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Abstract
The pond and plug incised mdow restoration method, used for meadows in

the Sierra Nevada Range, takes availaelgimentson site to fully dam the incised
channel in several places. Each damplug,creates a pond as the water table rises
closer to the meadow surfac&roundwaterstorage gained from restoration may alter
flow paths and water availability. Water flowing through the meadow is elevated and
slowed by floodplain spreading, meanders, and roughness from vegetation. Expanded
riparian vegetation and slowed water transpantrease evapotranspiration (ET)
following restoration. Usingandsat derive@iDVI(Normalized Difference Vegetation
Index)as a proxy for ET in thirtpeadowswe found a significant increase in average
NDVI of 0.07 following restoration-{@lue < 0.05)NDVI decreased following

restoration at only one site. Conceptually meadows may acApe sponge, storing
abundant water from snowmelt or precipitation and releasing water in dry periBiis;
valve, regulating water outflow from springs recharging teadow; and/orC) adrain,
draining water from the meadow to a regional aquifAreas in gght meadows were
classified into theethree conceptual models using ET (meadow and pond), summer
pondandgroundwater elevatios, stream flow data, and climate tha Evaporation

from open pond watemade up 7% of total meadow ET. Meadow ET estimates ranged
from 0.32 m to 0.40 m. In ponds, -BD% of the summer declined(11m to 1.78 m) was
attributed to ET This study was conducted in a dry period and the daflaceeffects of

below average precipitation.
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1.0 Introduction
This study focusion mountain meadws in Northern California restored with

the pond andplug technique developed in the ea@d n @Qiadquist& Wilcox 2010)

The fewpublishedstudies of restored meadowydrologytend to be case studies
(Loheide & Gorelick 2005; Loheide & Gorelick 20@ague et al. 2008; Hammersmark et
al. 2008; Hammersmark et al. 2009; Loheide & B@®th1). One of the major criticisms
of restoration work is the lack of long term monitori(ipague et al. 2008;
Hammersmark et al. 2009).ong term monitoring is necessdrgcause of high

variability in response to restoration and lack of ability to predict thessponses
(Hammersmark et aR009). Lack of long term monitoring is often due to funding
limitations or the lack ohuman resourceto continue to collect and arngze data

(Tague et al. 2008). This study supports the larger goal of restoration in meadows of the
Sierra Nevada Range and ecologically similar redpgissudying eight pond and plug
projects over three water yeats further develop three conceptual naels (Hill 2011
Hill2012)that describe surface water to groundwater interactions.

In addition to conceptuahydrologicmodel developmentan objective of this
researchwas to assess the impagot restoration onmeadowevapotranspiration (ET). A
stated goal of restoration efforts is to returan incised¥ S R2 g ol ISIR2 &6 S
conditions by raising the groundwater taklendquist & Wilcox2000) Elevated
groundwater levels aid in the expansionrigfarianplant communities Expansion of

facultative and obligate wetland plantiecrease the extent of xeric plants in the


http://feather-river-crm.org/

riparian corridorand heighten transpiratiorCollected data and subsequent anays

have been formatted into a manuscript for submissiorRiestoration Ecology.

2.0 Literature Review
Meadow degradation results frorneffective or nonexistent watershed

managementStream incision in a degraded meadmitiates a positive feedback loop

with negative environmental effects (Loheid@eGorelick D05). With rapid settlement

of the Western United States little attention was paid to the consequences of
development on local ecosystems. Lack of land managenesatted in varying degrees

of streamandmeadow degradationGottam 1929; Heede 197%ohl 2005). The main
causes of meadow damage are extensive logging, improper grazing management, water
diversion, anctonstructedroads and raibads Elmore & Beschta 1987; Allddiaz 1991;
Tague et al. 2008; Loheide et al. 2009)thropogenic degradation ases through

different mechanisms and at different scales. It is imperative to tailor restoration

projects and goals to the specific locatiordats functional potential (Taguet al.

2005).

2.1Degraded Meadows
In meadowsstream degradation leads to irseid channels and reduced

groundwaterstorage. Théncisedstream lowers the water table, alters stream flow,
and decreases the functionality of the meadddil( 1990; Prichard et al. 1998jll 2011,
Loheide& Gorelick 2007t_oheide et al. 2009;0heide& Booth 2011 Dickard et al.

2015. Others have pointed out the possibility for rapid lateral bank storage in the high



banks of incised channels during high flows and subsequent drainage to the stream at

the bottom of the gully (Hammersmark et al. 2008;N&hon 2013) Stream incision

also changes the magnitude and timing of streamfltdwough alteringhe

groundwater and surface water interactions (Essaid & Hill 2014).
Streamincisionresults in a lowered groundwater table whidehydrates

riparianwetland plants; theypersistonly where soil moistureemains available(Elmore

& Beschtal987;Heede 1979 owry& Loheide2010; Hill 2011). A loss of those plants

allows intrusion of drought tolerant plants (upland shrubs and grasses) onto the terrace

that wasonce the active floodplain_pheide & Gorelick 2005pheide et al. 20097

change in vegetation along stream banks often acceleriadedk destabilization and

erosion due to lack of stabilizing root masses (Heede ;1Bréhard et al. 1998; Dickard

et al 2015. LoheideX Booth (2010 found that stream incision eliminated obligate

wetland plant species, with a shift to facultative wetland and facultative upland plant

species. The loss of wetland plants and channel incision pregemtpletemeadow

saturaion (Loheide &ooth 2011). Channel incision and gullies are often the primary

focus in restoration worland it is important to note that stream response to incision is

highly variable (Essaid & Hill 2014)

2.2 Restoration Technique and Goals
An effective technique formeadowrestoration is the pnd andplug method

usedon both public and private lands the Sierra Nevada Regidhioneered by Plumas
Corporation Lindquist& Wilcox2000, the method uses mateals available on site to

reconnect streams to the meadow floodplalbedimentsare removed from the sides of
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GKS AYyOA&aSR OKIFIyySt G2 FT2N¥ (KS aLX daazé 2
above terrace elevation. Plugs prevent excess water and ssditransport
downstream. The streans redirected into arelic channelor new channel that often
Fft22Ra (GKS y2g NBO2yySOGSR Fi22RLI I AYyd ¢KS
areas of the incision as the water table risegnmersmark et al. 2008lanmersmark
et al.2009.
Floodplain aquifer recharge during slowed runoff may sustain continued stream
flow during dry smmer months Tague et al. 200%cMahon 2013. Renewed stream
access to the floodplaipotentially returnsthe stream channel tanatural state in
geomorphic conditions such aguosity, gradient, and dimensiofwidth and dept}.
Return to natural channel conditions alsnprovesthe functionality of the riparian area
or meadow lLoheide & Gorelick 2005lammersmark et al. 2008; Tageteal. 2008).
Reconnection with the floodplain restores wet conditions and promotes the recruitment
and expansion of riparian plants that depend on shallow groundwatkeile decreasing
the extent of xeric plants in the riparian zone (EImé&rBeschta 1987AllenDiaz 1991;
Loheide & Gorelick 2005ague et al. 200Fiammersmark et al. 2009; Loheide et al.
2009;Weisberg et al. 2@ Hill 2011; Loheid& Booth 201). Pond and plug projects

also decrease sediment transport downstream, and reduce flood léwvelswnstream

water users deede 1979; Elmore & Beschta 1987; NFWF 2010

2.3 Changes tBaseflows
A post restoration concern is ttedfectrestorationhas on the downstream

water usersand their reliance on perennial stream flow (Pockindquist 1990Hill &



Mitchell-Bruker 2010). Case study researchi{eide& Gorelick 2005Tagueet al. 2008
Hammersmark et al. 2008; Hammersmark et al. 2009; Loheide et al. 2886&jbes
how pond and plug projects affebaseflowbelow the project. Hammersmark et.a
2008built a threedimensional modeio compare the runoff and groundwater levels
before and after restoration. The model indicated that restoration increases
groundwater storage, increases floodplain inundatiand decreasebaseflow
Proposed explarteons for the decreased runoff arshseflowin the model were the
increased groundwater storage, the raised channel,laed increased ET
(Hammersmark et al. 2008).

Inthe Last Chance Creek Watershkedheide& Gorelick(2007) built a hydrologic
model ofthree meadow types (priste, restored and degradédvhich incorporated
vegetation in the groundwater flow moddh the degraded meadownodelthere is less
recharge early in the water yeaiRecharge peaks early in the summer and drops more
quicklythanthe restored meadow. In the restored meadow mogdedrly season runoff
peaks are dampened arghturation persistbecause the restored meadow holds water
longer. In the incised meadow groundwater flow paths were primarily to the stream, as
opposed to dowrvalley flow paths in the restored case, which could explain early peaks
to baseflow in the incised meadows (Loheide & Gorelick 2007).

Anaher Northern California study, Tague et @005, found similar post
restoration effects orbaseflowby lookingat changes in stream flow above and below

the project before and after restoratioi.ollowing restoration thestream increased



early summer (June and July) flelaelow the projectanddecreased flowdter in the
summer and into the fallDecreased late sumen baseflowwasattributed to an
increase in ET resulting fromcreased area afiparianvegetation(Tagueet al. 2005).

Missing from the case study researclhhs effect of created ponds on surface
flows. There has been little to no study of the hyldgical interaction between the
ponds and the restored meadowigin et al. 2007Tagueet al. 2008; Hammersmark et
al. 2010) Pond behavior during the dry seasmay explain variations inaseflowlate in
the season, when they are most needed (NFWF 2010)

Preferably a pre and post restoration monitoring of the project would help to
guantify restoration objectives (Wohl 2005). When this is not possible other options are
to conduct a paired catchment approachagQueet al. 2005) or to build a model of the
system (oheide& Gorelick 2007Hammersmark etla2009; Loheid& Booth 2010.
Post restoration monitoring is essential due to our lack of prediction paf/eystem

responsgHammersmark et al. 2009).

2.4 Climate Variability
Thereappears to beno consasus in the scientific community to explaihanges

to baseflows resulting from meadow restoration. Furthermore, results may vary

depending on site conditions and variationclimatefrom year to yearNNFWF 2010;

Loheide et al. 201G4ill 2011; McMahon2mMo 0 ®@ ! Y SI R24Qa KE&RNRf 2 3
are strongly linked to precipitatigrand topographyThe seasonal pattern and variability

among water years in Northern Califorrsrongly influenceswvailable waterThe

primary drivers of hydrology in thisea are spring snowmelt and dry summers (Loheide



et al. 2009) Streamflow in these systems depends on groundwater discharge;
groundwater discharge is controlled by hillslope discharge to the meadow (Lowry et al.
2010; Winter 2007. Streams also recharge gnedwater when the water table drops
below the stream elevation (Winter 200There is an inteannual and intraannual
variation in streamflow that is independent of restoratioregueet al. 2005). The
timing and speed of snowmelt are changing with cheson climate (Lowrgt al.2010);
therefore, it is important to analyze data from multiple continuous water years to look
for seasonal fluxes and to extract the response to restoration from climatic trends
(Tague et al. 2005; Hammersmark et al. 200 dcerstanding climatic trends and
meadow responses is imperative for predicting future responses witheaging climate
(Lowryet al. 2010).0Our presentstudy was conducted from the summer of 2012
through the fall of 2014Dryweatherafter 2011made it imppssible to look at the
YSIFIR26a4Q NBalLlRyaS (2 | 02 oBstudyblubks égh$he s G SNI &
meadowsYesponse to a dry period.

Along with examining the influence of climatic trendstba hydrological
response taestoration, the meadows inclded in this study were spatially distributed
to account for geological and geographical differenaed to develop meadow

conceptual modeléor more general application of results

2.5 Models and Kpothesis
Threeconceptual meadownodels(sponge, valve, ahdrain)proposed by Hill

(2011, 2012)generalizehe hydrologicinteraction between ponds and ground or



surface water. Understanding and classifying these interactions help explain and predict
postrestoration hydrological responseldi{l 1990;Hill 2011)

In the sponge model, porowdluviumin meadows stores snowmelt runoff
which thengraduallydischarges t@treamsviagroundwater dischargduringthe water
limited summer months. A trait of the sponge model is t&charge oflood flows
throughthe meadowis slowed via bank storage or overland flanfiltration, and the
hydrographc peaksare dampened The storage of flooflow in the meadow slows the
transport of water and sustains pond elevatigiisgueet al. 2005; Hill 2011).

The valve modatonceptualizes groundwater discharge maadowsprings,
seeps and upwelling. A localized spring fpayvidentin an area where pond
elevations remain fairly constant in the summethile other ponds not supplemented
by a spring lose watdo seepage an&T In a meadowwide valve situation therenay
be more water exiting the meadow via the stream channel than entering (different from
the sponge model where slowed transport of water through the meadowmply
dampens and prolongs the downstream discharge

In the drain modelwater initiallyis storedin ponds or theshallowalluvial
aquifer, whichdampensthe hydrographat the pond outletand pond watedrains to
the underlying aquiferThe flow patls of shallowgroundwater may be concentrated
the shallow alluvium bedrock interfacat bedrock fracturesor widelydispersedacross
a generally poroualluvial aquifer. Becausgoonds that follow the drain model are

typically perched above the underlying aquifdrese streams may experience a net loss



in baseflow (Tague et al. 200%4ill 2011)If constructed ponds overlagoncentrated
groundwater recharge zones bedrock fracturesthesepond(s) may have lower water
levels or more rapid drainagé comparison to ponds wittnaits of thesponge or vale
conceptual models.

Increases in ET due to recruitment or prolonged transpiration of ripglizmts
canlower the groundwatetable, offsetting storage for later flow in the sponge model,
reducing or countering gain in the valve model, &mdhering the drain effecion

baseflovs.

2.6 Meadow Evapotranspiratioand NDVI
Amajor goal of restoration i expandriparian plant communitiearound the

meadow complexes. As greater amounts of vegetation grow in these areas, tlzere is
corresponding increase ET Hammersmark et al. (20085ed models to estiate ET
increase from 25%to 50% in two different water years€ivaporationincreases due to
increased surface area tife newly created pondm additionto increasedranspiration
from the newly recruied riparian plant communitiedVicMahon (2013) calculatedrect
evaporationfrom the pondsevaluated in this studfo be 5.33 mm/day averaged over
the summer dry seasofMhisaccouned for 4%of the total ET losses from the meadow
during the summer period_owry & Loheid€2010) concluded that lhe majority of the
water consumption in meadoscomes from the wet meadow plants, with half of that
coming from the shallow groundwater tabM\/aterlossto ETin some casebas been
shown todoublefollowingrestoration (Loheide & Gorelick 200Blammersmark et al.

2008) While there is mor&Tfrom a restoredwet meadow it is unclear if thi€€T
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increase post restoratiors the sole cause alecreass todownstreambaseflows
(Loheide& Gorelick 2005).The impact orbaseflow largely depersbn the magnitude
of baseflow relative to the totadnd change ifET volume. For example, if baseflow is
small initially than dargeincrease in ET from the adjacent meadow could significantly
reduce baseflowVariability indownstreambaseflowmay beinfluenced byannualand
inter-annualvariations in meadow inflonstorage and outflowto deep percolation,
downrvalley flow to the stream, and ET, all of which vary among locations

Inthe Last Chance Creek Watershkedheide& Gaelick2005estimatedET in a
restored meadow and a degraded meaddud. estimates were made from an ET
mapping algorithnthat uses meteorological data, vegetation data, and thermal
imagery Restored meadowestimated ETfor a single day in the 2004 growisgason
ranged from 5-7 mm/day, almost double the estimated ET for a degraded riparian area
(1.0-3.5 mm/day)Also,i KS @S3ASilF dA2y 2y {2 LJpedhit 1 KS
areathan the rest of the meadoywmost likely a result dhe plugs being ghtly
elevated above the meadow surface and farther above the water tdlabeide&
Gorelick 2005).

Several studies (Seevers & Ottmann 4;99zilagyi et al. 1998; Szilagyi & Parlange
1999) havaleveloped empirical relationshigmetween ET antlormalizedDifference
Vegetation Index (NDViH) water limited environmentsSatellite remote sensing data
provides information on environmental trends, intannual changes in NDVI can be

linked to climate and environmental controls at the meadow level (Debinski €000).

a LI
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Usingpublishedrelationshigs betweenvegetationindicesand ET weisesummerNDVI
averages before and after restoration apraxyfor ET before and after restoratioin
addition to indications of ET changes NDVI is a useful tool for morgteegetation

dynamics on a regional scale (Peters et al. 1997).

3.0 Study Area
Thepond and plugprojects selected for this study ranged from the Tahoe

National Forest to Modoc County in northern Califorfi@ure 1)Each area is
considered a mountain na&low,a highly productive ecosystem dominated by
herbaceous species very important for thaddition of rich organic materials to the fine
textured soil andor holding the soils in place through extensive root systems (Loheide

et al. 2009).
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Figurel: Map of Study Extent

The studyarea depends on winter snow pack for the majority of spring
snowmelt runoffoccurring primarily in May and Juaed groundwaterechargeduring
the dry period(Null et al. 2010). The climate rangesnr Mediterranean to alping

depending on elevatiorwith annual precipitatiorbetween44.5 cmand73.0 cm

3.1 Meadow Attributes
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Each othe eightmeadowsincluded in this studyvere incisedlue to
anthropogeniacauses includingstreamrerouting or waer diversion, lack of grazing
management, road and or railroad construction, timber harvesting, and stream
channelizationcombined with high magnitude low frequency storm events that further
damaged the meadows (Plumas Corporatidrf)e meadow restoratioprojects
generally occurred between 2001 and 2010, with Big Flat initially restored at an earlier
date butupdatedin 2004. Each of the meadows had a gully depth of greater than one
meter prior to restoration, and some, like Merrill Valley, had multipléigs running
through the degraded meadow. After restoratidome meadows lacked a defined
stream channel. Three Cornered and Knuthson Meadows, both in the Carman Valley,
lack a stream channel through the project but have a defined channel above and belo
the projects. Merrill Valley also lacks a defined channel in the mid areas of the meadow
but in the upper and lower portions of thestoredmeadow there is a defined channel.
The other five meadows all had channels running alongside the projdttiough for
much of the duration of this studyhose streams remained dry or were offlgwingin

the winter and spring from precipitation events
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4.1 Abstract

The pond and plug incised meadow restoration method, used for meadows in
the Sierra Nevada Range, takesiklde sediments on site to fully dam the incised
channel in several places. Each dam, or plug, creates a pond as the water table rises
closer to the meadow surface. Groundwater storage gained from restoration may alter
flow paths and water availability. &ter flowing through the meadow is elevated and

slowed by floodplain spreading, meanders, and roughness from vegetation. Expanded
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riparian vegetation and slowed water transport increase evapotranspiration (ET)
following restoration. Using Landsat derive®¥ (Normalized Difference Vegetation
Index) as a proxy for ET in thirty meadows; we found a significant increase in average
NDVI of 0.07 following restoration-{@lue < 0.05). NDVI decreased following

restoration at only one site. Conceptually meadowsyraat as: A) a sponge, storing
abundant water from snowmelt or precipitation and releasing water in dry periods; B) a
valve, regulating water outflow from springs recharging the meadow; and/or C) a drain,
draining water from the meadow to a regional aquif@reas in eight meadows were
classified into these three conceptual models using ET (meadow and pond), summer
pond and groundwater elevations, stream flow data, and climate data. Evaporation
from open pond water made up-1% of total meadow ET. Meadow &Stimates ranged
from 0.32 m to 0.40 m. In ponds, -B0% of the summer declined(11m to 1.78 m) was
attributed to ET. This study was conducted in a dry period and the data reflect effects of

below average precipitation.

Key WordsHydrology, Pond andiiy, Restored Meadows

4.2 Introduction
Many mountain meadows in Northern Califorrti@ve beerrestored with the

L2YR FyR LXdA G§SOKyAldzS RS@St2LISR Ay GKS
published studies of restored meadow hydrology tend to Asecstudiesof single
meadow(Loheide & Gorelick 2005; Loheide & Gorelick 2007; Tague et al. 2008;

Hammersmark et al. 2008; Hammersmark et al. 2009; Loheide & Booth. R0i$8ing

w»
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from the case study research is the effect of created ponds on surfacs.fldvere has
been little to no study of the hydrological interaction between the ponds and the
restored meadow (Klein et al. 2007; Tague et al. 2008; Hammersmark et aj EA3H
& Hill 2014). Pond behavior during the dry season may explain variatiolesvnstream
baseflovs late in the season, when they are most needed (NFWF 20h@ .study used
eight meadowgFigurel) to understand common tendencies and sgpecific variation
We evaluated three conceptual modétsexplain the interaction betweegroundwater
and surface water at restored meadows.

In meadows, stream degradation leads to incised channels and reduced
groundwater storage Anincised stream lowers the water table, alters stream flow, and
decreasesneadow functionalityHill 1990; Pdhard et al. 1998; Hill 2011; Loheide &
Gorelick 2007; Loheide et al. 2009; Loheide & Booth 2010; Dickard et al. 2015). Stream
incision results in a lowered groundwater table which dehydrates ripasiettand
plants; they persist only whergufficientsoilmoisture remains (Elmore & Beschta 1987;
Heede 1979; Lowry &oheide 2010; Hill 2011).0ss ofwetlandplants allows intrusion
of drought tolerant plants onto the terrace that was once the active floodplain (Loheide
& Gorelick 2005; Loheide et al. 2008)change in vegetation along stream banks often
accelerates bank destabilization and erosion due to lack of stabilizing root masses
(Heede 1979Prichard et al. 1998; Dickard et al. 2D15

In the Sierra Nevada Region therqa andplug methodpioneered byPlumas

Corporation Lindquist& Wilcox2000 is used for meadow restoration on public and


http://feather-river-crm.org/
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private landsPond and plug projects use materials available on site to reconnect
streams to the floodplainSedimentsare removed from the sides of the incised channel
G2 F2N¥Y (KS  adodtruz@diojust abWteRdceveievation. Plugs prevent
excess water and sediment transport downstream through the gully. The stream is
redirected into & historicor new tannel that often floods the now reconnected
FE22RLIE T AYy®d® ¢KS aLRYyRa¢ FT2NY Ay 6ARSYSR |y
groundwater rises (Hammersmark et al. 2009).

Stream access to the floodplgmotentially allows the stream channel to return
to natural pattern or sinuosity, profile or gradient, and dimension (such as width and
depth) with an improvement in the functionality of the riparian area or meadow
(Hammersmark et al. 2008; Tague et al. 2008). Reconnection with the floodplain
restores wet caditions to the meadow and promotes the recruitment and expansion of
riparian plants while decreasirie extent of xeric plants in the riparian zone (Elmore &
Beschta 1987Allen-Diaz 1991; Tague et al. 20Qmheide et al. 200 ammersmark et
al. 2009;,Weisberg et al. 2@ Loheide & Booth 20)1

Theexpansion of wetlandiparianphreatophytesncreasesneadow
evapotranspiration (ETIPhreatophyteET dependon climatig radiative, and
atmospheric driverariables golar radiationwind, humidity, pregitation,
temperature), vegetation composition (specjésstribution), and soil composition
(type, thickness, moistujeand depth to watefTague et al. 200Beamer et al. 2013

ET increases after restoration are neither spatially nor temporally cahdtagely due
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to variations inweather,topography and depth to wateiLoheide & Gorelick 2005;
Hammersmark et al. 2008\ major goal of restoration is expanded riparian plant
communities and it is expected that ET will increase. HammersmarkZ§(8Imodeled
ET increases from 25% to 50% in two different water yeBvaporation from the newly
created ponds adds to the transpiration from the newly recruited riparian plant
communities.

In the Last Chance Creek Watershed, Loheide & Gorelick 2005&=sti&T in a
restored meadow and a degraded meadow. ET estimates were made from an ET
mapping algorithnthat uses meteorological data, vegetation data, and thermal
imagery Restored meadow estimated ET for a sirtgg in 2004anged from 57
mm/day, almos double the estimated ET for a degraded riparian area- @
YYKRIF@0® !'fazxy KS @S3aSalrarazy 2y G2L) 27
the rest of the meadow, most likely a result of the plugs being slightly elevated above
the meadow surfae and farther above the water table (Loheiglé&orelick 2005).

A post restoration concern is the affect restoration has on the downstream
water users and their reliance on perennial stream flow (Ponce & Lindquist 1990; Hill &
Mitchell-Bruker 2010). Casstudy research (Loheide & Gorelick 2005; Tague et al. 2008;
Hammersmark et al. 2008; Hammersmark et al. 2009; Loheide et al, QD@%a et al.

2013 describes how pond and plug projects affeaseflowbelow the project.
Hammersmark et al. 2008 built arde-dimensional model to compare the runoff and

groundwater levels before and after restoration. The model indicated that restoration

i K
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increasel groundwater storage, increaddloodplain inundation, and decreade
baseflow Proposed explanations for the deased runoff andbaseflowin the model
were increased groundwater storage, the raised channel bed, and increased ET
(Hammersmark et al. 2008J.onverselyOhara et al. 2013 found théaseflows
increased after restoration. Tiremodel indicated a 120% derease in winter flood
flows and a 120% increase idry summerbaseflows in comparison to preestoration
flows. Resoration slows meadow flows allowing for ground water percolation and
reduced sediment transport (Ohara et al. 2013).

Forthe Last Chanc€reek Watershed oheide & Gorelick007built ahydrologic
flow model of three meadow types (pristine, restored and degradbej incorporated
vegetation. In the degraded meadow model there is less recharge early in the water
year. Rechargandbaseflowpeak early in the summer and drop more quickly tlan
the restoredand pristinemeadows whereearly season runoff peaks are dampened and
saturation persist$rom retainedwater. In the incised meadow groundwater flow paths
were primarily to the streamgomparedto down valley flow paths in the restorexhd
pristine cases. Downstream discharge would be greatest in the restored and pristine
meadow cases (Loheide & Gorelick 2007)

Tague et al. (20Q3ound similar post restoration effects ahanges imorthern
Californiastreambaseflowabove and below the project before and after restoration.
Following restoration the stream increased early summer (June and July) flows below

the project and decreased flow later in the summer and into the fall. Decrdased
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summerbaseflowwas attributed to an increase in ET resulting from increased area of
riparian vegetation (Tague et al. 2005).
There appears to be no consensus in the scientific community to explain changes
to baseflows resulting from meadow restorain. Furthermore, results may vary
depending on site conditions and variations in weather from year to year (NFWF 2010;
[ 2KSARS SiG Ft® wamnanT 1 Aff wnmmT alOal K2y Hn
are strongly linked to precipitation. The seasopaltern and variability among water
years in Northern California strongly influence available water. There is aranteral
and intraannual variation in streamflow independent of restoration (Tague et al. 2005).
The timing and speed of snowmelt are agang with changes in climate (Lovetal.
2010) Therefore, it is important to analyze data from multiple continuous water years
to look for seasonal fluxes and to extract the response to restoration from climatic
trends (Tague et al. 2005; Hammersmatlale 2008 Essaid Hill 2014. This study was
conducted from the summer of 2012 through the fall of 2014. Dry weather after 2011
YIRS AlG AYLRaaArAofsS G2 t221 Fd GKS YSIR24aQ

LyadSFrFR GKAA &0 dzRe& redpéncedmiadlyy pefiod. G KS YSIFR2640Q

Several studies (Seevers & Ottmann 1994; Szilagyi et al. 1998; Szilagyi & Parlange
1999) have developed empirical relationships between ET and Normalized Difference
Vegetation Index (NDVI) in water limited environments. Sateliteote sensing data
provides information on environmental trends, intannual changes in NDVI can be

linked to climate and environmental controls at the meadow level (Debinski et al. 2000).
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Using published relationships between vegetation indices angteellse summer NDVI
averages before and after restoration as a proxy for ET before and after restoration. In
addition to indications of ET changes NDM iseful tool for monitoringgegetation

dynamics on a regional scale (Peters et al. 1997).

Three modés (sponge, valve, and drain) proposed by Hill (2011; 2012),
generalize the hydrologic interactiamf mountain meadowsUnderstanding and
classifying these interactiort@nhelp to explain and predict posestoration
hydrological responses (Hill 1990;I12011)among restored meadows, ponds, and

ground or surface water.

Sponge ModelRorous alluvium in meadows stores runoff, and interflow discharging
to streams during watetimited months)
1. Permeable alluvium meadow deposits (Ksat afi/secto 10° cm/seq
2. Upstream floodlows entering the meadow are slowed, via bank storage or
infiltration duringoverlandflood-flow events, andhis dampers discharggpeaks
and valleys
3. The storage of flooflows slows the transport of water and sustains pond
elevations during dry months (Tague et al. 2005; Hill 2049pecially at the
lower end of meadows, whengond elevationgnayremain at or above the

streambed elevation during the dry season
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Valve Model (Groundwater Discharge Meadow)
1. Groundwater dischasgvia meadow springs, seeps and upwelling on a small
(localized to one area of the meadow) or lakgeeadowwide) scale
2. A localized spring may be evident in an area where pond elevations remain
fairly constant in summer while other ponds not supplemehbg a spring lose
water to seepage and ET
3.In a meadowwide valve situation there may lgreater stream discharge
below the meadow in comparison to discharge above the meaifferent
from the sponge model where slowed transport of water through theashow
simply dampen$lood peaksand probngs downstream discharge)
4. Saturated areas irmameadowmay indicate groundwater discharge
5. Pond decline in meadows will vary and may be less than predicted by ET
6. Meadow sedimentwith a large range of peneability Ksat 10 cm/secto
102 cm/seq which will also regulate groundwater discharge

Drain Model (Groundwater Recharge Meadow)
1. Greated pondsare perched above the water table, and lose water to the
shallow groundwater, which may also rechaegdeep aquifer.
2. Because the water now recharges deep aquifers, these streams may
experience a net loss lmaseflow(Tague et al. 2005; Hill 2011).
3.If constructed ponds overlay concentrated seepage areas or bedrock fractures

thesepond(s) may haveoiver water levels or more rapid drainage.draining



23

ponds the rate of draining must be slow enough to avoid piping, or ponds would

drain quickly. Rathell KS aSGdtAy3 2F FAYyS aSRAYSyld
the rate of water losspreventing comple draining of most ponds.

4. In summer months ponds decline more than predicted by ET alone.

pd® aSl R2¢ &SRAY Diparmealyfe sitFanNd loarnfsé(Ksat NS | &

cm/secto 10* cm/seq

This studyinvestigates theseconceptual models addressing tpend-stream
groundwater interactions after restoration. Meadow classification by model type
involved analysis gfond water elevation changegroundwater and surface water

seasonal hydrographs, and estimategpohd andmeadow wide ET.

4.2.1 Study Areaand Site Selection
Eight northern California meadows (Figure 1) restored using the pond and plug

technique were monitored June 2012 thru October 203#es were selected in 2012
(McMahon 2013) from a list of 39 pond and plug restored meadows. Siteisel@cs
based on the meadows having at least three consecutive ponds not connected to each
other or to the stream channel via surface flow. This criterion enabled the use of pond
elevations as indicators of groundwater levdédavies Creek, located in tH@hoe

National forest is shown as an example of site design (FR)uséth logger placement

and an aerial view of the project.



24

The climate at these projects rangiesm Mediterranean tanontane Table 1
depicts thesize, setting and historfpr each of he eight project sitesSome, like Merrill
Valley, had multiple gulliegncluded in Table 1 groundwaterstorage gained from
restoration, adapted from McMahon 2013 estimates, which are basespecific yield
of soils (SyNalues(lowest Sy 8.01to highest Sy.31) obtained from the literature
(Johnson 1967;0heide et al. 20059nd the dimensions of prproject gulliesobtained
from pre-restoration surveys angractitionerestimates Jim WilcoxFRCRM,
unpublished dat®013; Rick Poor&treamWiseunpublished date2013; Randy
Westmoreland, personal communication, 2013y. and gully dimensions were

multiplied together for storage estimates.
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Figurel: Map of Study Extent
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Tablel: Basideaturesof each projectarea, width, and gradient (ESRI 2013); The gully depth, re#bor
year, and cited damagePRlumas Corporation); averaganual precipitatior(USGS 2012); soil types (Soil
Survey Staff015; Geology was determined using ArcMagers created by the USGS from the Geologic
Map of California (Jennings et al. 1977).

4 .3Methods

4.3.1 Logger Installation
In June of 201M-Stu Rugged Troll 100 pressure transducer loggesee installed

in seleced locations (streamaneadows and ponds) at each sit&illing wells
constructed of 5 ft lengths of 1.25 in diameter PVC were dr{derne point wells)nto
stream or pond sedimest The stilling wells were drilled with holes to allow filling and
draining.Wells were driven 1.3 m deewith alogger suspended-2 cm off the bottom
by steel wire (McMahon 2013). Loggers recorded pressure, water depth, and
temperature at one hour interals. Near each meadow, an$itu Bardroll 100

barometric pressure transducer was installed above water surfaces to record barometric
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air pressureln-Situ Baromerge software (http://www.ksitu.com/baro_mergesoftware)
was usedo correct logger data taccount for barometric pressure.

Loggers were placed stream channel&/here possibléat 6 of the 8 sitesyn the
downstream and upstream end of the restored meaddweach meadow twahallow
wellswere installed at the upper and lower ends of the m#@w, andat least one
stilling well in a seleedd pond. Wherekeepngthe loggers submerged was not possjble
the logger was remove(? loggersof 43total) for winter to avoidfreeze damag. Hourly

logger readings were averaged on a daily basis to maskalifluctuations.

4.3.2 Pond Volume Decline
Water level was surveyed at each study pond, stream staffyaidocationusing

procedures inrArchbald(2008). Valley distance and corresponding pond locations were
calculated using a Trimble Nomad hanadhebmputer/GPS and the program SOLO Field.
Locations of ponds and other meadow featureglisand stream channel) were

recorded using Universal Transverse Mercator coordinate system (UTMs). The easting
and northing coordinates were used as x and y coateis for the Pythagorean

Theorem to calculate distance of features from the downstream benchmark (McMahon
2013). During the elevation surveys the area of each pond was calculated using a
handheld GPS device (SOLO Field 2@®fd volume declines are calated from field
measurements. The volume of water lost is calculated through a comparison of the
pond area and elevation at the beginning of the summer monitoring season with the

area and elevation at the end of the seas®he volume of water lost is callated
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assumingslopingsides. Volume lost is calculated 83 Change in Area (Visit 1 Area

Visit 3 Areax Change in Elevation (Elevation Visg BElevation Visit 3).

4.3.3 Precipitation
Annual precipitation values (PRISM) were obtained for fabrizasins (Little

Truckee River, Last Chance Creek, Lassen Creek, and Carmen Valley) to look at
influences of precipitation on meadow hydrologihe normal precipitation value was
determined based on thirty years data (1984 thru 2014). The 4 water yeakinterest

were 20162011, 20112012, 20122013, and 2012014(Figure5).

4.3.4 Evapotranspiration Estimates
Using data from the 2012 growing seasae estimated the average summer

reference ET andond evaporation(McMahon 20B). Daily meteorologia datawere
obtained from theclosestWestern Regional Climate Cen{&#/RCC3tationto each
meadow(WRCC 2@®). The meteorological datain combination with daily data from
BaroTroll loggersvere used to calculateeferenceET for thesummerof 2012

(McMahon 20B). ReferenceET(ET,) was calculated usingrea of the meadow anthe
program ReET (Aller2013)using theFAO Pennmaivionteith equation for avell-
wateredgrass crop 1.12m tall (Allen et al. 1998). To calculate daily pond evaporation
(5); ETwas multiplied by 1.05 (adjustment factor for surface water less than 2 m deep)

yielding a daily value for pondraporation (Allen et al. 1998).
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4.3.5 Storage Estimates
Groundwater storage gained from restoration was estimated for each meadow.

Storage stimates were based off of pre restoration gully dimensions (width, length,

depth) and estimated ,SGully dimensions were obtained from restoration practitioners
(Rick Poore, Streamwise; Randy Westmoreland, USFW, Jim Wilcox, Plumas Corporation).
Specifigyield of soils (Sy), valued.Q1 Sy 0.31) were obtained from the literature

based uporthe average values for each textural cl&¥shnson 1967; Loheide et al.

2005). Sy and gully dimensions were multiplied together for storage estimates

(McMahon 2013).

4.35NDVI Analysis
Thirty pond and plug restoration projects were digitized in ArcGIS, including the

eight sites from the model analysis. The meadow was outlined and all water masked out
at each site in preparation for the NDVI analy$iwo digitzed meadow pofgons
(ThreeCornered and Knuthson Meadowlustrated in Figure 3 witl geological map of
Californiaat 1:750,000 scaléAverageNDVI was calculated for the summer months

(July, Augustand September) from 1985 through 201These months wer selected

under the assumption that the spring runoff would have subsided and the meadow
vegetation would berimarily utilizing groundwater. Each of the siteeke restored

within the 1985 to 2011 time perig@llowingcompaison ofpre project and post

project NDVI values in each meadow
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Three-Cornered Meadow and Knuthson Meadow

Knuthson Meadow ".‘

Kilometers|

0.12625 05 075 1
| = O e |

Legend
- alluwium
andesite

- intermediate volcanic rock
Figure3: ThreeCornered Meadow and Knuthson Meadow filled in yellow and overlaid on a geological
map. The legend is included for geological composition.
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SpatiallyaveragedLandsatderivedNDVIfor each meadowvas calculated with
the Google Earth cloud computing and environmental monitoring platform, using
LandsafThematic Mappe(TMD5) () at-surface reflectance (Tasumi et 2008) and the
National Land Data Assimilation System (AN&Pprecipitation data (USGS 2015). This
process was carried out for thirty pond and plug restoration projectsatipteted

between 1994 and 2009.

4.3.6 Discharge
Due to the lack oftream flow in the summer months insufficient flowsfield

dischargewas notmeasured LYy &aGSIFR al yyAy3aQa 9ljdzZ GA2y &I
dischargebasedonstag¢ CSG G SN Hnnanm0o® +| fdzSa FT2N) al yyAy
were adapted from Fetter 2001, based the observedstreambed characteristics.

Several assumptionsere made in the calculation of discharge, such as the assumption

of normal flow through the channel and the assumption that the channels are
rectangular.These assumptions cause uncertainties in discharge calculations; however,

in the absence of dischargeeasurements, these estimates provide useful information

for evaluating relative magnitudes of water budget components.

4 4Results

4.4.1 PondDecline
Pondvolume declingTable 2) for the summenf 2012 and 2018ompares

measuredwater loss with estirated direct evaporation from ponds (Ep) and the

referenceET from the meadoyMcMahon 2013) Acomparison opercentpond
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volumedecline for the summer of 2012 and 20@gure 4, usesthe area and elevation
of each pond from thdeginning and end of sumer field visits. The difference between
0KS LRYR @2ftdzvYS i GKS 06S3aAyyAiy3a | yR
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ThreeCornered
Meadow
7/2-8/31

15827
714-9/16
13135.7
5.55
2649
45860
109271

Table2: Ponddecline for the summer of 2012 and 2013 for each k#dsed on field measurements, the
estimated daily average direct evaporation from ponds (McMahon 2013), the estimated groundwater
storage gained from restoratiofMcMahon 2013), the estimated reference ET for the summer of 2012
(McMahon 2013), and the area of each meadow.
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Figure4: Pond decline for 2012 and 2013 for each of the eight sites.

4.4.2 Precipitation
This study was conducteduring threebelow averagerecipitationyears(2012

2014) The annual values of precipitation for water years 2010 thru 20&4ompared

to a thirty year average and illustratedkigureb.
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Precipitation Percent of Normal for Four Sub

160% basins in Northern Ca

140%

120%

100%
M Little Truckee

80%

m Last Chance
Creek

M Lassen Creek

60%
40%

Percent of Normal Precipitation

20% m Carmen Valley

0%

2010-2011 2011-2012 2012-2013 2013-2014
Water Year

Figure5: Precipitation Percent dfiormal for Four Subasins in Northern Ca. Normal precipitation was
calculated based on thirty years of precipitation data for the watershed area. Then precipitation for the
four years of study was divided by the thirty year normal (PRISM).

4.4.3NDVI Andysis
Spatially AverageNDVIvalues before and after restoratidor thirty meadows,

includingthe eight meadows in the field studye summarizedh Table4 and Figures.

NDVI increased after restoration at but one site with an average increase 6f076.A
pairedt-test indicated a significargre-post restorationincreasein NDVI for meadows
pre-restoration (M=0.41, SD= 0.09) and meadows pestoration (M=0.47, SD=0.11);

t (28) =-9.71, p=1.84€l0.

Prerestoration Postrestoration
Mean 0.42 0.48
Standard Error 0.02 0.01

Median 0.41 0.47




Standard Deviation 0.09 0.11
Sample Variance 0.01 0.01
Range 0.34 0.46
Minimum 0.27 0.25
Maximum 0.61 0.71

Table3: NDVI pre and post restoration descriptive statistics
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Pre and post restoration NDVI averages for
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Figure6: Pre and post restoratioNDVlaverages for 30 meadows restored with the pond and plug

method

4.4.4 Restored Meadow Data
In the following sectiondataare presented on a site by site baswith order

selected aslataappear in the discussion sectiom the discussion section the three

conceptual models are addressed individually.
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Rose Canyon was restored most recentlyheSeeight projects. Figur&
compares discharge in the stream channel above and belowestered meadow.ln
Rose Canyon flows entering the meadow are flashy and infrequent. This is opposite of
the downstream discharge where a constant baseflow at 03 is maintained

indicatingthat the flashy, precipitation driven inflows are dissipatedhe meadow.

Rose Canyon discharge comparison
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Figure7: RoseCanyorupstream vs. downstreamdischarge comparison (6/24/12 thru 9/15/14). When
there is no black ograyline that indicates that the stream had no water.

Lassen Creek is the northern most restorafwnject and is the only projeadf
eightwith perennialflow. Figure 8 shows the differences in discharge before (US
Discharge) entering the meadow and when leaving the meadow (DS Discharge)
Comparison of the upstream and downstream discharge valuesames that the
meadow is dosing reachThe delinein pondsacross dateg 2012 (Figurel0) and

2013 (Figur®) isgraphed alonghe valley distancevith the streanbed elevatiorfor
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reference The stream runs alongside the ponds for kvegthof the meadow.The

summerpond elevation changegre minimal (less tha@. 125 meteryat 17 of 19 ponds

(Figure9), the other two(P14 and P18)eclined by0.425 and 0.65 meters)At Lassen

Creek there was less pond elevation fluctuation in 2012 (Figure 9)ittthe summer of

2013 (Figure 10possiblydue to carry over from the wet winter preceding the study

(Figure 5)The lack of pond elevation fluctuations could also be explained by the

perennial stream maintaining goundwaterelevation near most ponds
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Lassen Creek discharge comparison

A
o

w
N

— Downstream

Discharge (r#Is)
N
o N o W ;m

=

Discharge

1

= Upstream

0.5 -

0

| R Discharge

07/10/12 12/07/12 05/06/13 10/03/13 03/02/14 07/30/14 12/27/14

Date

Figure8: Lassen Creakpstream vs. downstreardischarge comparison (9/29/12 thru 9/13/14).
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Lassen Creek Pond Elevations Summer 2012
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Figure9: Lassen Creek pond elevation changes in the summer of 2012, pond elevation and valley distance
are plotted starting from the downstream benchmark which represents an elevation and a valley distance
of 0. Each of the three gray scaled lines represents a different site visit, with a symbol faueash

date. The blue line is the elevation of theesmbed, which generally runs alongside ponds and not

through the ponds.

Lassen Creek Pond Elevations Summer 2013
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FigurelO: Lassen Creek pond elevation chaniggbe summer of 2013, pond elevation and valley
distance are plotted starting from the downstream benchmaitiich represents an elevation and a valley
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distance of 0. Each of the three gray scaled lines represents a diff@tentsit, with a symbol for each
surveyed dateThe blue line is the elevation of the streambed, which runs alongside ponds and not
through the ponds.

Lassen Creek groundwater and pond
elevations
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Figurell: Lassen Creajroundwater and pond comparisohower groundwater is found at the
downstream end of the meadow and upper groundwater is found at the upstream end of the meadow.
For the groundwater and pahelevations all loggers were normalized for elevation in relation to the
downstream benchmark

Merrill Valleyhasthe largest number of ponds and plugs. In the middle section
of Merrill Valley there is no stream channel. At the upper and lower endeofrtbadow
there is a stream channel and discharge was estimated for both (Figuréhere is
generally greater discharge at the downstream monitoring site in comparison to the
upstream monitoring site, an attribute of the valve model where groundwater
discharges to the streanGreater discharge below the meadaiter peak flowsvould
be also an indication of the sponge mogdbut at Merrill, the downstream discharge

increases before upstream discharge
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Differences in pond elevations and groundwater etewss €.g.Figure 13) also
indicate upwelling in the lower section of the meadow. The lower meadow pond and
groundwater experience less elevation fluctuatipotentially due to groundwater
dischargeThe upper pond loses water to groundwater and in oneasier dries up
completely possibly due to groundwater discharge in the lower section of the meadow
The lower pond loses water to the groundwasdter gainingwater from groundwater
in the early springFurther evidence of areas of groundwater upwellargl
groundwater rechargevithin the meadowis found in a pond elevation graph of Merrill
Valley for the summer of 2013 (Figure 14). In the mid reach of the meadow pond
elevations drop below the stream bed elevation, an indication of groundwater recharge.
On the upstream and downstream sides of this groundwater recharge area there are
areas of groundwater discharge, indicated by the ponds which sit above the streambed

elevation.
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Merrill Valley discharge comparison
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Figurel2: Merrill Valleyupstream vs. downstreardischarge comparison (6/8/12 thru 6/10/14). When
there is no black or gray line that indicates that the stream had no water.

Merrill Valley groundwater and pond
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Figurel3: Merrill Valley groundwater and pond elevatiomsdry pond or well is indicated by a gajtia
data series Lower and upper refer to downstream and upstream ends of the meaéfowthe

groundwater and pond elevations all loggers were normalized for elevation in relation to the downstream
benchmark.
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Merrill Valley pond elevations summer 2013
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Figurel4: Merrill Valley pond elevations summer 20End elevation and valley distance are plotted
starting from the downstream benchmark which represents an elevation and a valley distance of 0. Each
of the three gray scaled lines represents a different site visit, avisgmbol for each survey date. The blue
line is the elevation of the streambed, which generally runs alongside and not through the ponds.

Ferris Creek only received flow during the wet months of this study; Figure
shows discharge estimates fahen there was flow in the streanThe increased
discharge below the meadow can be attributedgimundwater effluent Figurel6
graphs the pondvater and groundwaterelative to aset elevation. At several places
groundwater wells went dry and theigre no data for that period.The ponds sit higher
than the groundwater and lose water to groundwater, Figliée A springdischarges
into the lower pondpersonal communication with Jim Wilcaxherethere is mucHess
fluctuationthan in the lower groundwater kevation (Figurel6). There is more

fluctuation in the lower groundwater elevatioms comparison to the lower pond
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elevations most likely due to a springr area of upwelling in the lower pondhe lower
pond elevation has less fluctuation than the uppend elevation (Figuré6), indicating
groundwater discharge near the lower porid.the winter of 2012 through the spring of
2013 pond elevations are stagnant (Figi due to meadow saturation. Unfortunately
due to logger malfunctionat the lower ponl, it was infeasible to determine if the

meadow was saturated the following winter.

Ferris Creek discharge comparison
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Figurels: Ferris Creelpstream vs. downstreamischarge comparison (10/25/13 thru 10/3/14). When
there is no black or gray line that indicatthat the stream had no water
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Ferris Creek groundwater and pond

elevations
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Figurel6. Ferris Creek groundwater and pond comparig®ulry pond or well is indicated by a gap in the
data seriesThere is no data for the upper or lower pond after 11/22/13 due to loggdfunetion. Lower
groundwater is found at the downstream end of the meadow and upper groundwater is found at the
upstream end of the meadowl.he lower pond is found at the downstream end of the meadow and the
upper pond is found at the upstream end of theadow For the groundwater and pond elevations all
loggers were normalized for elevation in relation to the downstream benchmark.

Davies Creek is the smallest meadow by area and number of ponds. Initially two
pond loggerandtwo groundwater wellsvere installed for monitoringFigurel?).
Howeverdue to lack of waterthe lower pond logger was removed eaypossible
explanation for the dried pond is a low permeable confining layer below the pond that
does not allow groundwater discharge to the pofithe downstream and upstream
discharge estimates were similar for the duration of the study (Fig8yen general
there is more discharge into than out of the meaddvine upper poncatlevation remains

above theelevation in nearbygroundwater, a possiblesinkaway from a pondFigure
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17. Comparisons of the downstream and upstream loggedgcatea relationship
between thestream discharge measures at the top and bottom of the mea(feigure
18and19). The pond elevations in the summer 2012 (Figure20) decline more at the
lower end of the meadowPonds 34), when compared to the upstream end of the
meadow. At Davies Creek there is evidence of a localized source of groundwater
discharge in the upper pond observed in the field and based on minimal Elevat

changes at the upstream pond in the summer of 2013 (FigQye

Davies Creek groundwater and pond
elevations
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Figurel7: Davies Creek groundwater and pond compariddre lower pond logger was removed in the

fall of 2012, and was not replaced due to low water levEfelower pond is found athe downstream

end of the meadow and the upper pond is found at the upstream end of the medemvthe

groundwater and pond elevations all loggers were normalized for elevation in relation to the downstream
benchmark.
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Davies Creek discharge comparison
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Figurel8: Davies Creelqpstream vs. downstreamischarge comparison (6/15/12 thru 9/19/14). When
there is no black or gray line that indicates that the stream had no water available for that date.

Davies Creek discharge comparison
4 R?=0.818
3.5
31— *
%2.5 : L . /
5 ° ° o ®
% 2 .a L J .‘ ) % “F °
2} ]
= 15 * tmene
1 .
0.5 -
0 - b T T T T .
0 0.5 1 15 2 2.5
DS discahrge

Figurel9: Davies Creekegressiordownstreamdischargevs. upstreandischarge Data points are only
shown when water in in both the upstream and downstream channels.
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Davies Creek Pond Elevations Summer 2012
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Figure20: Davies Creek pond elevation changes in the summ201#, pondelevation and valley

distance are plotted starting from the downstream benchmark which represents an elevation and a valley
distance of OEach of the three gray scaled lines represents a different site visit, with a symbol for each
survey date.The bludine is the elevation of the streambed, which generally runs alongsidenot

through the ponds. Thesd dotsindicate visit where the pond was dry.

Big Flat meadow was one of the first meadows restored using the pond and plug
technique.2ummer pondelevation fluctuationsn 2012 (Figur@1) and 2013 (Figurg2)
were mapped based on distance of each individual pond from the downstream bench
mark. Thee was darge fluctuation in pond elevations (compared with other meadows)
Several of the ponds drypuate in the summer (red dots on Figure22@nd 22)
further evidence of the drain model. Figu28 shows a temporal perspective of water
levels at the meadown the summer ponds are perched above the water table and

drain to groundwater.
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Big Flat medow also hada variable decline in pond elevations late in the
monitoring season of 2012 (Figur&)zand in 2013 (Figure2®. The first visit of 2013
occurred in May and the meadow was saturated with water. By the end of the summer
(late September) some ol elevations had declined more than 2 meters, the upstream

ponds had dried up, pond 3 water was lower than in downstream pond 4, and there was

no flow in the majority of the stream channel.

Big Flat Pond Elevations Summer 2012
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Figure21: Big Flat Meadow pond eleviah declinesn the summer of 2012£ach of the three gray scaled
lines represents a different site visit, with a symbol for each survey date.red dot indicatea visit

where a pond was dryThe blue line is the elevation of the streambed, which galieruns alongside and
not through the ponds.
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Big Flat Pond Elevations Summer 2013
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Figure22: Big Flat Meadow pond elevation declirieshe summer of 2013Each of the three gray scaled
lines represents a different site visit, with a symbol for each survey date red dot indicatea visit

(and elevationwhere a pond was dryrhe blue line is the elevation of the streambed, which generally
runs alongside ponds and not through the ponds.

Big Flat groundwater and pond elevations
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Figure23: Big Flat Meadow pond and groundwaglevationsA gap in data is due to logger malfunction
or removal.For the groundwater and pond elevations all loggers were normalized for elevation in relation
to the downstream benchmark.
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The ponds at Thre€ornered Meadow had consistent elevatideclinein the
summer of 2012 (Figur24) and 2013 (Figur5). The decline irpondsis greater than
the estimated decline due to ET (Table 2) aadpossibly beattributed to the drain
model. At the lower end of the meadow the ponds drop below the stréeah

elevation,which maycaus the stream to drain to the ponds

ThreeCornered Meadow Pond Elevations

Summer 2012
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Figure24: ThreeCornered Meadow pond declingsthe summer of 2012Each of the three gray scaled
lines represents a different site visit, with a symbol for esgtvey date.The blue line is the elevation of
the streambed, which generally runs alongside and not through the ponds.
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ThreeCornered Meadow Pond Elevations
Summer 2013
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Figure25: ThreeCornered Meadow pond declines for the summer of 2B&ch of the three gray scaled
linesrepresents a different site visit, with a symbol for each survey date blue line is the elevation of
the streambed, which generally runs alongside and not through the ponds.

4 5Discussion

4.51NDVI and ET
To depictvegetation responseve compared pre and post restoration

conditions. Limitations in ET estimation led to the use of satellite derived NDVI values as
a substitute for ET, because of the established relationship between ET and NDVI
(Seevers & Ottmann 199&zilagyi et al. 1998; Sp¥a & Parlange 1999; Szilagyi 2002).
Although NDVI is influenced by season and weatblant community composition,

soils, etc.satellite derived NDWhowsa statisticallysignificant increase following

restoration (Figure6); including the eight sitestudied in model evaluatiowhere the
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increasein NDVI ranged from 0.06 to 0.1Restoration creates new hydrologic
relationships among streams, ponds, and groundwgdadit is likely that ET increased
after restoration Loheide & Gorelick 2005; Hammerark et al. 2008)There was no

clear connection between the amount of NDVI increase and the conceptual model type.
This may be because many meadows exhibited a mixed model res@iaise 4)r
insufficient replicationET estimates, McMahon 2013, and NDB&lculations indicate

vegetation is an important component of meadow water consumption.
4.5.2 ConceptuaModel Classification

Using the hydrological evidence discussed in the results section each meadow was
classified as at least one conceptual mogglet (Table 4)Table 4describes rationale fowhat
conceptual model(s) each site has been classified into. If a site does not fit into a particular

conceptual model tge then the box is left blank.

Conceptual Models
Sites Sponge Valve Drain
Discharge more| Downstream
variable Discharge greater
upstream than | than Upstream
Ros . ..
downstream discharge, gaining
Canyon Prolonged meadow reach
downstream
discharge
Sustained pond | Lack of large pond | Downstreamdischarge
elevations, levd fluctuations less than Upstream
Lassen .
dampened dischargeand greater
Creek . )
discharge peaks seasonal fluctuation at
two ponds
Downstream
Merrill Discharge greater
Valley than Upstream
dischargealmost
instantaneously and




possibly due to
groundwater
discharge in the
meadow
Downstream
Discharge greater
. than Upstream
Ferris . .
Creek discharge Certain
ponds more steady
than wells in water
elevation
Upstream pondg minimal pond decling Downstream Discharge
start high and | (one pond) less tharupstream
Davies | decline dischargejarge pond
Creek decline(more so than
solely from ET)
Upstream Large pond decline
Big Flat ponds start high (more so than solely
and decling from ET)
Large pond decline
Three (more so than would be
Cornered expected basedn ET
Meadow estimates)

Table4: Rationale for linking conceptual models to meadows where appropriate.

4.5.3 Sponge Model

In the sponge modektorage offlood flows slove the transport of water and

57

sustairs pond elevationdower in themeadows and possibly downstream flows ihty

months (Tague et al. 2005; Hill 201%)owed transport of water through the meadow

allowsalluvialgroundwater recharge. Ithe sponge modekpring flowsentering the

meadowaretemporarily stored and relesed adagged peak flows anobseflow during

the summerasin Rose Canyon (Figurgand(Table 4)less variable downstream than

upstream flows as in Lass@meek(Figure 8)
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Traitsof the sponge modekere present in five of the eight meadowBi¢ fat,
DaviesRose Canyon, Lassen Creek, Merrill Vgléydwere most significant in the
springand may appear as mostbybsurface storagelue to current dry weatherThese
classifications are depicted in TableSincebank full discharge and subsequen
meadow saturatiordid not appear taoccur during this studywater stored (via the
sponge modelyubsided before the mid to late summeiollowing wet winters (such as
the winter of 2011) there may bmore evidence of the spongaodelthrough meadow
outflow, which occurrect Rose Canyofirigure7). In average and above average
precipitation years there may be a longer period when evidence of the sponge model
would persist along with more groundwater discharge to the meadow when the water

table is higher

4.5.4 Valve Model
In the valve conceptual modejroundwater dischargevia meadow springs,

seeps and upwellingn a small (localized to one area of the meadow) or large (meadow
wide)area In a valve situation there may be greater stream dischargevbtian above
the meadow (different from the sponge model where slowed transport of water
through the meadow simply dampens flood peaks and prolongs downstream
discharge)Groundwater discharging to the meadow in a localized area was more

common , Merrill VBey, Davies Creek, and Ferris Cre€Rkis localized upwelling can
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cause greater discharge below theeadow;examples of this occur at Merrill Valley
(Figure 12) and Ferri@eek (Figure ).

The valve model suggests an explanation for diminisiasetflav after
restoration. Before incision, there may not have bé&aseflowbelow some valve
meadows except in wet years. If &ater consumptiorin an urincised meadow
consumedhe amount ofincominggroundwaterduring summer and faliater may not
have esapedduring theseseasonsAfter an incisionthat receivesiiow from a spring,
water could flow out of the meadow withowo much ETThis could be the base flow
experienced by downstream users in recent decaéReEstoration that retains the water
longenough to make it available to ET would reverse this process. A spring area in an
incision converted to a pond isferred fromDavies Creelgigurel?7. Similar
phenomenon could occur with an incision that captures water fgeneral upwelling
such as oaorred at Merrill ValleyFigurel?) that would allow water to discharge from
the meadowas surface obaseflow even if it previously went to EThe same amount
of water would be entering the meadow via groundwater recharge (spretgs;
however in arincised meadowmore water could leave through surface flow as
opposed to ETRestoratiormay enable the sponge model and extdimvs from stored
water for a time, butbaseflows would depend on total watershed discharge, sponge
storageflux with lag effeds, and meadow ETn the meadows studiethat exhibited
traits of the valve model therevasvariationin groundwaterstorage gainedhrough

restoration (Table 2).
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The Lack of pond water volume loss during the summer dry seasanst
ponds and especiglllower pondgTable 2) indicatethe modek. A lack in pond decline
can be attributed to groundwater inflow into the ponds (valvieassen Creek (Figures 9
and 10) is an example of limited pond elevation fluctuation, due to groundwater
upwelling.
4.5.5 Drain Model

In the drain modelthe volume of water lost from ponds is greater than expected
from evaporation alone (Table 2). Increased ET in the meadowases water loss; this
occurs through root water uptakehanges irsoil water contenthat drive capillary flow
andgroundwater elevationand operpondwater evaporationPercolated water may
resurface somewhere below the meadow lowerthe watershedWhere a drain is
locally isolated, it may be indicated by ponds with water level daigpicalfor the
meadow The drain model may also be common immediately following restoration as
the previously lowered water tableecovers fromchannel incision and meadow
draining aided by plugs which slow water and allow percolation in the meadow

Ponds that act adrains mayemain at a low level below the height of the plugs
and during this drought have not saturated the mead@s occurred at Davies Creék
ponds 2, 3 and 4t Davies Creekater elevation drops below the stream bed anthy
recharge the groundater, a component of the drain modalhile some unexplained
variation may be accounted for through ET, there is also indicationpdnabf the
variationis due to infiltration losses from the pond, suggesting this meadow follows the

drain model.Ponddeclineat Davies Creeffigure20) combined withdischarge
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comparisons (Figur#8) suggesthat there waswater dischargingo an aquiferor to ET
as explained by the drain conceptual madel

A large seasonal decline in pond elevationsye so than couldbe explained
through ET alonéwhich occurred at Big Flat and Threarnered Meadow), may
indicatingponds are losing water due to infiltration, indicativetb&é drain model The
pond elevations and groundwater elevationere linked showinga net loss ofvater
from all the ponds due to infiltration loss€Bigure22). Following restoration there was
a substantial increase ewvailablegroundwaterstoragein Big Flat and Thre€ornered

Meadow,and ponds may drain to shallow groundwater or deep aquifers.

ThreeCornered Meadovwproject may drairto the Knuthson Meadow projert
the two projects are separated by a grade control structure and 500 meters of stream
channel. The Knuthson Meadow pond elevations do not decline nearly as much as at
ThreeCornered Madow (Figuret) and could be recharged partially by the water
draining from ThreeCornered Meadovand also from groundwater discharge to the

meadow (valve model)

4.6 Conclusions
This study attempted to expand knowledge of restored meadigarology The

eight sites selected were chostmenable study methodeequiring separation between
ponds and restored streamandyet mayrepresent the general nature of the pond and

plug projects as a population. Each site had at least one afdheeptual hydroloig
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models presensomewherein the projectandthe majority of the sitesvad multiple
models acting at different places and at different times.

In each meadow climatic and locational factors influence meadow response to
restoration.As expected, this letb variability in storage estimatestreamand
groundwater hydrologysoil characteristics, and vegetation compositifites specific
detailsand variation among sitesere the reason for multiple study locations order
to both generalize the resultsral consider variatioramongsitesto understand diversity
amonga broader set of meadowand projects

Thespatial and temporabariability of the meadows made classifying each
meadow into one model type a challendgeveral meadows had traits consisterittw
multiple models Conceptual model developmertid not always provide clear division
between meadow featureand model type€.g.hydraulicconductivityand
groundwater storage gained following restoratjasther meadow featuresq.g.pond
decline) wee more indicative of model types expressed in the meadow

This study was conducted entirely during a drought, trebe results may not
persistin non-drought conditions. However, with changing climates and precipitation
patterns these drought conditiammaybecomemore prevalent Tague et al. 2005;
Hammersmark et al. 2008; Loway al. 2010).

Localizedorder onesoil classificatiomnd finer resolution geologic magsuld be
used to look for a link between model and soil tygreunderlyingnear surfaceparent

material, faults, and springsThese projects all lie in the geology of the Sierra Nevada
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Mountain RangeSprings occurring outside of the immediate project areauld also be
helpful for further investigation of the relationship between geology aneadow

conceptual model.
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6.0 Appendix

6.1Site Maps
This appendix contains two maps of the fytdrologystudy extent (at two

different scalesand a map of each of the eight restoration project locatioRer each

site there is an approximate location of the loggers at each project. US Stream and DS
stream are both stream loggers, USGW and DSGW are both shallow groundwater wells
equipped with loggrs, andponds (with corresponding number) indicate ponds with

loggers.
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6.2 Pond Elevation Surveys
For each site there are two graphs, one from the summer of 2012 and another

from the summer of 2013. The blue line indicates the streambed elevation as surveyed
by McMahon, 2013. For graphs with no blue line that means that there is no defined
stream channel. The black solid line indicates the first survey of the summer; théesdate
included in the legend. The dark grey dashed line indicates the second survey of each
summer, with the date in the legend. The lightest grey dotted line indicates the third
survey of the summer, the date of tisairvey is included in the legend. Red dotsthe
graphs indicate that the pondasdry at that surveyand indicate the elevation of the

bottom of the pond
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Davies Creek Pond Elevations Summer 2012
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There appears to be an error regarding the survey data for Davies Creek in the summer of 2013
at the 6/6/13 site visit.

Ferris Creek pond elevations summer 2012
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Ferris Creek pond elevations summer 2013
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Knuthson pond elevations summer 2013
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Lassen Creek pond elevations summer 2013
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Merrill Valley pond elevations summer 2013
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ThreeCornered Meadow pond elevations summer 2013
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6.3 Logger Hydrographs
Hourly logger data from each siteere corrected for barometric pressure and

averaged daily to create a logger hydrogragihe solid lines represent the water level
at each meadow feature (pond or wetlyer time. On the y axis the elevation is the
relative elevation of each feature to the downstream benchmark at each site, which is
set to 0 metersWhere there is a gap or lack afinethat indicates times where the

logger was either removedr the area of interest went dry.
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Big Flat groundwater and pond elevations
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Big Flat Well loggers were removed in the fall of 2013, the middle and upper pond

values were not included past the fall of 2013 because of logger malfunction.
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Davies Creek groundwater and pond

. elevations
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The lower pond logger at Davies creek was removed and not egpiache fall of 2012
when the pond went dry.
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Ferris Creek groundwater and pond
elevations
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The lower and upper ponds loggers at Ferris Creek were not recorded past the
fall of 2013 because of logger malfunction.
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Knuthson Meadow groundwater and pond
elevations
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Merrill Valley groundwater and pond

elevations
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ThreeCornered Meadow groundwater and
pond elevations
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The upper pond logger at Thre@ernered Meadow was removed in the fall of 2012 because the
pond went dry, the logger was replaced in the fall of 2013.

6.4 Meadow Stream Discharge
L'AAY 3 al yy A disan@rge wadjedimited abdve and below the

meadows, when possible (6 of the 8 meadows). There are two graphs for each site, the
upper stream discharge and the lower stream discharge. The blue line represents the
estimated discharge. A line at the zero edgion indicateghat the stream channel was

dry.

Davies Creek
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Davies Creek upstream discharge
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6.5 NDVI Study Extent and Meadow Polygons
This section includes maps of eadhlee thirty meadows included in the NDVI

analysis.When meadows were in close proximity to each other it was possible to
include multiple meadow polygons on each map, if a meadow was isolated then only
one meadow is depicted on the map. The meadow patggare overlaid oa geological

map of California, on a 1:750,000 scale.
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6.6 NDVI and Precipitation Anomaly Graphed over Time
In this appendix the annual summer Vegetation Index or NDVI (averaged over

107

three months July, Agust and September) from 1985 through 204 graphed along

with the precipitation anomaly for that year. The Vegetation Index, in light gray, and

precipitationfraction of normaj in dark gray, are graphed on two separate axes to allow

for comparison. Tévertical red lines indicate the year of restoration. If there are two

red lines then that indicates that the meadow was initially restored and then either

fixed or augmented dependent on the site specific ne@tsstoration year is also

included in the itle of the graph.
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Alkali Flat (2005)
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Alkali Flat (2005)
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Alkali Flat (2005)
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Bear Creek (2009)
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Bird Creek (2003)
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Boulder and Haskell Creek (2007)
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Davies Creek (2008)
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Dooley-Downing (2005)
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Ferris Fields (2007)

NDVI = Precipitation
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Greenhorn Creek (2002)

NDVI = Precipitation
0.7 2 c—EU
0.6 : \ -
2
< 05 A A7 A 15 =
g AN N -
0.4 —] ]
£ A /\/ N \ / \ 118
C 0.3 - V Q
S \ \/ S
) b
_.Cg 0.2 05 C
o S
O 0.1 E;
> h
0 ; ; ; ; ; 0o .2
1983 1988 1993 1998 2003 2008 2013 8
S
Year o
NDVI = Precipitation

0.5 5 ‘_EU
S
é 0.4 N o
o - 15 &
£ 5

C 03 —— N7
S S
= -1 .=
5 0
D 02- \V/ G
8 =
05 C
> o1 O
T
=
0 ; ; ; ; ; 0o &2
1983 1988 1993 1998 2003 2008 2013 8
| -
o

Year




118

HumbugCharles (2004)
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Knuthson Meadow (2001)
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Long Valley (2008)
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Perazzo Meadow (2009)

Year

NDVI = Precipitation
0.8 2 T
0.7 a £
5 =
S 0.6 — —\ 7 15 -
£ s | A A S]
5 \ [\ |\ |, §
S 04 1=
(@)
O 0.2 05 C
> i)
0.1 T
=
0 ; ; ; ; ; 0o 2
1983 1988 1993 1998 2003 2008 2013 8
S
Year o
NDVI — Precipitation
0.8 2 =
07 %
x
% 0.6 I} 1.5 &
(¥ —
£ 05 I K A A ©
= [ \[\ [\ /N 5
O o4 A N 1 -5
= |4 \ / 3
S 0.3 - Vv’ ©
) —
3 0.2 05 S
> 9
0.1 I
=
0 T T T T 0 -9-
1983 1988 1993 1998 2003 2008 2013 8
| -
al




122

Red Clover (2006)
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Smith Creek (2008)
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ThreeCornered Meadow (2002)
NDVI — Precipitation
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6.7 NDVI Analysis
Beloware theresults from each NDVI analysisthe yearly post restoration

change from the preestoration averageThe date of restoration iscluded in the title.
A positive value indicates that the NDVI is increasing, while a negative valug¢daadica
that the NDVI has decreasetb compare NDVI changing values to precipitatibe

same process was completed with the yearly precipitation data
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Bear Creek (2009)
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Boulder and Haskell (2007)
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. Ferris Creek (2003)
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Hosselkus Creek (2002)
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Lassen Creek (2005)
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Poplar Creek (2003)
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e Stone Dairy (2001)
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6.8 Linear Regressions of Logger Data
Logger datavere regressecamongst site features to look for patterns and linear

relationships. In some cases the originally plotted data indicated thaetivere trends
within the data set and when this was the case the daégie separated into time

periods in an attempt to isolate relationships.
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Big Flatogger Regressions

Big Flat lower pond vs. lower groundwater
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Big Flat upper pond vs. upper groundwater
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Davies Creek lower groundwater vs. lower pond
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Davies Creek upper groundwater vs. upper pond
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Lower groundwater depth to

Ferris Creek downstream staff vs. lower
groundwater
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a3 Ferris Creek lower groundwater vs. lower pond
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Ferris Creek lower groundwater vs. upper
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Lower pond elevation (m)

Ferris Creek lower pond vs. upper pond
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Ferris Creek upper pond vs. upstream staff
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Knuthson Valley lower groundwater vs. lower
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Knuthson Valley lower pond vs. upper pond
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Lassen Creek Logger Regressions:
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