics were assigned to eaclemeierilanning roughness, shading,
and other attributes could thus vary on an elerbgrgtement basis. The model includes
six different types of elements. Each element fgpdentified based on a unique
roughness factor. The elements types are listemhbel

1 — clear channel, sandy bottom

2 — clear channel, gravel bottom

3 — macrophyte vegetation: this includes aquatiatsl that extend through part or the
entire water column

4 — willow: water can flow through part of the treeusture (i.e. exposed roots,
overhanging limbs)

5 — bedrock

6 — rock berm in spring alcove
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Solid, impermeable structures, such as bridgegsland islands, are represented by
creating blank spaces in the grid structure. Thdehautomatically routes water around
these blank areas.
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Figure 69. Big Springs Creek contour map develapadg Surfer. The axes indicated truncated
UTM coordinate locations.
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Figure 70. The grid created in RMAGEN is laid otlez contour map created in Surfer. This
grid is the basis of the two-dimensional flow aechperature simulations made by RMA-2 and
RMA-11, respectively.
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Once the grid describing the channel geometry wadenean RMAGEN, flow data was
simulated using RMA-2. In this model, flow sourcesdate discharge from the Big
Springs Lake outlet and flow contributions from sgrinputs. Discharge volumes are
estimated based on stage-discharge relationshap datcations of spring inputs are
based on observations made in the field. Dischasgenes that the springs contribute
are made using mass balance estimates based erdstag Flow simulations are
successful if the model produces reasonable vituesater depths and velocities.
Refinements to the grid were made in certain cagssdon discussion with field crews,
field observations, and aerial photos. Return flovgse not quantified in 2008 and are
not explicitly included in the model.

Upon completion of the flow model, the temperatureletavas employed. Temperature
boundary conditions were assigned to all inflows, ampropriate meteorological
conditions defined. In the case of surface wateuts, such as inflows from the Big
Springs Lake outlet, a time series of temperatwe® added to define an inflow
temperature boundary condition. The source oftdngperature time series is observed
data from temperature loggers placed longitudinallBig Springs Creek. For ground
water inputs, such as the spring sources, tempesatie assumed to be constant.
Estimates of individual spring inputs are basedhenFLIR report (Watershed Sciences,
2008).

9.1.10 Model Calibration

Once the model was successfully implemented, it \whisrated against field
observations. Calibration occurred between 12 Aydgt008 and 20 August, 2008 when
sufficient flow, stage, and water temperature datawaerilable. Flow calibration was
assessed by comparing model inflows to outflows. utited flows were reproduced to
within 1 percent of measured flows. Depths throughioe: system were shallow in
observed data (often on the order of 0.2 to 0.%eragt Simulated depths were within in
this range; however, direct comparisons were diffibacause the channel was modified
by aquatic vegetation through the study perioddssdssues resulted in field surveys
being separated by more than a month). Two criteeie determined to evaluate the
simulated water temperature. First, calculated wataperature should be within
approximately IC of observed conditions in the main channel apé#ise creek. Second,
the model should reproduce the diurnal phase wiahanhour of the observed signal.

Calibration was tested by comparing observed tenyreraata from the data loggers to
calculated water temperature results at nodes iegitacations on the model grid. This
method established 37 points of calibration andssed accuracy along the longitudinal
and lateral profiles. The 37 points of calibratemmprise 10 longitudinal locations, with
two to five points at each cross-section (the nunalb@oints at each cross-section
depends on the number of data loggers recoverettfiose locations).

Currently, the temperature model performs well tigtaut much of the reach. Nodes
near the Big Springs Lake outlet and the springuacsimulate temperatures within
1.0°C. The model also performs well simulating thegitudinal temperature profile in
Big Springs Creek. The model simulates temperatwithin 1°C of the observed data
for the longitudinal cross sections; however, atatercross section points deviations are
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greater. The longer residence time in off chaane&s of certain sections and the
variable vegetation growth in the channel confounftidd observations. Overall, the
tool has been calibrated consistent with the idiextipurpose of making preliminary
assessments of restoration actions. Temperatlibeaten figures for multiple locations
(included at the end of this appendix) indicate gnaulated temperatures reproduce
diurnal variations effectively, reproducing amptituat most locations. Phase is shifted
at locations from the vicinity of the alcove spsmand downstream locations. Model
testing indicates that this shift is most likelyediw a combination of factors, the most
important of which is allocating inflow quantitiesttee various discrete spring locations
and diffuse sources. Currently, only the bulk ations have been quantified between
the dam and the Busk Residence bridge and fronbtldge down to the water wheel.
Nonetheless, the model effectively represents ladgial heating, diurnal
range/amplitude, and approximate timing. A comerisf simulated and observed
longitudinal profile of mean weekly average, minimuand maximum daily
temperatures shows that the model reproduces tbesiions closely throughout the
reach (Figure 71).
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Figure 71. Longitudinal profile of simulated andseloved mean weekly average, maximum, and
minimum daily water temperatures for Big Springeék: August 12-18, 2008.

Also included in the calibration plots are severaks section locations for the wide
reach above the waterwheel. Examination of theds plmws that the model deviates in
these off channel areas. Additional informatiog.(egeometry and vegetation
characteristics) on non-thalweg areas of the chamitlemprove these results.

Additional detailed observations of geomorpholodgwf velocity, and depth; water
temperature; vegetation growth; and associatedvdauiéd improve temperature model
performance. For example, the location of manfudé springs between Big Springs
Dam and the alcove spring are incompletely chanaetiin location and quantity at this
time. The result is that simulated diurnal phas@consistent with field observations.
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Also, more comprehensive representation of aquatgetation growth (and subsequent
capturing of fine sediment) would assist in représgrateral variability in simulated
creek temperatures. Stream edges are not reaxhiparable because vegetation
dominated these areas and was not comprehensivelyaador inclusion into the model.
Finally, effective monitoring of return flow locatiptiming, quantity, and temperature
are required to fully develop the predictive vatiieghe numerical model. Overall, the
model has a wide range of capabilities to accomneoitieise features at small spatial and
temporal scales. Future data collection is recont®é to support the model and
improve system representation. Specific recomm@naon how to improve the
predictive capabilities of the model include:

* More comprehensive mapping of the dynamic natuté@thannel morphology
in response to seasonal vegetation growth. Thiscwdhge from current
conditions when grazing was allowed directly within tiheek to a condition
where cattle exclusion is practiced. Multiple yeafrsurveying will be required
to determine if the creek attains a dynamic equilib within a single year or
over multiple years.

» Identification of diffuse spring flows upstream betwaterwheel. There are a
notable amount of accretions that are manifesbaspoint inputs of groundwater
(e.g., areas of boiling sands). ldentifying thassas with detailed handheld
measurements and associated water temperaturesdwill groper representation
within the model.

* Quantification of individual spring sources. Althduggmperature at discrete
spring sources of the complex are well definedjridevidual flows are largely
unquantified. The project team has identified apphes to quantifying these
springs and completion of this flow and temperatoek will assist in
understanding of diversity (or similarity) amongisgs as well as support
modeling applications

* Long term monitoring to assess thermal diversitgulghout the creek will be
useful to assessing habitat conditions and suppinte modeling. Approximately
50 temperature devices were deployed in 2008 priaraximum vegetation
growth. Many of these were overtaken with vegetadionng the deployment.
Continued work, with an understanding of system dyosmwill yield valuable
information on how thermal habitats can change thindime and support
modeling applications.

» Examination of the TIR data indicates consideratdemal diversity downstream
of the confluence with the Shasta River. Extensitie two-dimensional model
downstream to the vicinity of the Nelson Ranch withypde a means to assess the
influences of Big Springs Creek on the Shasta Raverinclude several minor
springs that enter the Shasta River downstreameotdhfluence.

* RMA-11 is a full water quality model and can simulaggliment transport,
nutrient dynamics, benthic algae dynamics, dissbtweygen, organic matter, and
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other constituents. Given the complex water quabtyditions present in the
creek and Shasta River, and the dynamic natuteecfyistem, it is recommended
that modeling of other constituents be exploredsgess nutrient fate and
transport and determine potential downstream impEcpring flows.

9.2 Conclusion

Maintaining cool water temperatures from the BigiSgs Creek springs downstream
into the Shasta River is a key component to regggrvenile salmonid rearing habitat.
Restoration alternatives will be evaluated basethein ability to accomplish this goal.
The Big Springs Creek hydrodynamic model is a Maligool that can be used to assess
restoration alternatives. These assessments Wplldiect funds and resources
efficiently throughout the restoration process. ie/the Big Springs Creek two-
dimensional temperature model is ready to makerpirghry assessments of restoration
options, additional data would improve this tool&fprmance. Recommendations to
improve the hydrodynamic model are included in ®ect1.2.

10.0 Appendix: Review of the Shasta River TMDL
Analysis — Big Springs Flow and Temperature
Boundary Condition Assumptions

10.1 Introduction

The Shasta River TMDL report was developed in 2@0évialuate the water quality
components of the Shasta River including the effetflow and temperature
contributions from Big Springs Creek. When the TMidas developed, data
measurements of flow and water temperature at themwoduBig Springs Creek were
unavailable. Therefore, to simulate the effecthef ¢creek on the mainstem, assumptions
were made about its flow and temperature contribstend used to run a one-
dimensional hydrodynamic model of the Shasta Ri@errent work that assesses the
baseline physical and ecological conditions onBigings Creek provides the
opportunity to reevaluate the assumptions madeerairg the Big Springs Creek flow
and temperature boundary conditions and recommaditi@nal monitoring for future
TMDLs. For detailed discussion of the TMDL boundaonditions assumption see
(NCRWQCB 2006).

10.2 Overview of the Shasta River TMDL Assumptions

To assess the effect of Big Springs Creek on the 8nd water temperature
characteristics of the Shasta River, data desgithiase water quality characteristics was
required. However, access to the property where thehrad Big Springs Creek is
located was unavailable during the TMDL analysiserélfore, estimates or assumptions
about the flow and thermal contributions that theekrmade to the river were necessary.
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10.2.1 Flow

Flow assumptions estimated the volume of water drgeliafrom Big Springs Creek into
the Shasta River (details of the flow assumptiorthéenTMDL are provided in
(NCRWQCB 2006), Appendix G). Due to access restrictibog; measurements at the
mouth of Big Springs Creek were not available far 2006 Shasta River TMDL.
Instead, flows were estimated based on informatiom fdocumented water rights to Big
Springs Lake and Little Springs Creek, historicatewanaster reports of irrigation
diversions, and data gathered by the California Bepnt of Public Works in 1922 and
1923. While the Department of Public Works had asde the mouth of Big Springs
Creek during its study, flow measurements were lidhitee to extensive vegetation
growth. Flow contributions from the creek were estadabased on flow measurements
taken on the Shasta River directly upstream and dtveam of the creek mouth. The
TMDL assumed that flow from Big Springs Creek wasragjmately 60 fi/s during the
irrigation season and 100-128/étduring the non-irrigation season.

10.2.2 Water temperature

Water temperature assumptions estimated both tinenttand future thermal conditions
in Big Springs Creek (details of the flow assumpiomthe TMDL are provided in
NCRWQCB 2006, Chapter 6 and Appendix E). Again, duscteess limitations, water
temperature data was not available for the 2006t&Hiver TMDL. Instead,
temperatures were estimated using data collected thhe GID intake facility on the
Shasta River, approximately 4.5 km (2.8 mi) dowrastrérom the mouth of Big Springs
Creek. Average daily water temperatures were asstongel 17C. Calibration of the
model illustrated that using water temperaturessuesl at the GID intake as water
temperatures from Big Springs Creek reproducedsoreable simulation of observed
conditions.

A second water temperature assumption was made ¢alzeghe thermal conditions in a
restored Big Springs Creek. Under restored condifiamerage water temperatures were
assumed to decrease B{C4resulting in average temperatures diCL3This estimate was
based on water temperature data from the Big Spsagsce (18C-11°C) and the
estimated rate of heating between the source anthnobthe creek given unspecified
restoration activities.

10.3 Assessment of Shasta TMDL Assumptions

Data gathered during the Big Springs Creek basetioitoring study provides an
opportunity to reevaluate the flow and water temppgeaassumptions made concerning
the Big Springs Creek boundary conditions durireg$ihasta River TMDL study. Data
describing the flow and water temperature charatiesisf the creek from top to bottom,
including variations during the irrigation seasayre recorded during the baseline
assessment. While the TMDL assumptions describbavg ¢ontributions to the Shasta
River were generally accurate, those made to deswréter temperature characteristics
in Big Springs Creek deviated from conditions idfegd in 2008. Descriptions of the
flow and water temperature findings are presentesgations 4.1 and 4.2, respectively.
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10.3.1 Flow

Flow conditions were consistent with TMDL assumptigarénarily because previously
available flow data generally were representativiéost in the Shasta River above and
below the Big Springs Creek confluence. Flows dutiveg2008 irrigation season (1
April 2008 through 1 September 2008) averaged %g; fafter the irrigation season
ended, flows averaged 83/& with some flows increasing to 108/$t These volumes are
comparable to the estimates used for the 2006 TM&xcribed above.

10.3.2 Temperature

Several assumptions were made regarding water tatpetin the TMDL. First, the Big
Springs Creek boundary condition in the hydrodyrmamodel was defined using data
measured at the GID intake structure — approximaté&km (2.8 mi) downstream of Big
Springs Creek. Second, average water temperatudes anmestored condition were
assumed to decrease B{C4based on 2008 observations, these assumptipea@p
optimistic.

After collecting data during the 2008 field seasttha mouth of Big Springs Creek,
differences between that location and the ShasterRivthe GID intake were apparent.
The baseline assessment study determined thagdatensummer/early fall (the period
simulated in the TMDL), average temperatures ahtbath of Big Springs Creek were
approximately 29C — not 17C as was previously assumed. Given the thermal
characteristics of Big Springs Creek’s headwatéesyelatively short distance from the
source to the mouth, and the calibration resudis ¢losely simulated the observed signal
in the Shasta River downstream of Big Springs Cree&h a heating rate between Big
Springs Creek’s source and mouth was not anticipdueidg the TMDL study.

These findings suggest that Big Springs Creek irepasthermal signal on the Shasta
River that are often distinct from the trends ofssedrat the GID intake. Further, this
signal is possibly modified by land and water useh® Big Springs Ranch as illustrated
in notable differences between downstream temperat@@07 and 2008. In 2008
grazing was considerably reduced compared to 200 (&n estimated 800 head to 200
head of cattle) on the ranch. Certain fields wesed as hay production as opposed to
grazing pasture, resulting in different water useg different return flow characteristics.
These land and water use modifications were not digghtiue to access limitations.
Quantifying these elements will help improve knowledgeut the relationships between
ranch management and instream temperatures.

As part of this study, a two-dimensional hydrodynamael was developed to simulate
the effects of specified restoration actions on wiperatures. Comparing the
simulation results to the TMDL assumptions of wadenperatures under restored creek
conditions indicates that projected temperatureedeses are less than previously
assumed. Though maximum temperatures under restoretitions decreased
approximately 4C (the temperature decrease projected for aveemgpsratures in the
TMDL), average temperatures decreased betw&@+2’C. Two primary reasons for this
reduced average temperature decrease are the asaatee temperature below Big
Springs Lake at the headwater of Big Springs Creekilae amount of heating that
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would occur under an implemented TMDL en route to$ihasta River. Due to a lack of
data describing water temperature at the Big Sprirake outlet, the upstream boundary
conditions identified in the TMDL were notably cootban those observed during the
baseline assessment study. In the TMDL, tempematrthe outlet were assumed to be
approximately 12C; the baseline assessment study indicates thaetamres are closer
to 15°C. Therefore the upstream Big Springs Creek tentperds higher than previously
assumed and temperatures will not decrease as nmdeh restored conditions. Also, the
TMDL did not identify specific restoration actiottsat would reduce average
temperatures by°€. Due to access limitations, site-specific data masavailable that
would have described heating patterns or areagbfreistoration potential. Data
gathered during the baseline assessment studydhislpgoroject team identify specific
restoration actions (described in Section 7.4.Lyré&ht assumptions implemented in the
baseline assessment study indicate that improvigdtion efficiency and limited
tailwater discharge to the creek would improve ovenalnagement of cold water on the
ranch. However, under these specific restorationrcgpsns, mean daily temperatures
decreased by a considerably smaller margin — oorier of £C.

10.4 Recommendations and Conclusions

Given the recent change in ranch management arabtheencement of restoration
activities, water temperatures are expected to Bhift the patterns observed in the
baseline assessment study. The accuracy of futdi2Ls will rely on the continued
monitoring of Big Springs Creek to track temperatand flow patterns as they change
due to continued restoration actions. This comtthononitoring should included
concurrent data records of water temperatures ahtheh of Big Springs Creek and the
GID intake to ensure that accurate simulations ofwirag trends are produced. Also, a
comprehensive assessment of the irrigation conweytatilities and associated
infrastructure, land and water use practices, shioelldompleted to improve
understanding of the feedback relationship betwaeohr management and flow and
water temperatures.

The Shasta River TMDL was developed using the lssstraptions given the available
data. Flow assumptions appear to be reasonablecasistent with 2008 observations.
Temperature data gathered during the baselinessmseas suggests that TMDL analysis
assumptions should be revisited or TMDL implemeataplan activities should
incorporate the more recent data and findings. §hdlow assumptions were consistent
with observed data, changes in ranch managemenaffexy the volume of flows during
the irrigation season.
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