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ABSTRACT: Using nonparametric MarKendall testswe assessed lorigrm (1953-2012)
trends in streamflow and precipitation in Northern California and Southern Oreg6sites
regulatediby dams ard “unregulated’sites Few (%%6) siteshad significant decreasing trends

in annual precipitation, but September precipitation decn&% of sites Site charactestics
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such asunoff type (groundwater, snow, or rain) and dam regulation influestcedmflow
trends. Decreasing streamflow trends outnumbered increasing trends for mds exaept at
regulated sites for MageptemberSummer(July-September)tseamflowdeclinedat many
sites including 73% of unregulated sites in September. Applgib@ESS regressiomodel of
antecedent precipitatiors. average monthly streamflowve evaluated the underlying
streamflow.trend caused by factors other thitipitation.Decreasing trends in gcipitatiors
adjusted streamflowubstantially outnumbered increasing trends for most mofshwith
streamflow,"groundwatetominated sites had a greater percent of declining trends in
precipitationadjusted streamfi@ than other runoff type3.he most pristine surfageinoff
dominated,watersheds withingstudy areahowed no decreasesgrecipitationadjusted
streanflow during the summer monthshese resultsuggest streamflow decreases at other sites
werelikely due more to increased human withdrawals and vegetation chthagdsclimate

factorsother tharprecipitationquantity.

(KEY TERMSysurfacewater hydrology; runoffrivers/streams; precipitation; climate

variability/changewater supplytime seriesanalysis.)

INTRODUCTION

Wateravailability is a growing concern in theastern United Statder both humans and aquatic
ecosystemgparticularly duringhe hotand dry summer months (Moyle et al. 2013, Georgakakos
2014).Theselimate isvarming,shifting precipitationform from snow to rainreducing
snowpack;andausing earlier snowmdlRegonda et al. 2005, Stewart et al. 2(B&rnett et al.
2008. As a resultjn snowdominated watershedse timingof peak streamflow has shiftéal
earlier in theyear Regonda et al. 2005, Stewart et al. 204iflalgo et al. 2009 ritzeet al.
2011).Summer. streamflows are correlated with sprimgvgpack (Godsey et al. 2014) and
summer low. flowsare likelyto decrease as the climate warfiHuntington and Niswonger 2012,
Berghuijset:al- 2014 Vano et al. 2015Although the hydrologic effects of climate warming are
expectedobe,moreseverdan basins that currently receive substargraw raindominated
basins will also be affecte&or example,ricreased temperatures will increase

evapotranspiration of natural vegetation (Vano et al. 28t8increase watewithdrawalsfor
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irrigating agricultural crops and landscaping (Katul et al. 2012, Brown et al. #0b8}h rain

and snow-dominated basins.

Aside from theeffects ofa changing limate, aquatic ecosystems are addeady heavily
affectedby human activitiesatz et al. 203, Moyle et al. 2013)L.arge quantities of water are
withdrawn from surface and groundwatersdgricultural industrial, andesidential uses
(Kenny'et'al:"2009)Damsbuilt for flood control and water supply have altered the timing and
magnitude of'peak and lostreamflove (Magilligan andNislow 2005, Graf 2006). Other human
activities affecting landscapge/drology include urbanizatiofBoothand Jackson 199Avetland
destructiohreugh filling, draining Eretwellet al. 1996), and beaver trappifMpiman et al.
1988; hydraulic mining of floodplains (James 1999); and alterations of forests through timber
harvestBosch and Hewlett 1982, Moore et al. 2004, Creed et al.) 20thfire suppression.
Most of theseactivitiestend todecrease summer streamflowisth exceptons includingdam
releaseso supplement summer flows (Magilligan adslow 2005) and vegetation remowaht
can causestransient streamflow increases over-yedti periods (Jones and Post 2QIzhes et
al. 2009). &eamflowhasparticular ecological and societaiportanceduring summer because
humanwaterdemandsgrimarily for irrigation) are greateandstreamflowtends to be lower
than othersseasons.

Longterm-trends in streamflosan be caused by bassnale changéas vegetation and human
waterwithdrawalsas well agegionalclimate variablesuch as precipitatioandair temperature
The MannKendall test for monotonic tren#iélselandHirsch20002,Yue et al 20023 is the
statistical test most commonly useddetectiong-term hydrologic trends the western United
StateqClark 2010, Mayer and Naman 2011, Chang et al. 2012¢laed/herdPavelsky and
Smith 2006, Huo et al. 2008, Jiang et al. 2011, Patterson et al. 2012, Jung et. AhBGiS]
Merwade2014). Although many studies use th@ne statistical test to detect trends, the
methods used tascertairmechanisms cairg) streamflow change@.e., climate change or land
use)vary widely. These methods inclugdaired catchment studiegh(@o et al. 201,0Jones and
Post 200% regression modelsf precipitationstreamflow relationshipéuo et al. 2008)
including comparison of pre-impact and post-impact periods (Bosch and Hewlett 1982t Zhao e
al. 2010); comparing the slopetlong-termprecipitation and streamflow trends (Pavelsky and
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Smith 2006) energyvater balances and relationships betwenfall, potential
evapotranspiratiorgctual evapotranspiratipand streamflowZhang et al. 2001, Zhao et al.
2010, Jiang et al. 2011, Wang et al. 2013, Ahn and Merwade 2014); and physasaity/-
hydrological gmulationmodels (Arnold et al. 1998, Jiang et al. 2011, Zhang et al. 204el
et al. 2013, Wang et al. 2013, Ahn and Merwade 2014, Vano et al. 2015).

This articleevaluates longerm (1953-2012) trends in monthly and annsiaéamflow at

locations in"Nerthwest California and Southwest Oregon representing a wideofanageral

and humarcaused factors that affect those trends. This analysis focuses in particularmers
(Juy-Septemberytreamflovs, the depletion of which has contributed to population declines in
coldwateranadromousish species such as coho salm@mg¢orhynchus kisutgland steelhead
trout (Oncorhynchus mykisghatmust spend at least one sumnmeireshwater(Katz et al.

2013. Our study area includes streams teimig diversenatural variability (e.ggeology,

elevation, vegetatiorgndwildfire activity), as well avaryingdegree®f humanalterationand
impact Previous analyses of streamflow trends within our study area (Van Kirk anchNama
2008, Kim'and<Jain 2010, Madej 2011, Mayer and Naman ZxMaske and Freybe§14
focused orelimate change detecti@nd therefore onlgssessed streartisat are relativelyn-
impacted.byhumars. The only exceptions are Van Kirk and Naman (2008) and Kim and Jain
(2010) whoeachincludeda singlestream with highlympairedsummer streamflow&Scott

River). The detection of human and landscape alteration effects on streamflow is often obscured
by climateqvariability such as precipit@t quantity which is highly variable from year to year.
To disaggregate longerm trends in streamflow froslimatedriventrends in precipitation
guantity, we usel a simple statistical modé@Locally Estimated Scatterplot Smoothing [LOESS]
regressiomf monthly streamflow vsAntecedent Precipitation IndeRIP1]) to account for the
fluctuations.in streamflow caused by precipitation variabilitging this model, wassessethe

underlying.trends in streamflow causedfagtors other than precipitation

STUDY AREA

The study area spaa$i watersheds draining to the Pacific Ocean from the Mattole River in
northwestern California to the Rogue River in southwestern Oregon, including the Eel and
Klamath/Trinity RiverBasins(Figure 1). The studgreawas chosen tooincide with the range
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of the Southern Oregadxobrthern California Coast (SONCC) Evolutionarily Significant Unit
(ESV) of coho salmorQncorhynchus kisutghn order toinform the National Marine Fisheries
Services'development of an Endangered Species Act recovery plan for coho s&lMB (

2014), which was the purposetbe initial version of this studfAsarian 205).

The study area’isomprisedorimarily of mountainous terrain with some inland valleys and
coastal'plainsElevations range from sea level to 4300 m at Mount Shasta in California. The
study area extends from the Coast Ramd@sg the Pacific Ocean easttheKlamath and
CascadenountainsMost of thestudy area has steep slopes, impermeable bedrock, and high
precpitation @00—-400cm/yeal). The northeastern portion of the study area has permeable
volcanic geology and semtarid climatewith annual precipitation ranging from 30—-60 cm in the
valleysto over 150 cm at the highest elevations. Conifer forests dteirelower and higher
elevationsaandhardwoodorestsand grasslands are prevalentre midelevationsThe climate

is Mediterranean, with cool wet winters and hot dry summers, except along the/lceest
summertemperatures amreduced due to marine influendéost precipitationoccursin the

winter and'spring. Precipitation occurs as snow andataghevationgrom about 400 to 1,500 m,

with snowpack generally accumulating above 1,500 m elevitommid to late winter

Humanpopulation density iselativelylow and themajority of land isfederally-owned.

The largest population centers include Medford/Ashland (Rogue Bagn) and Klamath Falls
(Klamath River,Basinin Oregon, and Eureka/Arcata (Humboldt Bay) and Fortuna (Lower Eel
River) in California.ln those areaas well as the Shasta and Secnttr valleys of California
agriculturdl irrigation is widely practicg@able 1) Large dams (>50 Mof total storagejire
present along the upper reaches of the Klamathity,rigel, Rogue, and Applegatie@rswhich
substantially.regulate streamflow§able 1, Table S1 in Supporting InformatioRpsidential

and smaklscaleagricultural water withdsals on private landghroughout the study area,
including formmarijuanaGannabis sativpcultivation,are widely considered to have
cumulatively significant impacts tldwater anadromodssh populations (NMFS 2014).dba

to quantify these withdravaarerelatively scarceespecially since many of the diversions are
unregistered, but the amount of land devoted to marijuana cultivandthe accompanying
water diversions, appetr have increased dramatically in recent years (Bauer et al. 2015, Carah
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et al. 2015)Timber harveshas occurred throughout much of the area although it has been

reduced in recent decades on federal lands.

Major floods occurred in the study area in 1955 and 1964 (Lisle 1982, Mad@gakt?009),

and streamflews could kadfectedby theresultingaggradation. Channel aggradation increases
sedimenstored’in streambegdisicreasingnfiltration of surface runoff intestreambedsvhich

would becomesubsurfacéntergravel flowand not be includekh streamflow measurements.

Data on changes in geomorphological conditiaresnot comprehensively

summarized/accessibler the studyarea Available data indicatihat strearbedsin many

streams degraded back to stableslswithin 5 years of the 1964 flood (Lisle 1982), with
exceptionstincluding the lowest reaches of Redwood Creek where elevations did not peak until
the 1990s and are still degrading (Madej and Ozaki 2009), and Bull Creek which continued to
degrade until atdast 1982 (Stillwater Sciences 1999).

METHODS

StreamflonData and Catchment Boundaries

Longterml.S. Geological Survey (USGSireamflowgages were identified through the
GAGESIproject, which also provided Gl8ataset®f catchment boundari€Balcaeet al.
2010, Falcone 2011%treamflow @tafor 55 gagedrom theUSGSNational Water Information
System kittp://nwis.waterdata.usgs.gov/nwigcesse@013-02-13 weresupplemented by
additional datayat a subset of those dite the Oregon War Resources Departmef@WRD)
(http://apps:wird.state.or.us/apps/sw/hydro_near_real éiccesse@013-02-13) (Table 1,
Figure 1).The stream# this studyspan avide range of human influence frorelativelyun-

impacted to highlympacteddue toextensive dams andaterdiversiongTable 1)

Estimated, Accretions Betwe8ireamflowGages

Some riverbasins have multiple gages allowing for the calculation of accretions between gages.
These accretionserecalculated as theifference in observedrstamflow between the upstream

and downstream gages less any flow from additional gaged tributaries between gagés.
Accretions were calculated on a daily basis and then smoothed withyaakierage to reduce

the frequency of negative valud$ie calculated accretion represents the net contributions of all
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ungagedributaries springs, and groundwater inputs, minus removals from any diversions. The
calculated accretions inherently include the combined measurement error of all the component
gage and are therefore less accurate than flows measured at individualRggete the
increased_uncertainty, ti2 calculated accretior{f3able 2)provide valuable data to supplement
the network.ef gages within the study area (Table 1) by allowing evaluation of stneamf
unregulated tributaries which provide critically important rearing habitat for juvenile salmonid

fish in river'systems with regulated mainstem flaivs., Klamath, Trinity, and Eel rivers).

Classificationof Sites by Runoff Type and Flow Regulation

We classifiedsstreamflow sitéxy two criteria:runoff type (groundwater-dominated, snow-
dominated;sandain-dominated) and flow regulation by dams (regulated and unregu(aizole
1).

Geology and elevation affect hydrologiearacteristicsRatil 2014,Reidy Liermanret al 20129
including respanst chaming climate and land cover/land use (Mayer and Naman 2011,
Waibel 2013).+Adafing criteriafrom Mayer and Naman (2011), groundwater-dominated versus
surfacedominatedsitesweredifferentiated by modified base flow indeBRl, longterm average
of the ratie*of the annuahinimum 7day average flow to the annual mean daily flow), with
groundwater-dominated basins having BFI>02&facedominatedsiteswere urther
differentiated into rairdominated and snoweminated, according &levation andhe centerof
timing of streamflow(CT, the date by which 50 percent of the runoff in a water year has
occurred)."Snew basins had mean elevation >1200 m, and CTingaluringor after mid
March.Ralin basins hatheanelevation <1200n and CT in or before mitdarch.Nearly dl
groundwater-dominatesites occuedat elevations >1,200 m so we did ddterentiate these
sites by elevatioisnow versus rain). Some professional judgment was applied for cldgsifica

because dams-and water diversions affect base flow inde&Tand

Flow regulation wasssesselly comparing the combined voluroéthe water storage reservoirs
in awatershed contributing tosdreamflow sitewith total annuaivatershed precipitatiofTable

1). Reservoir volumes werlculatedusing the NOAA Fisheries Dams 2005 GISda{Goslin
2005) for California and the Oregon Dams 2010 GIS layer from the Oregon Department of
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Water Resource Completion dates for the major dams within the study area ranges from 1910-
1980 {Table S1 in Supporting Informatiprilotal annual watershed precipitation was based on
the 1981-2010 “normals” from the PRISorecipitation datas€teePrecipitationData section
below).Sites were classified as regulatédeservoirstorage was0.5% of watershed
precipitationin,watersheds with mainstem reservoirs or >2% in watersheds where no mainstem

resavoirs exist

Calculation ofStreamiiow Metrics

Key streamflow metrics were selected based on a review of previous analyses (Poff 1996, Madej
2011, Mayerand Naman 2011, Chang et al. 2012) and calculated fategehflow siteand

year. These'metrics includeinimum #day average flow, minimum 30-dayerage flow,

minimum 90day average flow, average flow for each month, annual mean flow, and center of
timing of streamflow Minimum flow 7-day average flowvasnot calculated for accretions

between gages due to the increased tsicgy at shorter timscales.

Estimaton.of. Agricultural Irrigation ConsumptivéVaterUse

We estimated annual consumptive water use by irrigated agriculture inlifoerGaportion of
the study-areausing data from tbalifornia Department of Water Resources (CDWE)WR
uses land use surveys and water use madelstimateannual evapotranspiration of applied
water (ETAW)at subbasin to basin scadevhich do not necessarily correspond to stfEam
gagecatchmentsUsing ETAWdatafor 1998-2001 (CDWR Annual Land & Watbise
Estimateshttp://www.water.ca.gov/landwateruse/anlwuest.degessedNovember 9, 2012
and 2002-2005Gholam ShakoufiCDWR, personal communication, February 26, 204:8),
calculateltheannual meaETAW for each subasin. We then evenly distributdte ETAW
across thagriculturallands in the 2006 National Land Cover Database (Fry et al. 20t

each subasin, and theaggregated the ETAW to the streamflow gage catchmentse(Tab

We followed similar steps to estimate agricultural irrigati@ierdemand irOregonusing
countydevel data fromHDR Inc. (2008); however, thdDR Inc.demandestimates include
adjustmentgor conveyancefficiency constant 80%) anidrigation efficiency (varied by

county/crop, range 5080%), so are higher thaBTAW. Therefore, we applied adjustments

This article is protected by copyright. All rights reserved


http://www.water.ca.gov/landwateruse/anlwuest.cfm�

factorsof 80% for conveyance (the same value useHDfR Inc) and 704 for irrigation
efficiency (the midlle of therangepresented by HDR Ingcto backealculateETAW valuesthat

are comparabl the Californiadata

The ETAW. estimates have a relatively high degree of uncertainty due to thepaisesm

required and inherent complexity; therefore, present these estimates to infanterpretation

of streamflowtrends, but do not formally use them to classify streamflow sites or use them in
guantitative'analyses (i.e., comparisons with streamflavgjgnificant limitation of the ETAW
estimatesiis that they only encompassiti@uhl legal agricultural cropgrown on prime
agriculturakland in relatively large fieddSmall irrigated pasturegardensandmarijuana
cultivation'sites are not includednother limitation is that these estimatisnot include

specific diversions to areas outside catchnbewnindariegi.e., large oubf-basin transfers from

the Eel and Trinity rivers).

Agriculturaltirrigation is the human activity with the largdsit not the only, consumptive use of
water in the study areAn early version of this study (Asarian 20 Estimated domestic
indoor/outdoor water use based on U.S. Census data and assumptions of per-capite viater us
these estimates are not included in this article due to their high uncer@iiméy uses including
industrial,thermoelectric power (i.e., cooling for electronic power generatioestiek,
aquaculture, and miningrealsonot included in this analysis. Counlgwel estimates for 2005

for these usesware available from the USGS (Kenny et al.;2@88¢ver, therés no

straightforward way to spatially downscale these estimatesttbasin or watershed scales.

Precipitation Data

Precipitationdata were obtained frorhé PRISM Climate Group
(http://www.prism.oregonstate.edagcesse@012-12-01), which combineseasured data from
individual weaher stations with an expert algoritiimmproduce a spatially continuouske
resolutionpreeipitationgrid for each month and ye@daly et al 2002, 2008 A monthly
precipitationtime series fothe area contributing teachstreamflow sitevas calculatedsing

ArcGIS Python scripts to clip each grid to the study area, coeseh grid celto a point
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feature spatially join the point® catchmenboundary polygonsand then calculate the mean

value within each catchment

Calculation of Runoff Coefficient
For each streamflow site and year, the runoff coefficient was calculated as total annual
streamflow.divided by total annual precipitatidmedian values are presented in Table S2 in

Supporting information.

Calculation of “PrecipitationAdjustedStreamflow” to Account foPrecipitationVariability
Precipitation isithe source of streamflow and is therefore directly correlated with the amount of
streamflowiLarge yearly fluctuations in precipitation may obscure underlying trends in
streamflowcaused by changesather climate factors aside from precipitatgprantity (e.g., air
temperaturesnow vs. rain, wind, humidity, coastal fog, etc.), vegetatiomaterwithdrawals.

When thevariation in streamflow caesl by precipitations removedthe underlying trends in

streamflowsean be observéidelsel and Hirsch 2002).

To avoid“acomplexmodel selectioprocesdor eachsiteto predictmonthly streamflow based
on precipitation from various time periodssimple approactwas utilizedbased orthe
Antecedent Precipitation Index (APThe APl is computed for each timestep as a weighted sum
of current'and previougrecipitation Precipitation in the current periad assigned full weight
and each preceding periedassigned a progressively lower weighie API is a proxy for soil
moisture andhas been used fedid bothstormflow (Fedora and Beschta 1988nhd baseflow
(Reid and Lewis 2011 Due to the availabilitypf monthly precipitation datan ithisarticlethe
APl is calculatedn a monthly timestep rather than the conventional diaigstep At sites
dominated, by surface runoff, APl was calculated for esitefat amontHy timestepby
combining.the precipitation in the given month with a weighted supneafipitation in the
preceding li'monthas:

APli = (Pi) + (P.a)(K) + (R2)(K) + (Ps)(K) + ... + (Pian) (k") 1)

whereAPI; is the API for month in units of cm, Pis precipitation for monthin unitsof cm,

and k is a dimensionless recession coefficient ranging from @toch is specific tahe gage
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and month. At groundwater-dominatsites the APlformulawas identicalexcept thaB6
months of precipitation ereused to account for midyear memoryfMayer and Naman 2011)
in those system recession coefficier(k) was calibratedeparatelyor eachsiteand monthy
maximizang Spearman’s rank correlation coefficidrgtween monthly avage streamflow and
API. Detalls,about calibration, recession coefficients, and correlation ceatficire provided in
the Supportingdnformation.

A Locally Estimated Sctrplot Smoothing (LOESSggression curve (Helsel and Hirsch 2002)
wasthenfit to the scatterplot omonthly streamflowvs. API, and theerror residualsvere
calculatedforeach year abserved minupredicted(for example Figure 3. Theseresiduals
represent thgariability in streamflowdue to factors other than precipitation andraferred to

as precipitatioradjusted streamflow (Helsel and Hirsch 2002).

Long-Term,Trendsn Precipitation Streamflow, and PrecipitatieAdjusted Streamflow
Longtermdtrends in precipitatioimonthly and annualstreamflowmagnitude (monthly
averageannual‘averaggndminimum 7%day, 30-day, and 90-dayweragg, streamflow timing
(date of water year on whidenter timing of streamflo)CT] occurs andlate of calendar year
on whichminimum %day, 30-day, and 90-day averageeamflow occurs)unoff coefficient
and precipitatioradjusted streamflowere analyzed using the nonparametric Madfendall test
(Yue et al..2002awhich iscommonly used for assessing hydrologic treségltroduction
section abeveThe MannKendall testassumes a lack of serial correlat{dtelsel andHirsch
2002).Prewhitening is sometimes usedremove the effect of seriabrrelation butthis can
reduce trend detection powefue et al. 2002bBayazit and On$2007,Sonali and Nagesh
Kumar 2013 and sometimes causeorrectresults ang et al. 20)4Bayazitand Onoz (2007)
found thatprewhitening is nonecessaryor large sample sizeg 60) and trend high slopes (
0.01).Givenour relatively high sample sigewe did not prevhiten We a&nowledge that serial
correlation.eouldhffect the statistical significance values we report

A p-value of 0.10 was used as the statistical significéimeshold for determining whether a

trend existdfor a given parametend site, following the convention used in similar previous

analysesClark 2010, Madej 2011, Chang et al. 2DMany figures also differentiate which
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results yielded fwvalues of <0.05. Given the 0.10 threshold and thiey@othesis test®ne per

site) performedon eactparamegr, the familywise error rate (i.e., the chance of at least one

Type | error [false detection of a non-existent trend]) is very high across threstady area.

Spatial autocorrelation between sites also likely present and should be considered whgn maki
inferences_about regienide trends. However, our purpose was not to make formal statistical
inferences,about umonitored sites within the study area, but rather to focus on the existence of
trends in the'gaged watersheds only, with a secondary purpose of understanding the factors tha
contribute'to'those trends (e.g., geology, elevation, precipitation quartiier climate variables,
regulation by dams, and other human influences). The results should thus be intergrebed as

descriptivesrather #n inferentialwhen considered in aggregate across the study area.

Testswere performed in R 2.15.2 (R Core Team 2Qis?hg theWQ package (Jassby and
Cloern 2012)To facilitate comparisorof trends betweesites trend tests were run on the 60-
yearperiod, 19532012 with some gaps allowedrollowing guidance from Helsel and Hirsch
(2002),sitesthat did not have at least 20% coverage (4 Yeamsach third (19531972, 1973
1992, 1993-2012) of the 6f@ar period were exclude@irend $opeswere calclated using the
nonparametic Sen slope estimator method (Helsel and Hirsch 2002).

A statistically significant trend in precipitatieaadjusted streamflowndicates a shift over timen
the relationship between streamflow and precipitaf@g., that monthlgtreamflove in recent
years are lower or higher th#mosein previous years with similar precipitatioN)hen
significanttrends were present for streamflow and precipitainsted streafiow, the Sen
slope of the precipitatieadjusted streartdw trend was divided by the Sen slope of the
streamflow trend to yield theercent of thetreanflow trend not due to precipitation a few
casesthe slope.of the precipitation-adjusted streamflow trenslgvaater than the slope of the
streamflow.tred, resulting in values exceeding 100#hich should be interpreted to mean that

the streamiflow declineas due entirely to factors other than precipitation.

RESULTSAND DISCUSSION
APl Modelto Calculate PrecipitatiorAdjusted Streamflow
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Optimal recession coefficients followeekpectedatterrs reflecting physical processes
according to runoff typelassification (i.e., highest at groundwatiminated basins and lowest
at surfacedominated rain basins) and month (i.e., higher in summer than winter andapring
surfacedominated rain basipgFigure S4 in Supportingpformatior). Although the streamflow
vs. APl madel,was originally designed for rain-dominated basins, it alsorped well at snow-
and groundwater-dominated basiSpearman’sorrelation coefficients were highest at rain
dominated basins and lowest at groundwdtaminated sites, reflecting more complex
hydrology“in‘the latter categorfFigureS5 in Supportingnformation). As expected, Spearman’s

correlation coefficients were lower at regulated sites than unregulate(Faiee S5).

Long-Term*Trendsn Precipitation

Of the 67 sites evaluated in this study, very f%6) hadsignificant decreases in annual
precipitation(Figure 3a)However all sites had at least one month with a precipitation trend
(FigureS6in_Supportinginformation). The most geographically widespread trend aas
decreas@nsSeptember precipitation, which occurred@@¥%o of sites(Figure 2I, Figure 4),
confirming‘results previously reported by Madej (2011) for the western portion siuithe area.
Other precipitation trends were more geographically limited and includedasdecd August
precipitation primarily in the Eel and Trinity Basinstire sautheastern portion of the study area,
increased April precipitation in the Upper Rogue Basins and the Upper Klamsith Bicreased
May through July precipitation in parts of the Eel River Basin and neawdstal area@he
absolute amount of precipitati in these months is still very low relative to the rest of the year),
and decreased January precipitation in the Middle Klamath Basin as well as parts of the Eel
River Basin and the upper lllinoRiver (FigureS6in Supportingnformation).September was
the only month with a geographically widespread decreasing trend in API (not shown),

apparentlyfrom decrease&eptembeprecipitationrather tharprior months.

Long-Term frendsn Annual Streamflow

Annualstreanflows declined at 2% of sites,primarily in groundwater-dominategites in the
Upper Klamath Basi(Figure3b) where Mayer and Naman (2011) had prewodscumented
decliningstreamflow exceeding the 9% of sites that had declining annual precipi{&igure
3a). Onlyonesite the regulatedrinity River at Lewistonshowedsignificant increases
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annual flow due to reducedaterdiversiors as part of aiver restoratiorprogram USFWS and

HVT 1999,Beechieet al. 2014)This was als@ne of only foursites(6%) with an increasing

runoff coefficient. In contrasti6% of sites had declining runoff coefficieliisgure 3c) The

cause of théleclining trends in runoff coefficienis unclearPotential explanations include

some combination of increased vegetation/forest evapotranspiration (from climate change and/or

change inforest stand structure/composition) and/or increesed diversions

Long-Term Trendsn Monthly Streamflow

Seasonalistreamflow trends varied by month and appeared to be affected by hydrologic
regulation.aswell asinoff type (i.e., geology and elevatigigure 5) Overall, the percent of
sitemonths*with significant flow decreases substantially outnumbered thdssignificant
increasegFigure 4b, Figure 5, Figure 6t unreguated and regulated sites, declining flow
trends vastly outnumbered increasing flow trends for October through April (Figkiguse 6.
For the remainder of year (May throug§kptembeér regulated and unregulated sites showed
opposing patterns with increasing trends outnumbering decreasing trends atdegidatend
decreasing'trends outnumbering increasing trends at unregulatgéFigjtes5, Figure 6) At
someregulatedsites (Rogue andpplegaterivers) increased May through October flows
reallted fremdam construction partway through the 1953-2012 trend period, while in others
(Eeland Trinity river$ instream releases from reservairsre increased to benefit coldwater
anadromousisheriesin recent decaddtJSFWS andHVT 1999, NMFS 2002)At regulated

sites the month, with the largest percentage of declining flows was Febru&sy (Biyure 5,
Figure 6). September flowdeclined a73% of the unregulatesites more than in any other
month Eigure 5 Figure §, likely due in part to decread precipitation in that month (Figure 3d,
Figure 4a), although the relative magnitude of the declines were greater in Noteamnbe
September (Eiguré). Groundwatedominated sitead more months with declining streamflow
than other runoff types (Figurg.No unregulatedain-dominatedsite had a significant increase
in streamflowin any month (Figure 5). The monthly patterns in the relative magaoftude
increases/decreases (Figdjdargely matched those of the percent of increasing/decreasing
trends.The absolute magnitude of increases/decreases were greatest in November through April

(FigureS8in Supporting Information), the months when streamflows are higoethe 14
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gages analyzed both here and by Sawaske and Freyberg (B@lgrgtence/absemand
direction of trends in streamflow during the summer months nutsely.

Long-Term Trendsn 7-day, 30-day, and 90ay Streamflow

Trends in the.magnitude ofinimum #day, 30-day and 98ay averagéw flows were similar
to each other, and were highly affected by hydrologic regulation (Figure S7 in Supporting
Information)."Approximately 48-54% of unregulated sites shosiguificantdedines while only
2-4% of these'sites showed increada contrast, 4-48% of regulated sites increased while
15% decreasedignificant tends in the timing of the minimum 7-day, 30-day and 90-day
average flowsvere largely confined to regulated sites, with those flows occumiegih the
calendar year at8456% of regulated sitesbut only 4-10% of unregulated sitésr regulated
sites where low:flows occurred significantly latitire mediardelaynormalized across the entire
60-year trend periodvas41 days for the 7-day average low flow, 30 days for thdé0average
low flow, and 38 days for the 90-day average low flow (not shown).

Long-Term*Trendsn Center of Timing of Streamflow

The centerf timing of streamflow(T, the date by which 50 percent of the runoff in a
hydrologiesyear has occurred) occurggnificantly later at 3% of unregulated sites and%%bf
regulated sites, comparedaly one siteoccurring earlie(Figure S7 in Supporting Information).
This shift towards later rungfivhich occurred at sites dominated by surface runoff (not
groundwater)ymatches regional trends of later runoff in rdominated basins of the Pacific
Coast of thedd(S. (Stewart et al. 2005, Fritze et al. 201d9.of six snowmeltdominated sites
(Scott RiverandWilliamson River near Klamath Agencg)so had later runoff, contrary to
trends detected.isomeprevious analyses (Regonda et al. 2005, Hidalgo et al. 2009) that found
earlier runoff.inother areas of the western United Stdtegside our study area) in response to
climatewarmingcausing earlier snowmelt and precipitation form shifting from snow to rain.
Chang et al((20123)etectedsery few significant trends i€T in unregulated streams in Oregon,
Washingtony ldaho, and western Montana for the yE268 to 20080ur results suggest that
increased precipitation during the spring months (Figure 4g)dréally offsetthe effects of
climate warming on spring runoff timingowever it is uncertain whether increased spring

precipitation will continued occur.
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Long-Term Trendsn Precipitation-Adjusted Streamflow

Trends inprecipitationadjusted streamflow varied by month and degree of hydrotegidation
(Figure 4c, Figure 5, Figure.&recipitationadjustedstreanflows declined significantly in at
least one of.theummer(July-Septemberinonthsat 35 out of 67 sitesDecreasing trends
substantially outnumbered increasing trends for most months except June through Segitember
regulated 'sites'and January and March at unregulated sites (Figure 5). The morighest
percentage ‘of unregulated sites with declining trends were July through November (%).to 58
There were a greater percentage ofsiteths with significant trends farecipitationadjusted
streamflowthan,forstreanflow (Figure 4, Figure 5), likely because accounting for precipitation
reducesnterannual variation that can obscure trerswith streamflowthe percent ofites

with declining precipitatioradjusted streamflowas greater for groundwatdominated sites

than other runoff types (Figurg.®n September at unregulated rairdiminated sites, the
percent of sites with a declining tre(feigure 5), and the median trend magnitude (Figlire 7
wassmallerforiprecipitatioradjusted streamflowhanfor streamflow, coincident with declining
September:precipitation (Figure Zhe presence/absence and directiotrarfds in
precipitationadjusted streamflomatcheghe trends irbaseflow recessioreportedby Sawaske
and Freyberg (2014) for 12 of 14 gages included in both analyses.

Comparing.the Sen slope of tsieeanflow trend withthe Sen slope girecipitationadjusted
streamflowstrend allows quantification of the relative contribution of precipitation to the
observed trend istreanflow. A spatial pattern is apparent for unregulated sites in the month of
September, which had the most widespread streamflow declines, with fatbrsan
precipitationaccounting for over >75% of the streamflow decline at many sites in the Upper
Klamath Basin.and Upper Rogue Baaswell as the Scott Rivewith lesserbut still substantial
amounts (30-75%) at many sites in the southwest portion of the study area (Redwdod Cree
Mattole River; and Eel River Basin) (Figude

Potential Explanations for Trends RrecipitationAdjusted Streamflow

The data and methods we used do not allow for quantification of the relative impies of
various factors contributing to the declines in precipitation-adjusted stosamfhich include
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some combination aohcreased watawnithdrawalsand/orincreased vgetationforest
evapotranspirationincrease vegetation/forest evapotranspiratioould bedue to changes in
climate (i.e, air temperature, wind, humidity, or precipitation shifting from snow to rain) and/or
forest structure/compositioBy carefully examininghe trendghat have occurred over the study
period in watersheds with contrasting conditions and histories, we can develop hypatioeses
causal meehanisms that could be tested with additional analyses.

The most pristine surfaaeinoff domnated watersheds within tkeudy aredi.e., those with

very fewwater diversiongelatively little history of timber harvest, and few roqdsuch as

Elder Creek, Smith River, Salmon River, and tributaries to the Klamath River between Seiad
Valley and'@leans, showed no decreases in sunpnecipitationadjusted streamflow (Figure

8). Thisindicateghat streamflow decreases at other sites were likely due more to increased
human withdrawals and vegetation chantpas to climate factors other than prétpon

guantity, however, aglimate warming continues in future years, even the most pristine
watershedsvill=likely experiencesummerstreamflowdeclines For examplein five Pacific
Northwest'basins outside our study area the avenaghcteddecreasén streamflowper I'C of
annual warming was 31%, 21%, and 7% for July, August, and September, respectively (Vano et
al. 2015).

Our results, appear to support the hypothesis that water withdrawals are an important factor, but
not the only'one, cdnbuting to the declining trends in precipitatiadjusted streamflows. There
were few declines (though not none, e.g., Bull Creek and Rogue River Above/Below Prospect) i
those watersheds with the least amount of diversions (e.g., those cited in ibesppavagraph

as well as.Little,River, South Fork Trinity, upper Trinity River, and accretioriettotver

Trinity River)«ln the Scott River, where precipitatiadjusted summer streamflow declined

(Figure 8)sreductions in base flows since the 1970s have been attributed to thcrease
groundwater pumpingnd decreased snow accumulafigan Kirk and Naman 2008). There is a
general lack'of data regarding smsdiale domestic arafricultural withdrawalsvithin the study

area however, Bauer et al. (2015) estimated water use for marijuana cultivatmur in f
watersheds, including Redwood Creek near Blue Lake (gage 11481500) where our results show

daily precipitatioradjusted streamflows for the month of September are decklniagate of
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166 nt d* yr' (1.1% of thel5,178 m d* median daily September flow) (Figure 8) yielding a
total reduction of 9,957 fd™* over the 60-year study period. Estimated daily wagenfi
marijuana plants in the watershed was 6831 (Baueret al. 2015), equivalent to only about
5% of the total reduction in streamflow, which suggests other faateralsaontributing to

decliningpregipitationadjusted streamflow.

Severallines'of evidenseiggesthatchanges tavatershedregetatioraffectedthe trends in
precipitatioradjustedsummer streaftow. First, evapotranspiratio(ET) typically accounts for
more than 50% of annual precipitation in forested watersheds (Zhang et al. 200 Btj\wsalyel
small changes«could have large effemtdow summerstreamflove. Secondmostforess within
thestudy arearhave been harnees{NMFS 2014), converting older forefitst to clearcuts
which increase 'streamflow for a mejtear period immediately after harvest (Jones and Post
2004, Jones et al. 20080t then resulin young regenerating standgh high ET ratesin the
following decadesNloore et al. 2004, Jassalat 2009, Creed et al. 2014). For exampial)
Creeks gagemwas installed in 1961 soon after most of the watershed had beamtlear
(Stillwater 'Sciences 199@ndas the forest has regenerated due to protection within a state park,
summer/fall precipitatioradjusted streamflosvhave declined despit@ving almost no
diversions«(Figure 8Bull Creek isstill degrading through massive aggradation that occurred
during the 1955 and 1964 floods (Stillwater Sciences 1988Ring the streamflow declines
even more.remarkable becauseovery from aggradation would bgpectedo increase
summerstreamflow due to less infiltriain into subsurface sedimenn alternative explanation
for Bull Creeks‘trends igdecliningcoastafog (see below)A contrasting example is provided
by Little River, which also has nearly no diversions but where timbdvdesactively harvested
throughout the gaged record arrégpitatioradjusted summer streamflow did not decline in
any month (Figure 8). Thirdiré suppressiomas allowed Douglas fiPceudotsuga menziésii
trees to encroadhto prairies and oak woodlands (Engber et al. 2011). Encroachment is likely
occurring aeross large portions of our study area, including the Mattole, South Forartel,
Duzen River,.antRedwood Creek watersheds whesvenmer precipitatioadjusted streamflow
is declining (Figure 8)however, encroachment has not besefi quantifiedexceptin the Bald
Hills at the eastern edge of Redwood Creslereprairieswerereduced by up td4% between
1875 and 199@ritschle2008)and the Little Bald Hills in the Smith River watersiveldere
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grassdominated areadecreased by approximately 80% from 1942 to A&ahara et al. 2015)
Conversely, th&almon Rivers the site with the greatgsércent of area burned in wildfires in
recent decadeandis alsothe only unregulated stream with increasing precipitation-adjusted
streamflow for all three months Ju8eptembe(Figure 8)as well aghe only gage for which

Sawake and.Freyberg (20)1#eported a decreasing trend in the rate of baseflow recession

Anotherfactorthat could explain declining precipitatamjusted streamflown Bull Creek is

that summerdg along the California coast declined during the 20th century (Johnstone and
Dawson2010). Annual wood production in olgrowth redwood $equoia sempervirengees on
Bull Creek’s alluvial flat§downstream of the gaging station) was higher from 1970 to present
than any time since at least 1750, likely due in part to reducetldod/@ver and increased

light availabilityy(Sillett et al. 2013Carroll et al. 20141 However precipitationadjusted
streamflow in Little Riverwhich also has redwoods and coastal fog influence, dideubine
(Figure 8)

CONCLUSIONS

Not surprisingly, regulation by dams appeared teriex strong influence on trends in streamflow
and precipitatioradjusted streamflovReservoirs torewinter and spring runoff, increasing
summer water suppliesd providing a source to supplemesithdrawalof summer streamflow
Whether increasingummer streamflow trends occurred at regulated sites depended in part on
the timing of‘dam construction relative to the trend period evaluete@singrend in Rogue

and Applegate‘rivergnd instream flow requiremenigagreasing trends in Eel and Trinity
rivers).In basins without surface water storagservoirsthe only sourceavailablefor water
withdrawalsin summerarediversion of streamflow and extraction of groundwétérich is

often connected tstreamflow. As a result, summer streamflow declimgsre much more

common at.unregulated than at regulatieels.

September‘precitation decreaseacross almogheentire study area, but our application of a
model of the relationship between antecegeecipitation ad streamflows indicatetthat
precipitationexplainedonly a small portion of the observed declines in streamflow in most

months.The most pristine surfageinoff dominated watersheds within tsieidy areashowed no
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decreases in precipitatiaadjusted streamflow during the summer months, indicating that
streamflow decreases at other sites were likely due more to increased human withatrdwals
vegetation changes than to climate factiher than precipitatn quantity. This is likely to

change in_the future as the increasing temperatures will increase evapotranspiration and decrease

streamflow /anoet al.2015).

Dedining streamflows, which occurrgatimarily at unregulated sites in the summer and fall and
regulated 'sites’in the fadind winter is atroubling indicatorfor the future ofanadromous
salmonid fisheriesvithin the study aredecreasing summer streamflow reduces the quality and
guantity ofspooels available where juvenile fish can survive during theudnymer monthgMay
and Lee 2004): Declining fall flows could affect migration and spawning of adulbsals)

which use flow increases as migratory cues and a means by which to enter small streams
(Shapovalov andaft 1954). The conventionapproach to increasing summer water supply is
construction of newlamsand reservoirdDams have profound effects on river ecosystems,
including impeding species migration and altering sediment dynamics (Ligon et alGra9€5,
2006), hydrolegy (Magilligan and Nislow 2005), and food webs (Power et al. 1996). Due to
these effects, dams have been identified @#naary cause of declining salmon populations
within the.study area (Katz et al. 2013, NMFS 2014); thus, construction of new damkeb/unl
to be asuccessful strategy fancreasingsummer streamflow without causing other detrimental
effects to aquatic ecosystems an alternative to da#mased water storaga program to equip
rural residences wittanks to storspring and winter runofior summerse has reduced summer
water withdrawals and resulted in measureable increases in summer lownftoedviattole

River at the south end of tiseudy aregSchremmer 2014). Another potential method for
increasingsummer flowss to reduce forest evapotsgpirationby harvesting treesr burning
(Bosch and Hewlett 1982); however, the hydrologic effettngle treatments are transient,
repeated treatments caause sedimentation and flooding (Jones et al. 2806)there are
substantiabbstacles to widespread implementati@remer1997). A third approactor

increasing summer flows ie increasehe capacity of the landscape to store whyer
reconnednhg floodplains andaising groundwater tablemcluding utilizingbeavergCastor

canadensisa mammal native tour study area [Lanman et al. 2013]) and beaver dam analogs
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(Beechie et al. 201Rollocket al. 2014)Finally, another essential step toward increasing

streamflow is to reduce consumption of water for human uses.

SUPPORTING INFORMATION

Additional supportingnformation may be founth the online version of this articlefable of
major damsn the study arealetailsabout theAPl model used toalculateprecipitatiorn

adjusted seamflowincluding thecalibrationprocess, recession coefficierasd correlation
coefficients mapsshowing trend results for additionarametergmonthly precipitation,
magnitudé&iming of low flows, and center of timingdnd charts showing absolute magnitude of
trends in nanthly steamflov and precipitatioradjusted geamflow
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TABLE 1. Site Information for Str@mflow Gages.

Map - Basn Mean Max Annual Run. Flow Res. ETAW Streamflow

Gage Name (Abbreviated) GagelD Area Elev. Elev. Precip. BFI CT Stor. (Mm% )
No. Type Reg. Period of Record

(km? (m) (m) (cmiyr) (%) yr)

1 Rogue R Agness 14372300 10197 928 2862 104 27 02/24 G Y 7.8 198.6 19612012
2 Rogue R Grants Pass 1436150( 6362 1006 2862 97 35 03/09 G Y 115 1647 19402012
3 Rogue R At Raygold 1435900C 5310 1073 2862 100 41 03/18 G Y 13.4 1476 19062012
4 Rogue R Dodge Bridge 14339000 3155 1186 2862 117 44 03/25 G Y 16.6 8.1 19392012
5 Rogue R Near:Mcleod 1433760( 2438 1295 2862 122 49 04/14 G Y 20.8 1.4 19662012
6 Rogue R Blw Prospect 14330000 986 1425 2457 137 52 04/01 G N 0.1 0.0 19141930, 19692004, 200612
e Rogue R Abv Prospect 14328000 811 1476 2457 139 45 03/29 G N 0.0 0.0 19091910, 19241998
8 llinois R Kerby 1437710C 985 880 2142 191 3 02/08 R N 0.0 7.6 19622012

Sucker Cr 1437510C 217 1210 2142 151 11 03/06 S N 0.0 0.0 19661991, 19922012
10*  EF lllinois R 1437250C 140 1116 1922 230 5 02/14 R N 0.0 0.1 192831, 194296, 2001, 20012
11  Applegate R Copper 1436200C 580 1294 2248 118 20 03/13 S Y 15.7 0.0 19392012
12  Applegate R Applegate 14366000 1253 1121 2248 97 17 03/08 R Y 8.9 4.6 19392012
13 SF Rogue R Nr Prospect 14332000 217 1562 2261 124 12 04/11 S N 0.0 0.0 19251931, 1952012
14 EIk Cr Trail 1433800C 336 950 1758 118 1 02/13 R N 0.0 0.1 19472005, 20072011
15 Big Butte Cr Near Mcleod 1433750C 641 1076 2862 99 26 03/01 G Y 2.4 0.6 19461957, 1968012
16  SF Big Butte Cr Ab\Willow Cr  1433520( 184 1265 2862 105 44 03/25 G N 0.0 0.4 1936200F, 20082012
17 NF L Butte Cr Nr L.akeCr: 1434300C 100 1395 2862 117 39 05/13 G Y 24.5 0.0 1912, 1923192785, 200412°
18  NF L Butte Cr At F LINr LakeCr 1434250C 43 1632 2862 130 16 06/25 S Y 50.7 0.0 19171996, 20092012
19 BearCr At Medford 14357500 722 1007 2281 71 16 03/12 R Y 12.0 33.1 1921:1981, 19882004, 200612
20" Smith R 1153250C 1578 772 1944 259 6 02/06 R N 0.0 0.0 19322012
21 Klamath R Klamath 1153050C 40912 1317 4303 94 17 03/03 S Y 15.0 1003.2 191126, 195194, 19982012
22 Klamath R Orleans 1152300C 31496 1395 4303 75 24 03/09 S Y 105 996.9 19282012
23 Indian C 1152150C 310 1128 2149 193 10 03/04 R N 0.0 0.0 19582008, 20162012
24  Klamath R Seiad Valley 11520500 27503 1431 4303 62 33 03/12 G Y 144 996.7 19131925, 19522012
25 Klamath R Iron Gate;:Dam 1151653C 21541 1489 2858 58 43 03/06 G Y 18.9 766.2 19612012
26 Klamath R JCB Pwrpint 1151070C 18500 1502 2858 57 36 03/05 G Y 19.2 6857 19602012
27  Klamath R Keno 1150950C 18081 1503 2858 56 31 03/08 G Y 19.8 683.0 19051913, 1932012
28 Link R Klamath Falls 1150750C 9787 1559 2858 69 23 03/15 G Y 17.7 167.1 19622012
29  Williamson R Blw Sprague R 11502500 7820 1578 2751 63 50 03/30 G N 0.3 52.6 19181922, 19242012
30  Williamson RKlamath;Agency 1149350C 3475 1563 2751 72 1 0320 S N 0.0 13.3 19551995, 19992012
31  Sprague R Chiloguin 1150100C 4121 1600 2535 56 33 04/02 G N 0.6 38.2 19222012
32  Sprague R Beatty 11497500 1362 1642 2535 54 33 04/08 G N 14 8.1 19542012
332 Salmon R 11522500 1943 1298 2664 148 9 03/18 S N 0.0 0.0 19121915, 1928012
34  Scott R Ft Jones 11519500 1714 1319 2587 77 6 03/18 S N 0.1 81.5 19422012
35 Shasta R Yreka 11517500 2047 1227 4303 66 12 02/09 G Y 56 139.6 19341941, 19462012
36  Trinity R Hoopa 1153000C 7391 1149 2749 144 11 03/05 R Y 30.4 1.7 191213, 191718, 19322012
37  Trinity R Burnt Ranch 1152700C 3727 1250 2749 135 19 03/18 S Y 62.6 0.0 19321940, 19572012
38  Trinity R Lewiston 11525500 1862 1417 2749 150 29 04/11 S Y 1150 0.0 19122012
39? Trinity R Coffee Cr 11523200 383 1630 2749 130 9 04/07 S N 0.0 0.0 19582012
40%  SF Trinity Hyampom 1152870C 1980 1122 2385 144 4 0221 R N 0.0 1.7 19662012
41  Redwood Cr Blue Lake 1148150C 175 893 1619 199 2 02/16 R N 0.0 0.0 195458, 197393, 19982012
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Basin Mean Max Annual Res. ETAW

Map ) ) Run. Flow s Streamflow
Gage Name (Abbreviated) GagelD Area Elev. Elev. Precip. BFI CT Stor.  (Mm?/ )

No. Type Reg. Period of Record

(km?) (m) (m) (cmiyr) (%) yr)

422 Redwood Cr Orick 11482500 718 558 1619 186 2 02/09 R N 0.0 0.1 19121913, 19542012

432 Little R 1148120C 105 333 1027 165 4 02/05 R N 0.0 0.0 19562012

44 Mad R Arcata 1148100C 1257 800 1834 168 2 02/10 R Y 3.2 0.9 19111913, 19512012

45 Mattole R Petrolia 11469000 623 417 1221 195 2 02/02 R N 0.0 0.8 19121913, 19512012

46 Eel R Scotia 1147700C 8062 786 2306 159 1 02/10 R Y 0.9 14.1 19111914, 19172012

472 Van Duzen R 11478500 572 923 1788 166 1 02/05 R N 0.0 0.0 19512012

48" SF Eel R At Lleggett 11475800 642 626 1289 192 3 02/06 R N 0.0 0.5 196694, 20002004, 200812

49  SF Eel R Nr Miranda 11476500 1390 526 1289 185 2 02/05 R N 0.1 0.5 19402012

502 Bull Cr 11476600 72 473 1023 182 1 02/05 R N 0.0 0.0 1961-2012

512 Elder Cr 1147556C 17 848 1277 247 3 02/10 R N 0.0 0.0 19682012

52 Eel R Fort Seward 11475000 5457 922 2306 154 1 02/10 R Y 1.3 12.7 19562012

53 Eel R Van Arsdale 1147150C 904 1070 2140 138 3 02/18 R Y 8.4 0.0 19111926, 1928012

54 Eel R Scott Dam 1147050C 750 1111 2140 138 15 02/22 R Y 10.1 0.0 19232012

552 MF Eel R 1147390C 1925 1122 2306 154 1 02/17 R N 0.1 0.0 19662012

Notes: Basin elevation, area, and precipitation were computed for thenesiicarea contributing to site. Map numbers refer to Figure 1.
BFI = modified baseflow index. CT = center of timing of streamfidd1/DD). Key to runoff types: G groundwatedominated, S =
snowdominated, R = rahdominated. Sitewereclassified as regulatednéservoir storage as % of watershed precipitation [Res.
Stor.(%)]is >0.5 if mainstem reservoirs present or >2 if mainstem reservoirs ab$&W = evaporation of applied water on

agricultural lands.

ISite listed as “referefice” by GAGHSB(Falcone 2011).

%Sjte included in USGS HydroClimatic Data Network (HCDN) 2009 (Lins 2012).

*Two to four years missing within the period of record.

TABLE 2::Sitesinformation forCalculated Accretions Between Streamflow Gages.

Basin Mean Max Annual Res. ETAW

] Runoff Flow
Accretion Name Formula Area Elev. Elev. Precip. CT Stor. (Mm¥

No. ) Type Reg.
(km?) (m) (m) (cm) (%) yr)

Klamath R Accgtions:
56 21-22-36 2025 717 2106 197 02/19 R Y 0.0 4.6
Klamath*-Qrleans — Trinity R

Klamath’R"Accetions:
57 22-24-33 2050 1007 2232 188 02/26 R Y 0.0 0.2
Orleans- Seiad — SatmR

Klamath R Accetions Sead

58 - IronGate — ShastR — 24-2535 2201 1142 2521 86 03/16 R Y 0.0 9.4
Scott R
WilliamsonR: Williamson R

59 2931 3699 1554 2751 71 03/24 G Y 0.0 14.5
— SpragueRr

Williamson R Accetions:

60 Below Sprage— Spraguér - 29-31-30 224 1413 1753 58 03/24 G Y 0.0 11
Klamath Agency
Sprague R Acations:

61 ) ) 3132 2759 1579 2469 57 03/22 G Y 0.2 30.0
Chiloquin- Beatty
Trinity R Accretions Hoopa-

62 o 36-37-40 1684 958 2308 164  02/22 R Y 0.0 0.0
Burnt Ranch- SF Trinity
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Basin Mean Max Annual Res. ETAW
Map ) ) Runoff Flow 5
Accretion Name Formula Area Elev. Elev. Precip. CT Stor. (Mm°/

No. ) Type Reg.
(km9) (m) (m) (cm) (%) yr)

Trinity R Accretions Burnt

63 ) 37-38 1865 1084 2724 121 03/04 R Y 0.1 0.0
Ranch — Lewiston

Redwood Cr Acations:

64 . 42-41 543 450 1247 182 02/11 R Y 0.0 0.1
Orick - Blue Lake

Eel R Accetion|Scotia- Ft

65 . 46-52-49 1215 470 1710 155 02/09 R Y 0.0 0.9
Sevard= SE:Miranda

SF Eel R"Accetions:

66 ) 4948 748 440 1245 179 02/06 R Y 0.1 0.0
Miranda - Leggett

Eel R Accetions Ft Sevard -

67 525355 2628 725 1882 159  02/06 R Y 0.1 12.7
Van Ars- MF

Notes: All notesto Table 1 also apply héflee numbers in the Formula column refers to the map numbers (FigLeblé
1) of the gages from which the accretion is calculated (downstream minus upstrearamyigaged tributariespodified
baseflow indeXBFI) is not shown because minimum flowd@y average flow wasot calculated due toigh uncertainty of
calculated aaetionsatsuch shortime scales
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FIGURE 1.Map Showing the Location and Runoff Type for teSireamfbw Gages and the
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indicators of hydrologic alteration.
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FIGURE 5. Percent of Streamflow Sites With Significant Increasing or Decreasing Trends in a)
Monthly Streamflow and b) Precipitation-Adjusted Streamflow, Grouped by Runoff

Type.

FIGURE 6..Frends in Mean Monthly Streamflow at Streamflow Gages, 1953-2012.

FIGURE 7."Relative Magnitude of Trends in Monthly a) Streamflow and b) Precipitation
Adjusted Streamflow, Grouped by Regulated/Unregulated Streams and Runoff Type.
Y-axis is cropped for clarity, eliminating some outliers.

FIGURE 8»Trends ifPrecipitatiorAdjustedMean Monthly Streamflow at Streamflow Gages,
1953-2012.

FIGURE 9. Percent of Magnitude of Declining 1952-2012 SepteBibeamflow Trends
Explained by Factors Other than Precipitation. Only unregulated sites are shown due
toa’stronger linkage between streamflow and precipitation. Values exceeding 100%

indicate the streamflow decline was due entirely to factors other thaipitation.
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