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Fisheries biolot!ists and stream ecologists began noticing an increase in siltation and
habitat deterioration in several Arkansas mountain screams in the mid-late 1980's. Sho;1
term research by the Arkansas Game and Fish Commission and the Arkansas Department
ofPollution Control and Ecology monitored turbidity increases over 10 fold below
stream gravel mines in the Ozark Mountains as well as reduced smallmouth bass
(Micropterus dolomieu) populations (-50%), Ozark bass (Amhlopli!es constellatus)
populations (-700%) and other sensitive stream fish. A longer tenn, more intensive
research study funded by the AGFC and conducted by the University of Arkansas
Cooperative Fish & Wildlife Research Unit verified the degradation in stream water
quality, stream habitat, and stream biota below gravel mines on several Ozark streams.
Width of streams in modified reaches was significantly greater than in natural reaches.
Depth ofstreams was significantly decreased in areas mined as opposed to undisturbed
reaches. In addition, riparian vegetation was often removed to facilitate loading and
transport of the aggregate off-site.

Presented at the 1998 American Fisheries Society meeting in Hartford, CT.
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ABS'TRACT I Rivers transoot1 seeiment from eroding up­

lands to depositional areas :-lea sea level. If the contlnu!ty of

sediment transport is interrclcte-d by dams or removal of

seolmen: from tM cnannel oy gravel mining, the flow may

become sediment-starved (hungry water) and prone to

erode the channel bed and bar.ks. ;::roducing channel inci­

sion (cownc:';~!lng), coarsentng of bea material. and loss of

spawntng gravels for salmon and trout (as s~aiier gravels

are transported without replacement from upstream), Gravel

is art:ficia!!y added te the F'ver Rhine to prevent furTrier inci·

As waters flow from high e1e\"3uon to sea level. their
potential energy is convened to other forms as they
sculpt the landsca;Je, developing complex channel
networks and a \ariety of associated habitats, Rivers
accomplish their geomorphic \\'ork using excess energy
above that required to simply move water from one
point on the landscape to another. In natUral channels.
the excess energy of ri\'ers is dissipated in many \\a\'5: in
turbulence at steps in the river profile. in the frictional
resistance of cobbles and boulders. \'egetation along
the bank, in bends, in irregularities of the channel bed
and banks. and in sediment transport (Figure 1).
The transport of sand· and gravel-sized sediment is
particularly important in determining channel form,
and a reduction in the supply of these sediments ma\'
induce channel changes. The supply of sand and gravel
mav be the result of mam factors. including changes in
land use. vegetation. climate. and tectonic acti\'ir:,. This
paper is concerned specifically with the response of
river channels to a reducuon in the supply of these
sediments by dams and gravel mining.

Sediment is transported mostlv as sllspended load:
cla\', silt. and sand held aloft in the water column bv
turbulence. in contrast to b-:dload: sand. grJ.vel. cobbles.
and boulders transported b,' rolling. sliding. and bOllnc-

:--:.::v \\'S;:,:5 ~a!T',s' Acuatic ~c::::a!: Sediment ::2.nsccr:. =~cs:c:-:

Sed:~e~taiI8:"":;~a ,-ei mining

:::lwcnrran:al Managc'7:er' ',:::. 21. NO.4. pp 533-55'

Sion anG :2 many otner fivers w, a::6'7:0:5:0 restore spawmn;;

habitat. It is poss!ble to oass ir,ec~lng sed'men: t:-,rougn

sed:ment transccrt :r.r:Jl,;;n the system. Dammlng ana min­

ing have reduced sediment delivery frci7'. rivers to many

coastal areas, leading Ie, accelerated tJeZi,:n erosion. Sane

and gravel are mlr,ed :cr CC"1s!n.;ctlon ag;;reg2.le from river

cna.~,ne! and lioccpiains. In·c;';2.i1r,el mining commonlY

causes InCisien, wnicr-: may propagate uo- and downstrearr:

of :~·le mine. undermlnlf;~ b-ri8ges, induc:ng ehG-nnel inst3D:­

ity, and lowering aiiuviai water lanies. Floocpiain grave! Pits

have me potential to oe::orr,e wildiiie habitat upon reclama·

tion. c:.;t may De captured by Ine active cnannel ana thereby

ceccme instream oitS. Manage;rent ot sand ana gravel in

rivers must t,e cc;-;e en a regional basis, restoring the conti­

nUity ot sediment transport wnere possible and encouragmg

alternatives te river·derlved aggregate sources.

ing along the bed (Leopold and others 1964). Bedload
ranges from a few percent of total load in lowland rivers
to perhaps 15% in mountain rivers (Collins and Dunne
1990), to over 60S: in some arid catchments (Schick
and Lekach 1993). Althougn a relatively small part of
the total sediment load. the arrangement of bedload
sediments constitutes the architecture of sand· and
gr-a\'el-bed channels. Moreover, gravel and cobbles have
tremendous ecoiogical imporlance. as habitat for ben­
thic macroinvertebrates and as spawning habitat fQr
salmon and trout (Kondolfand Wolman 1993).

The rate of sediment transport typicallv increases as
a power function of flow: that is. a doubling of flow
typicallv produces more than a doubling in sediment
transport (Richards 1982), and most sediment trans­
POrt occurs during floods.

Continuity of Sediment Transport
in River Systems

\'iewed O\'er a long term. runoff erodes the land
mrface. and the river network carries the erosional
products from each basin. The rates of denudation. or
lowering of the land bv erosion. range widelv. The
.\ppalachian .\Iountains of :-':orth America are bei:'l~

denuded about 0.0 I mm/yr (Leopold and others 1964),
the central Sierra 0:e\-ada of California about 0.1
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Figure 1. DIagram of energy dissipation if:

river channels.
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Figure 2. Zones of erosion. transport. and deposition. and the river channel as com'evor belt for sedimenL (Reprinted from
Kondolf 1994. with kind permission of Elsevier Science-NL)

mm/yr (Kondolf and Matthews 1993). the Southern
Alps of New Zealand about 11 mm/yr (Griffiths and
McSaveney 1983). and the southern Central Range of
Taiwan over 20 mm/yr (H.....,mg 1994). The idealized
watershed can be divided into three zones: that of
erosion or sediment production (steep. rapidly eroding
headwaters), transport (through which sediment is
moved more or less without net gain or loss). and

deposition (Schumm 1977) (Figure 2). The river chan­
nel in the transport reach can be viewed as a conveyor
belt, which transports the erosional products down­
stream to the ultimate depositional sites below sea level.
The size of sedimem rypically changes along the length
of the river system from gravel. cobbles. and boulders in
Sleep upper reaches to sands and silts in low-gradient
downstream reaches. reflecting diminution in size by
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weathering and abrasion, as well as sorting of sizes by
OOl,ing water.

Transport of sediment through the catchment and
along the length of the river ~'Stem is continuous.
Increased erosion in the upper reaches of the catch­
ment can affect the ri"er environment many miles
downstream (and for years or decades) as the increased
sediment loads propagate downstream through the
river network. On Redwood Creek in Redwood Na­
tional Park., California, the world's tallest trees are
threatened \'tith bank erosion caused by channel aggra­
dation (building up ofsediment in the channel), which
in turn was caused by clear<utting of timber on steep
slopes in the upper part of the catchment (Madej and
Ozaki 1996,Janda 1978);

Along the river channel conveyor belt, channel
forms (such as gravel ban) may appear stable, but the
grains of which they are composed may be replaced
annually or biannually by new sediment from upstream.
Simiiarly, the sediments that make up the river flood­
plain (the valley flat adjacent to the channel) are
typically mobile on a time scale of decades or centuries.
The floodplain acts as a storage reservoir for sediments
transponed in the channel. alternately storing sedi­
ments by deposition and releasing sediment to the
channel by ,bank erosion. For example, the Carmel
River. California, is flanked by flat surfaces (terraces)
that step up from the river. The lowest terrace is the
channel of sand and gravel deposited by the 1911 flood,
but the surface now stands about 4 m above the present.
incised channel (Kondof and Curry (986). By 1960.
the terrace had been suodi\ided for low-density hous­
ing. despite the recent origin of the land and the
potential for future shifts in channel position.

A river channel and floodplain are dynamic feaLUres
that constitute a single hvdrologic and geomorphic unit
characterized by frequent transfers of water and sedi­
ment between the two components. The failure to
appreciate the integral connection between floodplain
and channel underlies many environmental problems
in nver management todav.

Effects of Dams

Dams and diversions are constructed and operated
for a \>ide varien' of purposes including residential.
commercial. and agricultural water suppl\': flood and/or
debris control: and hydropower production. Regardless
of the::- ?urpose, all dams trap sediment to Some degree
and most alter the flood peaks and seasonal distribution
of flo\\'s. thereby profoLndly changing the character
.'fiG :\.1r:c:ioning of rivers Bv changing flow regime :I:1d

'eci:mem load. dams C:II produce adjustments in aUu-

..ial channels, the nature of which depends upon the
characteristics of the original ar.d altered flow regimes
and sediment loads.

Dams disrupt the longitudinal continuity of the river
system and interrupt the action of the com'eyor belt of
sediment tr.lIlSP0rt. Upstream of the dam. all bedload
sediment and all or part of the suspended load (depend­
ing upon the reservoir capacity relative to inflow)
(Brune 195~) is deposited in the quiet water of the
reservoir (reducing reservoir capacity) and upstream of
the reservoir in reaches influenced by backwater. Down­
stream; water released from the dam possesses the
energy to move sediment. but has little or no sediment
load. This clear water released from the dam is often
rl"ferred to as hungry water, because the excess energy is
typically expended on erosion of the channel bed and
banks for some yean following dam construction, result­
ing in incision (downcutting of the bedl and coanening
of the bed material until eouilibrium is reached and the. .
material cannot be moved by the flows. Resenoirs also
may reduce flood peaks downstream, potentially reduc­
ing the effects of hungry ....-ater. inducing channel
shrinking. or allo....ing fine sediments to accumulate in
the bed.

Channel Incision

Incision below dams is most pronounced in rivers
\.ith fine-grained bed materials and where impacts on
flood peaks are relatively minor (Williams and Wolman
1984), The magnitude of incision depends upon the
reservoir operation, channel characteristics, bed mate­
rial size. and the sequence of flood events following
dam closure. For example. the easily eroded sand bed
channel of the Colorado River below Davis Dam. Ari­
zona. has incised up to 6 m. despite substantial reduc­
tions in peak flows (Williams and Wolman 1984). In
COntrast. the Mokelumne River below Camanche Dam
in California has experienced such a dramatic reduc­
tion in flood regime (and consequent reduction in
sediment transport capacity) that no incision has been
documented and gravels are reponed to have become
compacted and immobile (FERC (993).

Reduction in bedload sediment supply can induce a
change in channel pattern. as occurred on Stony Creek.
a tributary to the Sacramento River 200 km north ofSan
francisco', Since the closure of Black Butte Dam in
1963. the formerly braided channel has adopted a
single-thread mea~dering pattern, incised. and mi­
gr-ated lateralh·. eroding enough bedload sediment to
compensate for about 20% of the bedload now trapped
bv Black Butte Dam on an annual average basis (Kon­
dolf and Swanson 1993).



Gravel Replenishment BelJ:; !J2,,:S

Gravels were being artificially added to enhance
available spawning gravel supplv below dams on at least
13 rivers in California as of 1992 (Kondolf and :'vlat­
thews 1993). The largest of the~ effons is on the Cpper
S:lcramemo Ri\·er. where from 1979 to :WOO over VSS22

( '"TIillion \\;11 ha\'e been spent importing gravel (derived
',,---",lflstlv from grdvel mines on tributaries) into the river

channel menton 1991) (Figure 4i. \Vhile tht:~e project~

Bed Coarsening and Los;:: of S;:awning Grave!s

L- Channel el'Osio.n bclo~\' dams is frequemly accompa­
nied by a change III parucle Sile on Ihe bed. as gravels
and finer materials are winnowed from the bed and
tl~nsportcd downstream. le·.lling an armor layer. a
co;u~e lag deposit of large gr.I\'e1, cobbles, or boulders.
Development of an armor layer is an adju~tmentby the
river to changed conditions because the larger particles
are less easily mobilized by the hungry water flows below
the dam. The armor layer rna> continue to coarsen until
the mate);al is no longer capable of being moved by the
resen'oir releases or spills, thereby limiting the ultimate
depth of incision (Williams and \Volman 1984, Dietrich
and albers 19H9).

The increase in particle siz·~ can threaten the success
of spa\ming by salmonids (salmon and trout) , which
use freshwater gravels to incuhate their eggs. The
female uses abrupt upward jerks of her Lailto excavate a
small pit in the gravel bed, in which she deposits her
eggs and the male releases his milt. The female then
loosens gravels from the bed upstream to cover the eggs
and till the pit. The completed nests (redds) constitute
incubation environments with intragravel flow of water
past the eggs and relative ~ri)(ection from predation.
The size of gravel that can be moved to create a redd

~ depends on the size of the f15h, ranging in median
~iameterfrom about 15 mm for small trout to about 50

mm for large salmon (Kondol: and Wolman 1993).
Below dams. the bed may coarsen to such an extent

that the fish can no longer move the gravel. The Upper
Sacramento River, California. was once the site of
extensive spawning by chinook salmon (OncorhyTlchm

Lrhaw)'tscha), but massive extraction of gravel from the
riverbed, combined with trapping of bedload sediment
behind Shasta Dam upstream and release of hungrv
water, has resulted in coarsenmg of the bed such that
spawning habitat has been \inually eliminated in the
reach (Figure 3) (Parfitt and Buer 1980), The availabil­
ity of spawning gravels can also be reduced by incision
below dams .....hen formerly submerged gravel beds are
isolated as terrace or floodplain deposits. Encroaching
vegetation can also stabilize banks and further reduce
gravel recruitment for redds (Hazel and others 19(6).

Figure 3. Keswick Dam and the channel of the Sacramento
Rivcr downstrcam. (Photograph by the <Iuthor,Januarr 1989.)

can provide shon-term habitat, the amount of gravel
added is but a smali fraction of the bedload deficit
below Shasta Dam, and gra\'els placed in the main river
have washed out during high flows. requiring continued
addition of more imported gravel (California Depart­
ment of \-Vater Resources 1995). On the :'vferced, Tu­
olumne. and Stanislaus rivers in California, a total of ten
sites ",ere exca\-ated and back-filled \vith ~maller gravel
to create spawning hahitat for chinook salmon from
J990 to 1994. However, the gravel sizes imported were
mobile at high flow~ that could bt: expected to occur
every 1.5-1.0 years, and s~bsequent channel surveys
have demonstrated that imported gravels have washed
out (Kondolf and others 1996a.b).

On the border bet\\'een France and Germany, a
series c: hydroelectric dams was constructed on the
River Rhine (progn:ssin~ dO\\'I1stl'eam) after 1950, the
last of which (the Barrage Iffezheim) was completed in
the 1?70". To address the sediment deficit problem
downstream of Iffezheim. an annual average of 170,000
tonne~ of gr:lvt:l (tht: exact amount depending on [he

G. M. Koneolf536



Figure 4, Gr.\,·d replenishment to
the: Sacr.unento River below Keswick
Dam. (Photogr:tph bv the author.
jan lIar:-' 1991.\

Figure 5. B;tr;e artificially feerlin~ ~vel into the R.iver Rhinr
(\r)wnstream of :h., Barrage Ificzhcim. (Photograph byalllhof,

.June 1994,)
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magnimde of the year's runoff) are added to the rivcr
(Figure 5). This approach has proved successful i:1
preventing funh,: incision of the riverbed downstream
(Kuhl 1992), It IS worth nat.i:-.g: that the q,:::mity of
gravel added each year is not equivalent to the unreb":­
Iated sediment load of the Rhine; the river's capacity to
transport sedimer t has :llso been reduced because the
peak discharges h we bee" reduced by reservoir reg1.lb­
tion. The amount of sediment added satisfies the
transport capacity of the existing channel. which b..s

been highly alter=d for navigation and hydroelectric
generation,

Sediment Sluic:r.g 2:-:C ~ass-Th~cL:gh

from Reservo:r ;

The downstre:lm consequences or Interr1.lptin3 the
flux of sand ant:' gravel transport would argue for
designing systems to pass sediment through reservoirs
(and thereby reestablish the continuity of sediment
transport), To date, most such efforts have been under­
taken to solve problems with reservoir sedimentation,
particularly depOSits of sediment at tunnel intakes and
outlet structures. rather than to solve bedload sediment
suppi:' prohlems downstream, These efforL'i have been
most common in regions '''ith high sediment yields such
as Asia (e,g,. Sen and Sriva.'itava 1995. Chongshan and
others 1995. Hass:mzadeh 1995), Small diversion dams
(such a.s tho:>e used to di,·erl ,,",Her in rUIl-of-the-river
hvdroelectric generating projects) in steep \'-shaped
canvon:> have the greatest pott:mi;t! to pa.s~ sediment,
Because of :heir smail sizt:o these reservoirs (or tore­
hays) can e:lSily ·cJe dr;\'.';:> (;O\\'n so :nat t::e ;i','er·s

'.!:-aclit:nt and \'clo(it;; art: ni~lintJ.lncd throl1~h tl~e d:..ln:
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Figure 6. Sand deposited in the bed of
the Kern River u a result of sluicing from
Democrat Dam in 1986. (Photogr.-.ph by
the author, December 1990.)

at high flow. Large-<:apaciry, low-level outlets are re­
quired to pass the incoming flow and sediment load.

If low-level outlets are open at high flow and the
reservoir is dra.....T1 down. a small reservoir behaves
essentially as a reach of river. passing inflowing sedi­
ment through the dam ouliets. In such a sedIment
pass-through approach. the sediment is delivered to
downstream reaches in essentially the same concentra·

"--"" tion and seasonal flood flows as prevailed in the predam
regime. This approach was employed at the old Aswan
Dam on the River Nile and on the Bhatgurk Reservoir
on the Yeluard River in India (Stevens 1936). Similarly.
on the River Inn in Austria and Germany. floodwaters
with high suspended loads are passed through a series
of hydropower reservoirs in a channel along the reser­
voir bottom confined by training walls (Hack 1986.
Westrich and others 1992). I· topographic conditions
are suitable, sediment-laden floodwater may be routed
around a reservoir in a diversion tunnel or permitted to
pass through the length of the reservoir as a density
current vented through a bottom sluice on the dam
(Moms 1993). The Nan·Hwa Reservoir in Taiwan was
designed with a smaller upstream forebay from which
sediment is flushed into a diversion tunnel, allowing
only relatively clearwater to pass into the main reservoir
downstream (Morris 1993).

If sediment is permitted to accumulate in the reser­
voir and subsequently discharged as a pulse (sediment
sluicing), the abrupt increase in sediment load may
alter suhstrate and aquatic habitat conditions down­
stream of the dam. The most severe effects are likely to
occur when sediment accumulated over the flood sea­
son is discharged during baseflow (by opening the

~utlet pipe or sluice gates and permining the reservoir

to draw do......n sufficiemly to resuspend sediment and
move bedload}, when the river's transporting capacity is
inadequate to move the increa'ied load. On the Kem
River, the Southern California Edison C.-ompany (an
electric utility) .obtained agency permission to sluice
sand from Democrat Dam in 1986, anticipating that the
sand would be washed from the channel the subsequent
winter. However, several years of drought ensued. and
the sand remained within the channel until high flows
in 1992 (Figure 6) (Dan Christenson, California Depart­
mentofFish and Game. Kernville, personal communica­
tion 1992).

On those dams larger than small diversion struc­
tures, the sediment accumulated around the outlet is
usually silt and cla)', which can be deleterious to aquatic
habitat and water quality (Bjornn and Reiser 1991).
Opening of the low-level outlet on Los Padres Dam on
the Carmel River, California. released silt and clay,
which resulted in a large fish kill in 1980 (Buel 1980).
The dam operator has since been required to use a
suction dredge to maintain the outlet (D. Dettman,
Monterey Peninsula Water Management District, per­
sonal communication 1990). On the Dan River in
Danville, Virginia, toxicity testing is required during
sluicing affine sediments from Schoolfield Dam (FERC
1995). Accidental sluices have also occurred during
maintenance or repair \\'ork, sometimes resulting in
substantial cleanup operations for the dam operators
(Ramey and Beck 1990, Kondolf 1995).

Less serious effects are likely when the sediment
pulse is released during high flows, which will ha\·e
ele\'3ted suspended loads, but which can typically dis­
perse the sediment for some distance downstream. The
Jansanpei Reservoir in Tai\.,.an is operated to pro\;de
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power for !.he Taiwan Sugar Company, which needs
power for processing only from November to April. Tne
reservoir is left emptyW'lth open low-level outlets for the
tirst twO months of the rainy season (May and June). so
sediments accumulated over !.he months of Jul~'-April
can be flushed by !.he first high flows of the season
before storing water in the latter part of the niny season
(Hwang 1994).

At present, sediment pass-through is not commonly
done in North America. probably because of the limited
capacity of many low-level outlets and because of con­
cern that debris may become stuck in the outlets,
making them impossible to close later. and making
diversions impossible during the rest of the wet season
until flows drop sufficiently to [LX the outlets. These
concerns can probably be addressed \\ith engineering
solutions, such as trash racks upstream of the outlet and
redundancies in gate structures on the low-Ie\'el outlet.
Large reservoirs canno: be drawn dOM} sufficiently- to .

transport sediment through their length to the outlet
works, for such a drawdown would eliminate carryover
storage from year to year, an important benefit from
large reservoirs:

In most reservoirs iT: the United States, sediment is
simply permitted to accumulate. Active management of
sediment in reservoirs has been rare, largely because
the long-term costs of resen'oir storage lost to sedimen­
tation have not been incorporated into decision-making
and planning for reservoirs. Most good reservoir sites
are already occupied by reservoirs, and where suitable
replacement reservoir sites exist, the current cOSt of
replacement storage (about USS3/m3 in California) is
considerably higher !.han original storage costs. ~lechani·
cal removal is prohibiuve)v expl:'nsive in all bUt small
reservoirs. \\'ith costs of S15-S50/m3 cited for the
Feather River in California (Kondolf 1995) .

Channel Narrowing and Fine Sediment
Accumulation Below Dams

While many reservoll"S reduce flood peaks. the de­
gree of reduction varie~ considerably depending upon
reservoir size and operation. The larger the reservoir
capacity relative to river flow and the greater the flood
pool a\'ailable during a gi\'en 1100d, the greater the
reduction in peak floods. Flood COntrol resen'oirs
rvpically contain larger floods than resen'oirs opented
solely for water supply Downstream of the reser\'oir.
encroachment of riparian \"egetation into parts of the
active channel may occur in response to a reduction in
annual flood scour and sediment deposition I Williams
and Wolman 1984). Channel narrowing has heen great­
est below reser\'oirs that are large enough to contain
the river's lar~est floods. In some l:ases. line sediment

delivered to the river channel by tributaries aCCU:T.'J­

lates in spawning gravels because the reservoir-reducd
floods are inadequate to flush the riverbed clean,

On the Trinity River, Califor~ia. construction of
Trinitv Dam in 1960 reduced the two-~"e:lr flow from ~50

m'/sec to 9 m3/sec_ As a result of this dramatic chang::
in flood regime, encroachment ofvegr:ution and depo­
sition of sediment has narrowed the channel to 20S­
60% of its~redam ",;dth (Wilcock and others 1996).
Accumulation of uibutafy-<ierived decomposed g:-a,
nitic sand in the bed of the Trinity River has led to a
decline of invertebrate and salmonid spawning habitat
(Fredericksen. K.:iIninc and Associates 1980). Experi.
mental. controlled releases were made in 1991. 199~.

1993, 1995. and 1996 to determine the flows required to
flush the sand from the gra\'eis (Wilcock and others
1996).

Such flushing flows increasingly have been proposed
for reaches downstre:un of reservoirs to remove fine
sediments accumulated on the bed and to scour the bed
frequently enough to preven t encroachment of riparian
vegetation and narrowing of the active channel (Reiser
and others 1989). The objecti\'es of flushing flows have
not always been dearly specified, nor have potential
conflicts always been recognized. For example, a dis­
charge that mobilizes the channel bed to flush intersti­
tial fine sediment ",ill often produce comparable trans­
port rates of sand and gravel, eliminating the selective
tranSport of sand needed to reduce the fine sediment
content in the bed. and resulting in a net loss of gravel
from the reach given its lack of supply from upstre:m:
(Kondolfand \Yilcock 1996).

Coastal Erosion

Beaches serve to dissipate \,'ave action and proCect
coastal cliffs. Sand may be sup?lied to beaches from
headland erosion, river transport. and offshore sources.
If sand supply is reduced through a reduction in
sediment delivery from rivers and streams, the beach
may become undernourished. shrink. and cliff erosion
may be accelerated. This process by which beaches are
reduced or maintained can be thought of in terms ob
sediment balance between sources of sediment (rivers
and headland erosion), the rate of longshore transport
along the coast. and sedimem sinks {such as loss to

deeper water offshore) (lnman 1976). Along the coast
of southern California. discrete coastal cells can be
identified. e,lCh \,"ith distinCt sediment sources (sedi­
ment delin:ry from r.\"er mOUlhs) and sinks (losses to

submarine C;111vons j • For example, for the Oceanside
littoral cell. tile contribution from sediment sources
(Santa ~larganta.Sa:: Luis Re\. and San Dieguito rivers
and San ~ (.\lell ,me S.m .J uan creeks) \,'as estimated.
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Figure 7. The Oceanside littoral cell. showing estimated sand
and gravel supply from rivers. 10ng5hore transport, and loss to
the La Jolla submarine canyon (in mSj}T) , (Adapted from
Inman 1985, used by pennission,)

under natur.l1 conditions, at 209.000 m'/yr. roughly
balancing the longshore transport Tate of 194.000
m'/yr and the loss into the La Jolla submarine canyon
of200.000 m '/yr (Figure 7) (Inman 1985).

The supply ofsediment to beaches from rivers can be
reduced by dams because dams trap sediment and
because large dams typically reduce the magnitude of
floods, which transport the majority of sediment Uen­
k.inS and others 1988). In southern California rivers.
most sediment transport occurs during infrequent floods
(Brownlie and Taylor 1981), but it is these energetic
events that flood control dams are constructed to
prevent. On the San Luis Rey River. one of the principal
sources of sediment for the Oceanside littoral cell,
Henshaw Dam reduced suspended sediment yield by 6
million tonnes (Figure 8), total sand and gravel yield by
2 million tcnnes (Brownlie and Taylor 1981).

Ironically. by trapping sediment and reducing peak
flows, the flood control dams meant to reduce property
damage along rivers contriJute to property damage
along the coast by eliminating sediment supply to the
protective beaches. For the rivers contributing sedi­
ment to the Oceanside littoral cell as a whole, sediment
from about 40% of the catcnment area is now cut off
by dams. Because the rate of longshore transport (a

function of wave energv striking the coast) is un·
changed. the result has been a sediment deficil, loss of
beach sand. and accelerated coastal erosion (Inman
1985).

The effects of sediment tr.lpping by dams has been
exacerbated in combination v.ith other effects such as
channelization and instream sand and gravel mining
(discussed below). Although sluicing sediment from
reservoirs has been considered in the Los Angeles
Basin. passing sediment through urban flood control
channers could cause a number of problems. including
decreasing channel capacity (Potter 1985), "Beach
nourishment" with imported sediment dredged from
reservoirs and harbors has been implemented along
many beaches in southern California (Inman 19i6.
Allayaud 1985, Everts 1985). In some cases, sand is
transported to critical locations on the coast via truck or
slurry pipelines. The high costs of transportation. sort­
ing for the proper size fractions. and cleaning contami­
nated dredged material. as well as the difficulty in
securing a stable supply of material make these options
infeasible in some places (Inman 1976),

To integrate considerations of fluvial sediment sup­
ply in the maintenance of coastal beaches into the
existing legal framework, a system of "sand rights."
analogous to water rights. has been proposed (Stone
and 1<;J.ufman 1985),

Grave! Mining in River Systems

Sand and gravel are used as construction aggregate
for roads and highways (base material and asphalt).
pipelines (bedding), septic systems (drain rock in leach
fields), and concrete (aggregate mix) for highways and
buildings, In manv areas. aggregate is derived primariiv
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from alluvial deposits, either from pits in river flood­
plains and terran~e" or by in-channel (instre:un) min­
ing, remo\ing sand ar:~ gTavel directly from river beds
\~ith heavy equipment.

Sand and gravel that have been subject to prolonged
transport in water (such as active channel deposits) are
particularly desirable sources of aggregate beClus~

weak materials are elimmated by abrasion and attrition,
leaving durable, rounded, well-soned gravels (Barksdale
1991). Instream gravels thus require less processing
than many other sources, and suitable channel deposits
are commonly located r.ear L~e markets for the product
or on tr.lIl5portation routes, reducing transportation
costs (which are the largest COSts in the industry).
:-'(oreover, instream graveis are typically of sufficiently
high qualicy to be dassified as "PCC-grade" aggregate,
suitable for use in production of Portland Cement
concrete (Barksdale 1991).

u

~iec::s of lnstre=.m Gravel Mining

lnstream mining directly alters the channel geom­
etry and bed elevation and may involve extensive
clearing, diversion of fiow, stockpiling of sediment. and
excavation of deep pits (Sandecki 1989). Instream
m:ning may be carried OUt by excavating trenches or
pits in the gravel bed. or by gravel bar skimming (or
scalping), removing al: the material in a grave! bar
above an imaginary line sloping up....'ards from the
summer \~'ater's edge. In both cases. the preexisting
channel morphology is disrupted and a local sediment
deficit is produced. but trenching also leaves a headcut
on its upstream end. In addition to the direct alterations
of the river environmenc, instream gTa.\'el mining mav
induce channel incision, bed coarsening, and lateral
channel instability (Kondolf 1994).

Channel Incision and Bed Coarsening

Bv remo\;ng sediment from the channel. instream
gravel mining disrupts me preexisting balance becween
sediment supply and transporting capacity. typically
inducing incision upsrream and downstream of thc
extraction site. Excavation of pits in the active channel
alters the equilibrium profile of the streambed. creating
a locally steeper gradient upon entering the pit (Figure
9). This over-steepenec nickpoint (\\;th its incrcased
stream powcr) commonly crodes upstream in a process
known as headcuuing. ~Iining·induced incision may
propagate u?stream for kilometers on the main river
(Scon 1973. Stevens and others 1990) and lip tribuuries
(Harvev and Schumm 1987). Gravel pits trap much of
the incomir:g bedload sediment. passing hungTV \\o'ater
downstrearr::. which \''Plcallv erodes the channel bed

Figure 9. Incision produced bv insrream gravel mining. a:

Toe initial. preextr.lction condition. in which the river'3
sediment load (Q.) and the shear stress (-r) a\-ailable to
tr.lIlSport sediment are continuous through the reach. b: The
excavation creates a nickpoint on its upstream end and traps
sediment. interrupting the tr:lIlSpOrt of sediment through the
reach. Downstream. the river still has the capacicy to transpOrt
sediment (T) but no sediment load. c: The nickpoint rnigntes
upstream. and hungry water erodes the bed downstream.
causing incision upstream and dO\\'T\stream. (Reprinted from
Kondolf 1994. with k.ind permission of Elsevier Science-NL)

and banks to regain at least part of its sediment load
(Figure 9).

A vivid example of mining-induced nickpoint migra­
tion appears on a detailed topographic map prepared
from analysis of 1992 aerial photographs of Cache
Creek. California. The bed had been actively mined up
to the miner's property boundary about 1400 m down­
stream of Capay Bridge, with a 4-m high headwall on the
upstream edge of the exca\'ation. After the 1992 winter
flows. a nickpoint over 3 m deep extended 700 m
upstream from the upstream edge of the pit (Figure
10). After the flows of 1993. the nickpoinr had migrated
anOlher 260 m upstrcam of the exca\'ation (not shown).
and in the 50-yr flood of 1995, the nickpoint migrated
under the Capav Bridge. contributing to the near­
failure of the structure (:"orthwest Hydraulics Consul­
tantS 1995).

On the Russian River near Healdsburg. California.
instream pit mining in the 1950s and 1960s caused
channel incision in excess of 3-6 m over an 11-km
length of river (Figure 11). The formerly wide channel
of the Russian River is now incised. straighter, prevented
from migrating across the valley floor by levees. and
thus unable to maintain the diversirv of successional
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Figure 10. Nickpoint upstream of ~m-deep gravel pit in the bed of Cache Creek. Califomia. as appearing on a topographic map
of Cache Creek prepared from fall 1992 aerial photographs. Original map scale 1:2-100. contour interval 0,6 r.1.
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Figure 11. Longitudinal profile of the Russian River. near
Healdsburg. Caljfornia. showing incision from 1940 (Q 1991.
(Redrawn from F10rsheim and Goodwin 1993. used by permis­
sion.)

stages of vegetation associat.:d with an activelv migron­
ing ri\'er (F1orsheim and Goodwin 1993). With contin­
ued extraction, the bed may degrade down to bedrock
or older substrates under the recent alluvium (Figure
12). JUSt as below dams, gravel-bed rivers may become
armored. limiting further incision (Dietrich and others
1989). but eliminating salmonid spawning habitat.

In many rivers, gravel mining has been conducted
do\\-nstream of dams, combining the effects of both
impacts to produce an even larger sediment deficit. On
the San Luis Rev River downstream of Henshaw Dam.

five gravel mmmg operations \\ithin 8 k.m of the
Highway 395 bridge extract a permitted volume of
approximately 300,000 m3/F' about 50 times greater
than the estimated postdam bedload sediment }ield
(Kondolf and Larson 1995), further exacerbating the
coastal sediment deficit.

Incision of the riverbed typically causes the alluvial
aquifer to drain to a lower level. resulting in a loss of
aquifer storage, as documented along the Russian River
(Sonoma Coun~' 1992). The Lake Count\' (California)
Planning Deparunem (Lake Count\' 1992) estimated
that incision from instream mining in small river valleys
could reduce alluvial aquifer storage from I % to 16%.
depending on local geology and aquifer geometry.

Undermining of Structures

The direct effects of incision include: undermining
of bridge piers and other structures, and exposure of
buried pipeline crossings and w3.ter-supply facilities.
Headcutting of over 7 m from an instream gravel mine
downstream on the Kaoping River. Taiwan, threatens
the Kaoping Bridge, whose do....nstream margin is now
protected ....ith gabions. massive coastal concrete jacks,
and lengthened piers (Figure 13).

On the San Luis Rey River, instream gravel mining
has not oniv reduced the supply of sediment to the
coast. but mining-induced incision has exposed aque­
ducts, gas pipeiines. and other utilities buried in the
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(Todd l~;)~)), ,-l,..., <l nickpoinl migr,lles upsll't:lIm. its
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;lIie: gra\'<.:! to llll; Ill;UiI:,lclll Rll~.,i;ln Ri\'l:1' (1 i"I\(;\' ,lliri

Schumm ! l);~7
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A more subtle but potentialiy significant effect is the
increased mobility of the gravel bed if the pavement
(the active coarse surface layer) (Parker and Klingeman
1982) is disrupted by mining. Similarly, removal of
gravel bars by instream mining can eliminate the
hydraulic control for the reach upstream, inducing
scour of upstream riffles and thus washout oHncubat­
ing salmon embryos (Pauley and others 1989).

Secondary Effects af Instream Mining

Among the secondary effects of instream mining are
reduced loading of coarse woody debris in the channel.
which is important as cover for fish (Bisson and others
1987). Extraction (even bar skimming at low extraction
rates) typically results in a wider. shallower streambed.
leading to increased water temperatures. modification
of pool-rime distribution. alteration of intergravel flow
paths. and thus degradation of salmonid habitat.

Resolving the Effects of Ins:ream Mining
from Other Influences

C In many rivers. several factors potentially causing
incision in the channel rna}" be operating simulta·
neously, such as sediment trapping by dams. reduced

channel migration bv bank protection, reduced over­
bank flooding from levees, and instream mining. How­
ever, in many rivers the rate ofaggregate extraction is an
order of magnitude greater than the rate of sediment
supply from the drainage basin. prm,;ding strong evi­
dence for the role of extraction in causing channel
change. On Stony Creek. the incision produced by
Black Butte Reservoir could be clearly distinguished
from the effects of instream mining at the Highway 32
bridge by virtue of the distinct temporal and spatial
patterns of incision. The dam-induced incision was

pronounced downstream of the reservoir soon after its
construction in 1963. By contrast. the instream mining
(at rates exceeding the predam sedimem supply by
200%-600%, and exceeding the postdam sediment
supply by 1000%-3000%) produced incision of up to 7
m centered in the mining reach near the Highway 32
bridge. after intensification of gravel mining in the
1970s (Kondolfand Swanson 1993) (Figure 14).

Management c; Instream Gravel Mining

Instream mining has long been prohibited in the
United Kingdom. Germany, France. the Netherlands,
and Switzerland. and it is being reduced or prohibited
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in many m'ers where impacts are apparent in Italy.
Portugal. and ~ew Zealand. In the United Sutes and
Canada. instream mining continues in many rivers.
despite increasing public opposition and recognition of
environmental effects by regulatory agencies. Instream
mines continue to operate illegally in many places, such
as the United States (Los Angeles Times 1992) and
Taiwan.

Strategies used to manage instream mining range
widely, and in many jurisdictions there is no effective
managemenL One strategy is to define a redline. a
minimum elevation for the thalweg (the deepest point
in a channel cross section) along the river, and to
permit mining so long as the bed does not incise below
this line (as detemtined by annual surveys of river
topography). The redline approach addresses a prob­
lem common to many permits in California., which have
specified that extraction is permitted" x feet below the
channel bed" or onl~' down to the thalweg.....ithoUl
stating these limits in terms of actual ele"'3.tions above a
permanent datum. Thus the extraction limits have
migrated vertically downward as the channel incises.

Another approach is to estimate the annual bedload
sediment supply from upstream (the replenishment
rate) and to limit annual extraction to that value or
some fraction thereof, considered the "safe yield." The
replenishment rate approach has the \;rtue of scaling
extraction to the river load in a general ....'a~'. but bedload
transport can be notoriously variable from year to year.
Thus. this approach i~ probablv better if permitted
extraction rates are based on new deposition that year
rather than on long-term average bedload ~ields. More
fundamentally, howe\"er, the notion that one can extract
at the replenishment ra.:e without affecting the channel
ignores the continuit\' of sediment transport through
the river system. The mined reach i~ the "upstream"
sediment source for downstream reaches. so mining at
the replenishment rate could be expected to produce
hungry water conditions downstream. Habitat manag­
ers in Washington state have sought to limit extraction
to 50% of the transport rate as a first-cUl estimate of safe
~ield to minimize effects upon salmon spawning habitat
(Bates 198i).

Current approaches to managing instream mining
are based on empirical studies. While a theoretical
approach to predicting the effects of different levels of
gravel mining on rivers would be desirabie. the inherent
complexity of sediment transpon and channel change
makes firm. specific ?redictions impossible at present.
Sediment transpon models can prmide ;1:1 indication of
potential channel inc:sion and aggradation. but all such
models are simplifica:ions of a complex realirv, and the
lItilitv of existing model, is limited by unreiiaole formu·

lation of sediment rating curves. variations in hydraulic
roughness. and inadequate undersw.;1cing of the me­
chanics of bed coarsening and baak erosion (,,'R,C
1983).

In 1995, the CS Department of Transportation
issued a notice to state transportation agencies indicat­
ing that federal funds ....il! no longer be available to
repair bridges damaged by gravel mining, a move that
may motiv)lte more \igorous enforcement of regula­
tions governing gravel mining in rivers by states.

Floodplain Pit Mining

Floodplain pit mining transforms riparian woodland
or agricultural land into open pits, which typically
intersect the water table at least seasonally (Figure 15).
Floodplain pit mining has effectively tr.u1sformed large
areas of floodplain into open-water ponds, whose water
level commonly tracks that of the main river closely. and
which are commonly separated from the active channel
by only a narrow strip of unmined land. Because the pits
are in close hydrologic continuity with the alluvial water
table, concerns are often raised that contamination of
the pits may lead to contamination of the alluvial
aquifer. Many existing pits are steep-sided (to maximize
gravel yield per unit area) and offer relatively limited
wetlands habitat. but ....ith improved pit design (e.g.,
gently sloping banks. irregular shorelines). greater
wildlife benefits are possible upon reclamation (An­
drews and Kinsman 1990. Giles 1992).

In many cases, floodplain pits have captured the
channel during floods. in effect converting formerly
off-channel mines to in-ehannel mines. Pit capture
occurs when the strip of land separating the pit from
the channel is breached by lateral channel erosion or by
ovedlmlling floodwaters. In general. pit capture is most
likely when flo....ing through the pit offers the river a
shorter course than the currently active channel.

When pit capture occurs. the formerly off-channel
pit is converted into an in-channel pit, and the effects of
instream mining can be expected. notably propagation
of incision lip- and downstream of the pit. Channel
capture by an off-ehannel pit on the alIu\ial fan of
Tujunga Wash near Los Angeles created a nickpoint
that migrated upstream. undermining highway bridges
(Scon 1973). The Yakima River. Washington, was cap­
tured by two floodplain pits in 1971. and began under­
cutting the highway for whose construction the pits had
been originalh' excavated (Dunne and Leopold 1978).
High flows on the Clackamas River. Oregon. in 1996
resulted in capture of an off-channel pit and resulted in
2 m of incision documented about 1 k:n upstream
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Figure 15. Floodplain pit along Cotton­
wood Creek near Redding. California.
(Photograph by author,January 1989.)

Figure 16. Incision of Qackamas River
approximately one mile upstream of
captured gravel pit near Banon, Or­
egon. Tne three men on the right are
standing on the bed ofa side channel
that fonnerlyjoined the mainsrem al
grade. but is now elevated :lbOUI 2 m
above the current rh'er bed. afler up­
stream migration of a nickpoint from
the gravel pit. View upslream. (Photo­
graph by author. April 1996.)
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(Figure 16) and caused undermining of a building at
the gravel mine site (Figure 17)

Off-channel gravel pits have been used successfully
as spawning and rearing habitat for salmon and trout in
Idaho (Richards and others 1992) and on the Olympic
Peninsula ofWashington (Partee and Samuelson 1993).
In warmer climates, however, these off-channel pits are
likely to heat up in the summer and prO\ide habitat for
I,-arm-water fish that prey on jun~nile salmonids. During
floods, these pits may serve as a source of warm-water
fish to the main channel. and juvenile salmon can
~come stranded in the pits. The Merced River, Califor­

''--n::l, flows through at least 15 gravel pit.s. of which seven
were excavated in the active dannel. and eight were

exca"-ated on the floodplain and suh~equentlycaptured
the channel (Vick 1995). Juvenile salmon migrating
tOI\<"3.rds the ocean become disoriented in the quiet
water of these pits and suffer hi~h losses to predation by

largemouth and smallmomh bass (Micropll.'rus salmoidt5

and M. dolomieui). On the nearhv Tuolumne River. a
1987 study by the Califomia Department of Fish and
Game estimated that ju\'t::nile chinook salmon mig-rat·
ing oceanward suffered 70% losses to predation (mostl;'
in gravel pits) in the three days required to trJ\"erse an
80-km reach from laGrange Dam to the San joaquin
River (EA. 1992). To reduce this preda~ion problem,
fundir.g has been allocated to repair breached levees at
one gravel pit on the \lerced River at a cost of



Figure 17, Bl,ilcit,,:; undercut by bank
erosion as the Cl:l(:~amasRi\'er flows
thr<.lllgh a capllIrec ;p~m:l pit Ileal' B;II'­
toll, Orego!1, (Phowgraph b~' the author,
A.orilI996,)
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L;SS361 ,000 (l"onoolf and others 1996a), a:-:c refilling

of two pit;; un th:- TI.:ultl!:~:H: Rivt:r L,~ bC::t:l1 ~!'ofloscd at
2. cost of$5.3 milJ:ar. \:c3;\::1 ;\:IU Tr;:sh 199:;',

Aggregates Cl ~ be obtained from a ,,'ide ';;Irierv of
sources (besides tlmial deposi ts). such as <:'.1''' ter'<1.ce
mines, qu<\rries (from '"hich rock mllst be crushed.
washed, and sun:d). dredger tailings, rest:no!r dcl;as.
and recycling concrete rubble. These al terna,i':e sources
usually require more processing ;lOd often require
lon~er u-.msportation. Although their production costs
are commoniv higher. these alternative sources a\'oid
mallY im:xlCt::i of riverine extraction and ma" nrovide

I • , ~

other benefits. such as partiallv restori,,; resenoir
capacity lost to sediment;J.tion and providing upportuni­
ties for ecolo:;icl: restoration of sterile cl:'edge:' tailings,

In California. most aggregate that has been pr0­
duced to date has been PCC-grade aggre~;\te f!'01,1
instream deposit.' or recent channel deposit:; in 11ood­
plains. These dep0sils were \'iewed as \irtllall~' ir.:initc in
supply, ai~d these high-grade aggreg~ltc.::;have been used
ii~ applicalions (such ;l~ road subbase) for w:\ich Oll\e!',
more ahll!ld:llll\jg:'~:;~les (e,g,. crusiH:d rock from
:lD;and Cjuarriesi would be a<.:<.:t:plabie. Gi\e:: ,il;}t cle­

m,lnc! for :,:,::;rCc:'I(' commonly exceeds the -''';Jr':; of
sand and ;;:';\,,'c.:! :: om th" GlldlnH.:nl b~' :111 urcler 0('

1l\"::;llitudl~ or 111<.re. public polio' (lu~lit to c:,courag<.:
n:ser';atioll or the l'1<)sl \'ailiahle a~~n:3:llc n:SCJilrCt:s lor
1111.: hi:.!he:;l e:ic; lI~e~. PCC-grade illstn:alll g:';.j\e" shuuld
he used. to :!';e ~xtt:nt possibk. onlv i" ,l::-:::icatiom
requiring Stlc:~ hj'.:ii"jila::l\' ag~n:g~\le. Lpi;li~(: 9uarr-.
and len'aCt: Pit SOUf(;e~ of lower-grade a'-i:.!,c':\I'~ shouid

be identified, and altern:ltivc sources stich as mlOlOg
goid dn.:d;;c:' lailin:;s rr I'e:;en'oi;' ac<.:umubtions. should
b~ ev;duated. \\'l;erever possi~ic,concrete r.ubble should
be rec~'c1cd to produce a,:::;r,~;:J.·_c for m;:mv applications,

F:.c:";:=:'\'oir 5cdinlents are a l~!'~e!~' unexpioitcd source
of building materials in the L:li:ed States, In general.
re,'e:'\'oir dep\Jsi~ \,;11 be ;\It,;,c:ive sources of aggre­
ga:::,' to lh-:: l:xte:~: that they all: sorttd by sile, The
c:e::nsitionai pattern \\'i:hin a reservoir depends on
n:se:n'oir size ;\Ild configuration and the reservoir :;lage
d\i:'ing noods. Small diversion dams may have a low trap
ef:lciencv for suspended sediments and trap primarily
S~l1c{ and gravel, while brger reservoirs will have mostly
finer-grained sand. silt. and clay (deposited from suspen­
s:on) thrcus-h()Ul most of the reservoir. \\ith. coarse
se(iim..::,: p,picall\' concentrated in deiws at the: up­
stt'l::lm end of the reservoir, These coarse deposits will
extend farther if the re~cnolr is drawn down to a low
level when the: sedime:nt-Iaden wale:r enters. In many
reservoirs. sand and gl<IVd occur at the upstre::lm end.
slits and clays at the downstream end. and a mixed zone
of interbedded coarse and line sediments in the middle.

Sand and gra\'e! ~lre mined commercially from some
deblis basins in the Los .-\n~e1l.:S Basin and from Rollins
Re~t:rmir on the Bear Ri\cr in California. In Taiw~\ll.

must rese:noir sedimen t:.; arc fine-grained (owing lO lhe
G,liher of the SOllr<.:e r()ck~,J, hut where: coarsc::r seeli·
I::ents ;lre dt:!)()-;ited. till::; arc \irtuallv all min.:d for

cUl1Stru<.:tion il:~:~regate (J. S. Hwan~, Tiliwan Pruyin<.:i:1!
\\:1:c; Consc:'\'anc\' Bmeau. Taichung Cit"', per~on;)1

commlillic;1liol1 1996). 111 br:lt:i, tht' ~,2·km.ion;Shikl1l~1
Re~en()ir j, millt:d ill iL~ llppet' 1)1)0 m to produce sand
;\!~d :;r:I\'<.:1 for construction :l;:;rcgatc. and in it~ 100\'er I
kiT. tl) prudll<.:e cLl\' lor lise in C(;i1lcnt. bricb, d:n' seab
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Comprehensive management of gravel and sand in
river ~'Stems should be based on a recognition of the
natura! flow of sediment through the drainage network
and the nature of impacts (to ecological resources and
to infrastructure) likely to occur when the continuity of
sediment is disrupted. A sediment budget should be
developed for present and historical conditions as a
fundamental basis for evaluation of these impacts. manr
ofwhicn are cumulative in nature.

The cost of sediment-related impacts of existing and
proposed water development projectS and aggregate
mines must be realistically assessed and included in

Co. economic evaluations of these projects. The (vcr\' real)
costS of impactS such as bridge undermining. loss of
spa\mir.; gravels. and loss of beach sand are now
exterr:a.iized. borne by other sectors of socierv rather

u

for sev.rage treaunent ponds, and pottery (Laronne
1995. Taig 1996). The zone ofmi.....ed sediments in the
mid-5Cction of the reservoir is left unexamued and
\"eget.:ued so it permits onlY fine-grained washload to

pass downstream into the lower reservoir. thereby ensur­
ing continued deposition of sand and gravel in the
upstrearn portion of the reservoir and silt and cl:lv in
the do....nstrearn portion. The extr:lction itself restores
some of the resen'oir capadty lost to sedimentation.
Similariy. on 1\anal Besor. Israel. the off-channel Lower
Rehovol Reservoir was deliberatel:-' created (to prmide
needec reservoir storage) by gra\'el mining. Water is
diverted into the reservoir through a spillway at high
fiows. as controlled by a weir across the channel (Cohen
1996).

Extraction of reservoir seJiments partially mitigates
losses in reservoir capacity from sedimentation. Be­
cause of the high costs and practical problems "ith
construction of replacement reservoir storage and/or
mechanical removal of sediment. restoration of reser­
voir capacity may be seen as one of the chief benefits
from mining aggregate and industrial clays from reser­
voirs. If these benefits are recognized, mining reservoir
deposits may become more economically attractive in
the future. especially if the environmental costs of
instream and fioodplain mining become better recog­
nized and reflected in the pri :es of those aggregates. In
the United States. constrUction of resen'oirs was often
justiiiec: partially by anticipated recreational benefits.
and thus reservoir margins are commonly designated as
recrearion areas. posing a potential conflict \\ith an
indusL'ial use such as gravel mining. Furthermore.
wetlands may form in reservoir delta deposits, posing
potential conflicts "ith regulations protecting wetlands.

Conclusions

than the generators of the impacts. The notion C~­

sediment right5 (analogous to ....'ater rights) should he
explored as a framework \\1tnin which to assess reservoir
operations and aggregate mir:i:1£, fo~ these if:1pacts.

Sediment pass--t.hrough should be undertaken ix'
reservoirs (where feasible) to mimic the natural flux of
sediment through the river s\'Stem. Pass-through shoulC
be done only ~uring high flo\\'s when the sediment is

likely to conunue dispersing downstre:l;T; from lbe
reservoir. Tne cost of installing larger low-ie\'el outlets
(where necessary) on existing dams \\ill generallv be
less than costs of mechanic~, ;ernov:!.1 oisediments on"~

subsequent decades. In larger reser-yoirs I·.. here seai­
ment cannot be passed through a cirawn-<iown reser­
"oir, alternati\'e means of tr::msporuns the gravel and
sand fractions around (or through) reseryoirs using
tunnels. pipes. or barges should be explored.

Flushing flo.....s should be evaluated not onh- in lighl
of potential benefitS of flushing firle sediments from
mobilized gravels. but also the potential loss of grave!
from the reach due to downstream transp0rl.

The regional context of ag~reg:ltc resources. market
demand. and the emironmemal impacts of \":J.rious
alternatives must be understood before anv site-speCific
proposal for aggregate extraction can be sensibly re­
viewed. In generaL effects of aggregate mining should
be evaluated on a river basin scale. so that the cumula­
tive effects of extraction on the aquatic and riparian
resources can be recognized. E.valuation of aggregate
supply and demand should be undertaken on the basis
of production-eonsumption regions. encompassing the
market for aggregate and all potential sources of aggre­
gate v.ithin an economical transport distance.

The finite nature of high~uality allu\ial gravel reo
sources must recognized. and high-quality PCG-grade
aggregates should be reserved only for the uses demand·
ing this quali ty material (such as concrete). Alternative
sources should be used in less demanding applications
(such as road subbase). The emironmental costs of
instream mining should be incorporated into the price
of the product so that alternative sources that require
more processing but have less environmental impact
become more attractive.

lnstream mining should not be permilted in rivers
dc\\TIstream of dams by virtue of the lack of supply from
upstream or in ri\'ers with important salmon spawning
(unless it can be shown thal the extraction v.ill not
degr:lde habitat).

Acknowledgments

The concepts presented in this paper have dra",n
upon research over a decade and interesting discussions



with many colieagues. including Ken Bates, Koll Buer.
Brian Collins, Cathy Crossett, Peter Geldner. Peter
Goodwin, Murray Hicks. Jing-San H",-ang. Steve Jones.
Pete Klingeman. John Laronne. Han-Bin Liang. Bob
MacArthur, Graham Matthews. SCOtt McBain, Gregg
Morris, Mike Sandecki, Mitchell Swanson.Jen Vick., Ed
Wallace, Peter Wilcock, and John Williams. This paper
has benefitted from critical comments from Mary Ann
Madej, Graham Matthews, and an anon~mous reviewer.
The research upon which this paper is based was
partially supported by the Universi[}' ofCaliiornia Water
Resources Center (UC Davis). as part of Water Re­
sources Center project UCAL-WRC\\,-748, adminis­
tered by the Center for Environmental Design Re­
search, and by a grant from the Beatrix Farrand Fund of
the Department of Landscape Architecture, both at the
Universi[}' of California, Berkeley.

Literature Cited

A.lla!-aud. W. K. 1985. Innovations in non-structura.i solutions
to preventing coastal damage. P3ges 260-290 in J. McGr.lth
(ed.), California's battered coast. proceedings from a confer­
ence on coastal erosion. California Coasta.l Commission.

Andrews,].. and D. Kinsman. 1990. Gravel pit restOration for
wildlife: a practical manual. The Rmal Society for Protec­
tion of Birds. Sandy. Bedfordshin:.

Barksdale, R. D. 1991. The aggregate handbook. National
Stone Association. Washington. DC.

Bates, K. 1987. Fisheries perspectives on grave: removal from
nver channels. Pages 292-298 in Realistic approaches to
better floodplain management. Proceedings of the eleventh
annual conference of the Association of State F1oodolain
:'otlanagers. Sean!e, June 198i. ~atural Hazards Res~arch
and Applications Information Center. Special Publication
~o.18.

Bisson. P. A. and eight coauthors. 198i. Large \\'oody debris in
forested streams in the Pacific Northwest: Past present. and
future. Pages 143-190 in E. O. Salo and T. Cundy (eds.).
Proceedings of an interdisciplinarv s\mposium on stream­
side management: Forestry and fishery interactions. Cniver·
sit\' ofWashington Press, Seatt.le.

Bjornn. T. L.. and D. W. Reiser. 1991. Habitat requirements of
sa.lmonids in streams. P3ges 83-138 in Influences of forest
and rangeland management on salmonid fishes and their
habitats. American Fisheries Socie[\' Special Publication 19.

Brownlie. W. Roo 3nd B. D. Taylor. 1981. Sediment m3nage­
ment for southern California mountains. coastal plain. and
shoreline. P:m C. Coastal sediment deIi"en bv major rivers
in southern California. Report. 17-C. En\ironmental Quai­
itv Lab. California Institute ofTechnology. Pasadena.

Brune. G. ~l. !953. The trap emdenC" of reservoirs. TrtlrtJac·

lions of th( .1mmcnn C(OP ~.~jical Cnion 34:40i-H S.

Bud. B. 1980. Effects of Los Padres Reser\"Oir silt reiease.
Cnpublished memo. ~Ionterev Peninsula \\'ater ~'lanage-

ment District. :--'Iontere\ California. -

California Depanrnent on'Vater Resources. ! 995. Sacrame:'lto
River gravel restoration ph:ue II studv: ..... pian for continued
'p;;\,nlr.g pve! replenishment becv,'een ~ick Dam :inC
clear Creek. Technical Information Record 11:;' :-"L\-9:.-:.
California De:larum:nt of W3te: Resources. ="iorthem Dis-­
~c:, Red Blu..::. California.

Chongshan, Zoo W. Jianguo, and L QU1~et. 1995. E:<peri­
:.;c:nt SlUG\, of approach for sedi::1em removed from reser­
voirs. Pages 14~154 in Proceedings of sixth imern3uon:ll
~mposiu~onriver sedimentation. :-.ie,,, Delhi. India.

Cohen. M. 1996. Structures and sills in river channels. P31Zes
42-44 mJ. B. Laronne (ed.), Resc:n'oirs as a source of wa~er
for the ~c::;:e,: conference proceedings. Ben-Gurion l'niver­
!i~., Be'erShe,-a, Israel (in Hebrew).

Cc::ms. B.. :lnd T. Dunne. 1990. F1U\~al geomorphoiogv and
~wer gravel mining: .-\ guide ior planners. case stud.:t"s
l:lciuded. California Di\ision of Mines and Geology Spe(";~1

Public;;",:)n 98. Sacramento.

Demon. D. ~. 1991. Sacramento River gravel res.orauon
progress repor:. L'r;:)t~blished re?orl. California Depan­
::1e~: of '.';3ter Resources, Red Bluff, California. Ja:mar)'
;~~1.

Diet.;ch. W. E.. J. W. Kirchner. H. Ikeda. and F. lseya. 19139,
Sedimer.: suppiy and development of coarse surface: layer in
gT'3vel bec::ec rivers. Salu.T~ 340:21E>-217.

Dunne. T.. llnd L B. Leopold. 1975. Water in environmenta.l
planning. W. H. rreem3n &: Sons. 5= Fr:rncisco.

EA \L\ EnS-:neering. Science. and Technology). 1992. Don
Pedro Project ftSheries studies report (ITRC Article 39.
Project ~0. 2299). Report to Turlock Irrigation District and
~!erced Irng=1uon District.

Everts, C. H. 1985, Effects of small protective devices on
beaches. Pages 127-138 in J. ~lcGrath (ed.). Californi3's
b:mered coast. proceedings from;; conference on coas~

erosion. Californi3 Coastal Commission.

FERC (FederJl Lnerg:' Rc:gul:ltory CommISSion). 1993. Final
environmental impact SL3temenL propose modifications to
the Lower ~Iokelumne River Project. California, FERC
Project ~o. 2916-004. Washington. DC.

fERC (Federal Energy Regulatory Commission). 1995. Order
amending and appro\ing sediment flushing plan. STS
P'vdropower Limited and Dan River Incorporated. FERC
Project ~o. 2-H 1-{)12. Washington. DC.

Fiorsheim. J.. and P, Good\.in. 1993. Geomorphic and hvdro­
logic conditions in the Russian River, California; Histonc
trends and existing conditions. Discussion document, pre­
pared for ulifornia Sute Coast31 Consen-anev. Oakland.

Fredericksen. Kamine. 3nd Associates. 1980. Proposed Trinitv
River B3Sin fish and "ildlifc: m3n3gement program. L'npub­
!,shc:d report to l'S Water :lna PO"'er Resources Senice
(now the L'S Bureau of Reclamation).

Giles. ~. 1992. \\'ildlife after gravel: Twen[\' years of practical
research bY' The Game Consen-ancv and ARC. The G3me
Conservanc\", Fordingbridge. Hampshire,

Griffiths. G..-\.. and :--'1. J. :'>lcSavenev. 1933 H"drology of a
basin \\itn extreme r:linialls-Cropp RIver. ~c:w Zealand.
Sro; ZeaLand journal of5czma ~ti:293-306,

Haci.. H. P. 1986. Design and c3lculation of reservoirs of run
of nver s:atior;s Incorporating sedimentation. Pages 10;-



550

... ..

112 in W. Bechteler (ed.). Ti.l.nsport of suspended solids in
open channeis. proceedings of Euromech 192. Munich,
German~'.June11-15. 1985,

Har\'e\', M. D.• and S. A. Schumm. 1987. Response of Dry
Cre~k. California. to land use change. gt<l\'ej mining and
dam closure. Pages 451-160 in Erosion and sedimentation
in the Pacific Rim, proceedings of the Corvallis S\mposium.
August 1987. International Association of Hydrological
Sciences Publication 165.

Hassanzadeh, Y. 1995, The 'emo\':l! of resen'oir sediment.
Waur InurntllioncJ. 20:151-154.

Hazel. C.• S. Herrera. H. Rectenwald. and ]. Ives. 1976.
Assessment of effects of altered stream flow characteristics
on fish and wildlife. Pan B California case studies. Report
byJones and Stokes. Inc. to US Deparunem of Interior. Fish
and Wildlife Ser\;ce.

Hwang,]. S. 1994. A study of the sustainable water resources
system in Taiwan considering the problems of resen'oir
desilting. Taiwan Pro\incial Water ConseT\':lney Bureau,
Taichung City. Taiwan.

Inman. D. L 1976. Man's impact on the California coast3]
zone. Summary report to California Deparunent of :'\a\iga'
tion and Ocean Development. Sacramento.

Inman. D. L 1985. Budget of sand in southern California;
river discharge \'S. cliff erosion. Pages 10-15 in J. McGrath
(ed.). California's battered coast. proceedings from a confer­
ence on coastal erosion. California Coastal Commission.

Janda. R. J. 1978. Summary of watershed conditions in the
vicinity of Redwood National Park. US Geological Survey
Open FLle Report 78-25. Mnlo Park. California.

Jenkins. S. A.. D. L. Inman. ard D. W. Skeli\'. 1988. Impact of
dam building on the California coastal zone. CalifO'TTlia
Waurfront A~September.

Kondolf. G. M. 1994. Geomorphic and emironmental effects
of instream gravel mining. lAndscape and Uroan Planning
28:225-243.

Kandolf. G. M. 1995. Managing bedload sediments in regu·
lated rivers: Examples from California, USA. Geoph-ysirol
Monograph 89:16~176.

Kandolf. G. M.. and R. R. Curry. 1986. Channel erosion along
the Carmel River. Monterey County, California. EArth Surface
Processes and lAndfurnu 11:307-319.

Kandolf. G. M.. and M. Larson. 1995. Historical channel
analysis and its application to riparian and aquatic habitat
restoration. Aquatic Conservalion 5:109-126.

Kandolf. G. M.• and W. V. G, MattheWli. 1993. Management of
coarse sediment in regulated rivers of California. Report
No. 80. University of Calife>mia Water Resources Center,
Davis. California.

Kandolf. G. M.. and M. L. Swanson. 1993. Channel adjust­
ments to reservoir construction and instream gra\'el mining,
Stony Creek. California. Environmental ~oloi!J' and Hater
Scimce 21 :256-269.

Kandolf. G. M.• and P. R. Wilcock. 1996. The flushing flow
problem: Defining and evaluating objectives. naler Resources
Research 32(8) :2589-2599.

Kondol£. G. M.. and ~f. G. Wolman. 1993. The sizes of
salmonid spawning gravels. WaIn' Resourcn Research 29:22i~
2285.

Kondolf. C. M.,]. C. Vick. and T. M. Ramire:. 1996a.. Salmon
spawninl': habit:it rehabilitation in the ~lerced. Tuolumne.
and S~islau5 Rivers. California: An e\-a.lu:uion of proJcc:
planning md performance. Report :'\0. 90. L"ni\'ersirv of
California Water Resources Center. Da\1s. ulifornia.

Kondolf, C. M.• ]. C. Vick. and T. M. Ramire:. 1996b. Salmor:
spawning habitat rehabilitation on the ~(ercedRiver. Califor­
nia: An evaluauon of project plannin!; ;;.:od periorman~c.

Transactions ofthe.-\ m=can Fishmes SOClnT 125:599-91:!.

Kuhl. D. 1992. ~4 years of artificial grain i~eding in the Rhine
downstream the barrage Iffezheim. Pages Il21-1129 in
Proceedings 5th international S)mposium on ri\'er sedimen­
t3tion. K.!.rlsruhe. Germam'.

lAke Counry. 1992. Lake Counc:-' aggregate resource manage­
ment plan. Lake County Planning DeparuncTlt, Resource
Management Dhision. lAkeport. CaJiiorniol. Draft.

Laronne. J. B. 199::. Design of quarninf i:1 li:e Shikm;l
Reservoir. final report to ~lekorot. IsraeE Water Supply
Company. Geography Department. Ben-Gurion L'niversi[\',
Be·erShe\'a.lsrael.july. 15 pp. (in Hebrew).

Lehre, A... R. D. Klein, and \\'. Trush. 1993. :ulah-sis of the
effects of historic gt'avd extraction on the geomorphic
character and fisheries habitat of the Lo....er Mad River,
Humboldt County. California. Appendix F to the drait
program environmental impact repon on gT3.vd remo\-al
from the Lower Mad Ri\'er. Department ofPlanning. Counr::
of Humboldt. Eureka. California.

Leopold. L B.. M. G. Wolman. and]. P. :-"1 iller, 1964. FlU\ial
processes in geomorpholog\'. W. H. Freeman. San Francisco.
522 pp.

Los Angeles Times. 1992. Brothers get jail time for river
mining. Article byJonathan Gaw. 17June.

Madej, M. A., and V. Ozaki. 1996. Channel response to
sediment wave propagation and movement. Redwood Creek.
California, USA. Earth Surfac~ PrOCtsJeJ and lAndfOTlTU 21 :911­
927.

Marcus. L 1992. Status report: Russian Ri\'er resource enhance­
ment plan. California Coastal Consef\<tnc\'. OaJJmd. Califor- .
nia.

McBain. S. M.• and W. Trush. 1996. Tuolumne River channel
restoration project. special run pools 9 and 10. Report
submitted to Tuolumne Ri\'er Technical Ad\isorv Commit­
tee (Don Pedro Project. FERC License ~o. 2299) bv McBain
and Trush. ArOt3. California.

Morris. G. L. 1993. A global perspective of sediment control
measures in reservoirs. In S. Fan and G. L. Morris (eds.).
Notes on sediment management in reservoirs: :-.lational and
international perspectives. l:S Federal Energv Regulatory
Commission. Washington DC.

Northwest Hvdraulics Consultants. 1995. Cache Creek stream­
way study. 'Unpublished report to Yolo Counn' Communirv
Development Agencv, Woodland. California.

i\'RC (National Research Council). 1983. An C\'3.luation of
flood-level prediction using allU\ial-ri\'er models. Commit­
tee on Hvdrodvnamic Computer ~lodels for Flood Insur­
ance Studies, Advisory Board on the Built Environment.
Commission on Engineering and Technical Systems, Na­
tional Research Council. National Academy Press. Washing­
ton DC.



Effects cf Dar;;s and Gra"i€i Mining on Rivers

Parfitt. D.• and K. Buer. 1980. Upper Sacramento River
spa~lling gravel sn:dv. California Department of Water
Resources. Northern Division. Red Bluff.

Parker. G.• and P. C. i\.lingeman. 1982. On why gra\'el bed
streams are paved. mUtT Rescurw Re.uaTCh 18: 1409-H23.

Parsons Brinkerhoff Gore &: Storrie. Inc. 1994. River manaore­
ment study: permanent protection of the San Luis Rev Ri;er
Aqueduct crossings. Report to San Diego County' Wate~
Authority.

Panee, R. R.. and Samuelson, D. F. 1993. Weyco-Brisco ponds
habitat enhancemer,t design criteria. Unpublished report.
Gra~'S Harbor College, Aberdeen. Washington.

Paulev. G. B.• G. L Thomas. D. A. Marino, and D. C. Weiganc.
1989. Evaluation of the effects of gravel bar scaiping on
juvenile salmonids in the Puyallup River drainage. Univer·
si~' of Washington Cooperatiw: Fishery Research Unit Re·
port. University ofWashington, Seattle.

POlter. D. 1985. Sand sluicing from dams on the San Gabriel
River-is it feasibie~ Pages 251-260 in J. McGrath (ed.).
California's battered coast, proceedings from a conference
on coasD.! erosion. California Coastal Commission.

Ramev. ~1. P.• and S. ~1. Beck.. 1990. Flushing flo,," e...alU3Iicr.:
The north fork of the Feather River below Poe Dam.
Environment, Health. and Safety Report 009.4-.S9.9. Pacific
Gas and Electric Company, Department of Research and
Development. San Ramon, California.

Reiser. D. W .• ~!. P. Ramey, and T. A. Wesche. 1989. Flushir.i:
flows. Pages 91-135 in J. A. Gore and G. E. Petts (eds.)',
Alternatives in regulated river management. CRC Press.
Boca Raton, Florida.

Richards. C.. P. J. Cerner.1. M. P. Ramey. and D. W. Reiser.
1992. Development of off-channel habil3.ts for use by ju\·e·
nile chinook salmon.Nurlh American JournaL of FlJh~ne5

:'<lanagnnntt 12:i21-"2i.

Richards. K. 1982. Rivers: form and process in allU\ial chan·
nels. Methuen. Loncon, 358 pp.

Sandecki. :-L 1989. Agip-egate mining in river S\'5tems. CcWor.
nia ~olo~42(4):88-94.

Schick. A. P.. and J. Lekach. 1993. An e\"aluation of r\\'o
ten·vear sediment budc:ets. Nahal Yael. Israel. Pfzwcai CfOf!Tn·
pity 14(3):225-238. - .-

Schumm. S. A.. 19ii. The flmial system. John \\'ilev ;5.; Sons.
:'\ewYork.

SCOtl. K. :-1. 1973. Sco\..r and fill in Tujunga Wash-a fanhead
\"allev in urban southern California-1969. l'S Geolol<ic:J.J
Survey' Professional Paper i32·B. •

Sear. D. A.• and D. R. Archer. 1995. Tne e:':'ec~ of IT;l\'e:
extr-action on the stabiiitv of gr:l\'ei-bed nvers: .... ose'5:UC:i-.

from the Wooier \\'ater. :'\orthumher13.:1c. t.:K.. Paper pre­
sented to the 4th workshop on gravel bed riven. Gol": Bar.
Washington.

Sen. S. P.. and A. Srh-asl3.\"a. 1~5. Flushmc: of sediment f~om
Slr.:l.ll reservoir. Pages 14~1:'''; in Proce~c~~~ of SiX:J~
international symposium on nver sedir..e'1t;luon.-:--:ew Delhi.
India.

Sonoma ~ounty. 1992. Sonoma COUnty agg-regdte resources
management plan and en\ironmeno! irr.D3c: re:h:ll':. c~:
Prepared b~' EIP .1Us0ciates for Sonoma 'Coun~' P!:lnnmi':
Depa~t:nem. Sanu Rosa. CJ.1ifornia. . -

Stevens.j. C. 1936. The siit problem Paper:-';o 19~7. T:-J.:1s;lc·
tions ..l,..rnerican Socierv of Civil Engmeet5.

Stevens. M. A.. B. l:roonas, and L. S. Tucker. 1990. Pub!ic­
private cooperation protects n·;e~..-LDIU Foi!fJ(lTtn' Septem.
ber: ::5-27.

Stone. K. ::.. and B. S. Kaufman. 19S5. Sand rights. a legal
5\'Stem to protect the shores cf l~e beach. Pages 2Sr...:297 :r.

J. :-'lcGrath (ed.). California's batlered coas~. pr0ceec:ng;
from a conference on coastal erosion. CJ.1ifornia Coasul
Commission.

Taig. :-'1. 1996. Use of sediment accumulated in flood reser·
'·oirs. Pages 25-30 :r: J. B. uronne (ed.). ReservOIrs :is a
source of water for the :'\ege\' Conference Proceedl;);>.
Ben-Gurion L:niverslrv. Be'er Sheva. Israel (in Hebrew).

Todd. A. H. 1989. The decline :md recoverY of Blackwood
Canvon. Lake Tahoe. CJ.1ifornia. In Proce~dings. interna·
tionai erosion control association confe~ence. Vancouver.
Br.ush Coiumbia.

\ick. J. 1995. Habil3.t rehabiliution in the Lower Merced
River: A geomorphological perspective. Masters thesis in
Emironmenul Planning, Department of Landscape Archi·
leCtUre. and Report :\0. 03-95. Center for Emironmenwl
Design Research. L'niversi[v of California. Berkelev.

'.\·esu;ch. 13 .. S. AI-Zoubi. and J. :-luller. 1992. Planning and
deSIgning a flushing channel for river resermir sediment
management. Pages 861-<)67 in 5th international s~mpo-

sium on nver sedimenution. Karlsruhe. Germanv. .

Wilcock.. P. R.. G. ~l. hondol£. \\'. \'. :-'latlhe\Vs. and A. F. Baru.
1996. Specification of sediment maintenance flows for a
large gravel-bed river. H'lzt", RLsouruJ &seaT/:h 32(9):2911­
2921.

Williams. G. P.. and :-1. G. Wolman. 1984. DO~llstre:J.m effects
of carns on aIlU\1al n\·ers. L:S Geolol!'ical Survey Professional
Paper: ::S6.



()

California
Rivers and Streams

The Conflict between
Fluvial Process and Land Use

Jeffrey F. Mount

ILLUSTRATIONS BY

Janice C. Fong

UNIVERSITY OF CALIFORNIA PRESS
Berkeley Los Angeles London



.......!"_AlIII ....

38

38
39
50

xi
:cv

3

3
7
9

12
15

17

17
18
20
2.5
26
32
36

. ::..:.t ~; ,:"~-'. r. •
'."':..."' ..... l#9r:~(' 1'< "

... ': ". ,.. , J, ~

vii

'~~, Introduction
""'J!' Unsteady, Nonunifonn Flow

.,; ::".'Moving Water: How Fast, How Deep?
.:;.Jleynolds Number: Turbulent versus Laminar Flow

'j ::"~6udeNumber: Subcritical versus Supercritical Flow
,;,~,!ndary Layers and Flow Separation: Life in the Fast Lane
~'Su~~ary......,~ ,

~, ~,'l¥~~a~ Work: Sediment Entrainment. Transport.
'd·Dep.§sition
'~""

fnWdiiction

J.~~t~~er,Competence. and Capacity

"~~i$~':~'
,,~ ~'!."":

PREFACE

ACKNOWLEDGMENTS

CUNTt;NT~

1. Introduction to the Rivers of California:
The First 4 Billion Years

.-,..~.

PART I • HOW RIVERS WORK

j.
I



4. TheS\' ,f a River 52
Introduction 52
Channel Cross Sections 52
Channel Pattern

58
Channel Patterns in Delta~ 76Summary

80
5. Origins of River Discharge 83

Introduction
83

Monitoring the Pulse of a River: The Hydrograph 83Precipitation
85

Base Flow: Why Rivers Run All Year 86Overland Flow
89Snowmelt Runoll
94Summary
99

6. Sediment Supply
101

Introduction
101

Weathering: The Primary Source of Sediment
102

Soils: The Source of Most River Sediment
104I low Erosion Works
105

Calculating Sediment Yicld
108

Ma~~ Wa~ling
110

Sediment Supplied by Channel Erosion
115

Overall Sediment Budget 116Summary
118

7. River Network and Profile 121
Introduction

121
Watcrsheds in Plan View: Evolution of Drainage Networks 122
Discharge and Drainage Network Structurc 128
Watersheds in Profilc 134Summary

142
8. Climate and the Rivers of California 145

Introduction
145

Climate in the Land of Extremes 146
EI Nino Events, Droughts, and Floods 152
Orographic Effects 157Summary

159
9. Tectonics and Geology of California's Rivers 161

Introduction
161

Plate Tectonics: The Unifying Theory of the Geologic
Sciences 161

Plate Boundaries
163

" Plate Boundaries and the Geology of California's Watcrsheds
California's Rivers in Context
Summary

rlfART II • LEARNING THE LESSONS: LAND
~' USE AND THE RIVERS OF CALIFORNIA

JHo. Rivers of California: The Last 200 Years
i\f(.

Introduction
1800-1900: Arrival of the Europcans and the

Discovery of Gold .
1900-1950: "Reclamation" and Flood Control
1950-1970: Boom Time
1970-Present: The War of the Special Interests

Mining and the Rivers of California

Introduction
Hydraulic Mining: 1853-1884
Abandoned and Inactive Mines
In-stream Sand and Gravel Mining
Summary

Loggin~ California's Watcrsheds

Introduction
Timber Harvest Techniques
On-site Impacts
Cumulative Impacts of I.ogging on Rivers
Summary

Food Production and the Rivers of California

Introduction
The Grazing of California's Watcrsheds
Agricultural Runoff

.<i-'. Summary

~;~4. A Primer on Flood Frcquency: llow Much and How Often?
~. :; Introduction

FEMA, the U.S. Army Corps of Engineers, and the 100-Year
Floodplain

Flood Frequcncy: Mylhs and Misconceptions
Flood Recurrence and thc American River: A Casc Examplc
Summary

5. The Urbanization of California's Rivers

Introduction
Urban Stormwater Runofl

( .:;
185

189

189

189
193
197
J~~

202

202
203
209
216
224

227

227
229
231
238
24J

246

216
247
252
264

267

267

268
271
281
285

287

287
288



4~

xi

PREFACE
lIl.

.rThe rivers of California transport the state's most valuable and hotly con­
;'" tested natural resource, water. While they do this, they periodically inun­
~'date our homes. erode our property, and deposit sediment in our back­
~.i<.yards. forming one of the state's most pernicious natural hazards. Rivers
~also act as the state's great septic system, carrying away the efnuent of our
~agriculturaland urban areas. For the past one hundred fifty years Ihe state
,.of California has been damming, diverting, polluting. and reshaping its

rivers to supply the needs of an exploding population and economy. This
forceful reconfiguration and redistribution has. at the close of the Iwenti­
i~th century. brought the state to an important crossroads. Business as \lsual
\With our number one resource will no longer be acceptable; major changes
~e in the offing, and we have to alter the way we manage water a/l(l ollr
~.nvers.
~~. Despite the fact that the lives of all Californians are afTectedin sOllie
frcly by rivers. as a population we remain largely uninformed about. or sim­
ply uninterested in. river processes and their interactions with various land

'es. To illustrate. between large flooding evenL~. we tend to view rivers as
~tic channels that simply convey water and house fish. When floods come
~d the rivers go about the business of transporting runoff and sediment

d sculpting the landscape, we scem to be genllinely surprised at rhe re­
;Uhs. During the copyediting stage of this book, the (loods ofJallllary I!l~):;

·~re leaving their mark across the entire state of California. Widespread
.ooding in both northern and southern California (an unusual occllr-
ence) led to millions of dollars in propcrty damage, the displacement of
iousands of families. and the seemingly annual westward migration of

"ie Federal Emergency Management Agency. What secmed lost in all rhe

3J1
3JJ

291
299
309
310

313

313
316
322
326
334

337
'117

338
342
347
348

...."

CONVERSIONS AND EQUIVALENTS

INDEX

Fir 'ontroi thr~ugh Channelization of Riven
In11> .s of Channelization
Working with a River
Summary

16. The Damming of California's Rivers

Introduction
Controlling the Variables with Dams and Divenions
Geomorphic Response to Dams
Impacts of Dams on Fuheries and Water Quality
Summary

17. The Future: Changing Climate, Changing Rivers

Introduction
Climate Change: Global Cooling, Global Wanning
The Response ofCalifomia', Riven to Climate Change
A Final Note
Summary

-



the woC.nes rtlns into the tens of millions of dollars, far outs~~
~()vernJTIent blldgets. As noted above, it is difficult, if not impossibl_
the various government agencies to place blame accurately for the.~
In lIlany cases the mines have changed hands often, and, most C0J!1D11

the present owners lack the financial resources to effect any slg"tii:
change, There is rarely a deep pocket to fund the cleanup o~,
Rather, it appears that despite intense study and legal wranglin~~
past 20 years, we are likely to see little significant reduction in tt,~
of mined land drainage. .,

IN-STREAM SAND AND GRAVEL MINING

According to California Division of Mines and Geology 'reports,.)
over nine hundred companies in California that are involved:.
traction and processing of aggregate. The "ore" for the vast oj.
these companies is the deposits of sand and gravel that occur wit
nels and on the floodplains and terraces of the state's rivers. Ov~
10 years more than a billion short tons of material have been'
According to G. Mathias Kondolf of UC Berkeley, this may reR
milch as ten times the amount of bedload supplied to rivers by~j

watersheds. The problems that arise from aggregate mining ste
concentrated removal of material from stream channels and fro,.
cated close to them. .

Limited research has been conducted over the past few deca~,
effects of in-stream mining both within and outside California..~.
of rivers in California are changing in response to aggregate miD::
ations and are the foclls of controversy. In northern California,.
River, Cache Creek (fig. II'SA), Redwood Creek, Stony Creek, an,
others are being actively mined with a range of adverse impactSf
ern California, the Santa Clara River, the Tluunga River (fig. 'i~.
many of the rivers that drain the San Gabriel and San Bernar~J.

tains are also being mined. Some of the impacts from these\p
have involved considerable damage to local bridges and other~!k

As I have stated throughout this book, the work that ari~
eludes eroding, transporting, and depositing sediment. Ther~
ior and its form reflect a dynamic adjustment to sediment .YieJ~

charge conditions. Not surprisingly, the extraction of sand a~W~
a riverbed disrupts this work. The complex feedback system tlVll<
river's response to these disruptions often ensures that the)it!
of aggregate produces changes in river morphology and behaVl
significantly greater area than the extraction site itself. t

The consequences of in-stream aggregate mining on rive9?~
,J'
:'~

'l-\te

't" Aggregate mining operations. Above: Cache Creek, Yolo County. Wide·
f"'pit active channel mining and bar-skimming operations have signifi­
!red the overall sedimenl budget of Cache Creek, threalening arljoining
~. groundwater, and local infrastructure (see text for discussion).

'reo More extensive treatments of this issue are contained ill the
d boolu listed in the Relevant Readings section at the end of

~ter. The impacts of aggregate mining on river systems are rooted
dency of miners to remove material at a rate that exceeds re­

.~.nt from upstream sources. The readjustment of a river to new
'nent budgets can lead to a number of changes ill conditions
":;channcl and along the floodplain. These changes often prove
~.inental to land uses that are completely unrelated to and. in
:. quite distant from aggregate mining operations.

On-site Impacts

ethree general types of in-stream aggregate mining operations
~ia that have a significant impact on rivcrs. These are (I) (by pit,
:nel mining, in which hlllldo7.crs, scrapers, and loaders excavat(:
iemeral streambeds; (2) wet pit, active channel mining, in which
'r hydraulic excavators remove material from below the water

Z,=f
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Fig. 11.58, Abovt: Terrace pit mining, shown here. attempts to avoid Ihe acti~,

channel. Howcver. during high flows braidcd rivers will mually break Ihroug!
berms that separate these pits from the active channel. A!l shown in the Thjun
Wash area of southern California. this can cause extensive downstream and
stream damage.' Photographs courtesy of Rand Schaal, pilot.

~r directly from a perennial stream channel; and (3) bt mming. in
'ihe tops of gravel bars are removed without excavating below the
gr water table level. The usual approach to in-stream mining involves
, 'elopment of one or more extraction pits within the river channel

.g:the dry season (see fig. ] 1.5). Water that continues to move through
"

',ver is usually diverted around the pits by temporary berms. Aggre-
,iaterial is often processed adjacent to or within the channel of the
'~ggregate mines are also commonly established outside the active
,~;channel on the floodplain or on adjacent river terraces. Depend­
lthe depth of the pit and the elevation of the water tahle, these op-

,o.~s can be wet or dry.
~!argument that many aggregate extraction companies make in de­
~f their industry is that they are exploiting a renewable resource.
r~ as winter flows enter the pits, the sharp increase in channel size
rose a rapid decline in competence, leading to rapid deposition of
,ent within the pit. Eventually, during the course of a winter, local­
1position should fill the pit and restore the original bed profile of
~r without any long-term impacts.
riven where the tot..t1 sediment budget is very large and a~grcgate

'~on rates are low, the ideal notion of aggregate as a yearly renew­
'esource may be valid. However, in practice, this is rarely the case.
i~of a number of northern California rivers where estimates of bed-
'~"".
lfansport rates and sediment budgets can be accurately mcasured
te that sand and gravel in most of the heavily mined rivers is being

,eted at a rate far greater than it is being replenished. Although Cali­
a's watersheds are notorious for their high sediment yields, the state's
~erable dams and the urbani7.ation of the watersheds have decreased
~ount of coarse sediment available to most rivers, On many of the
'r~rivers. such as the Sacramento and the San Joaquin. the ability of
i\to trap sand-si7.ed and coarser material means that the most desired
,pal has been virtually eliminated from the rivers (sec chap. I ()). This
:the tendency of operators to extract as much material as the market
ear-without regard to replenishment-has led to environmental and

:~ural damage throughout the lower reaches of rivers in California.
'ring winter flows, the temporary berms that aggrc:gate operators (on­

:~ to channel low water flows are inevitably eroded, allowing the thai·
f the river to reestablish itself through the extraction pit. Where the

f:separated from the main river channel by a temporary dike, high
fwill occasionally break through and pass thro\l~h the mined area. A~
'id above. once a river colonizes a pil. the channel geollll:try is grr~a,ly

;ed (fig. ] 1.6). During intermediate flows. the upstream end of the pit
have in a manner similar to a knickpoint. The stecper grarlicnl gen­

,san increase in stream power and competcnce, leadin~ to headward

2lCf
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nto a braided ephemeral river at the head of an alluvial Extensive
, gate mining operations at the head of this fan produLt:d large pits
~. than 50 to 75 feet deeper than the thalweg of the creek. Historically,
Oows occupied a single channel on the fan. Unreinforced berms di­
;d these flows away from the pits. During the winter of 1969, the en­
outhern California region was inundated by a series of intense, closely

.ced storms. Since braided rivers balance their energy expenditures by
,pying multiple channels, it should have been no surprise to local mine
'aton when the creek broke through the berms and flowed into the
'~gate extraction pits. Intense headward erosion took place where flows
Jed the pits, lowering the channel by more than 14 feet for more than

'lie-half mile upstream. This erosion caused the failure of three major
~ges by undercutting thcir abutments and led to the complete destmc­

of six homes. Since the pit~ acted all a Ir'ap for sediment, intense scour­
:itlso occurred downstream, evenhtaJly CUlling into and destroying a
~long section of four-lane highway.

e events seen in 1969 at Tujunga Wash have been repeated through­
'California on numerous occasions. The usual casualties of a river's at­
pt to reestablish its gradient appear to he bridges, roads, and water

ly lines, which are destroyed by scouring. CalTrans has been actively
~ying methods to limit the effects of in-stream mining on bridges in a
.~ber of California rivers. At the time of this writing. CalTrans was con­
'ed about possible mining-induced failure of one hundred fifty bridges

eney-five streams in California (reported in the Sacramento Bee, March
1994). Costly remedial measnres arc almost always requircd, includ-

I'. in some cases, the relocation of roadways and construction of new
ges. Ironically, like hydraulic minil1~ and abandoncd mincs, the cost
hese remcdial measures is often far greater than thc value of the re­
rce extracted.
,n addition to potentially devastating impacts on local structures, there
immediate on-site impacts to riparian and aquatic communities. Most

.regate mining operations process material adjacent to their extraction
[.: The screening and crushing of the material can be done using both
':methods, in which water is mixed with the aggregate as it is sieved,
, dry methods, in which the aggregate is simply passed through dry,

th processes can increase turbidity in the mined river. reducing water
,U~lity. This, in addition to the direct rcmoval of gravel from the riverbed,

:troys local spawning habitats as well. Finally. few mining operations
It solely to the active channcl. Many colonize terraces or floodplains ad·
~,nt to the channel. These operations inevitably involve removal of ripar­
'growth. The loss of a riparian canopy increases water temperature and
,uces habitat diversity, while increasing the susceptibility of the banks to
ion.

"-..--:.:''''

£fallon

Watl~r enters pit during rising stage

Fig, 11,6. Evohllion of in-stream aggregate mining pits as winter flows enter pt
Note headward erosion of the pit and downstream erosion as the river attempi~'
reest.'lblish original profile.

erosion as the river attcmpts to smooth its overall longitudinal pr«;>fil
Immediately downstream of this knickpoint. the sharp decrease in 8m
and the increase in channel cross-sectional area of the pit reduce str,
power, leading to rapid deposition of bedload (the filling of the pit'.~
sioned by gravel opet'aton). Downstream of the extraction pit. the flo
excessive stream power, leading to scouring of the channel downstr€a
Thus through headward erosion and downstream scour the river atte~J
to smooth the dismption that a pit forms in its profile."

Scouring and filling of aggregate pits is not limited to the thalwei
axis of any channel. The excess competence at the upstream and do"
stream ends of the pit causes the channels at both ends of the pit to s&
laterally as well as vertically. Where bank materials lack cohesion or sif
lizing riparian vegetation (the usual case adjacent to mining operatio~
intcnse bank erosion and eventual hank collapse can occur.

The on-site or near-site consequcnces of the development of aggre'
pits are well documented in California's riven. Perhaps the most spec~
lar example comes from Tujunga Wash where it empties into the San
nando Valley near the Verdugo Hills. In this region. Thjunga Creek spre
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Fig. 11.8. Comparison of gravel extraction rates and bed
surface lowering along Cache Creek in Yolo County.
(Modified from Collins and Dunne 1990.)

~3

20

( :

II14

..

nU~.3'/\l"t 1'1 V e ....
Middle Reach

l~28

..
1972',

30

....

--.......... ---\,,--,
'"\.,

\

\.,

WATER·SURFACE ELEVATION \
Cache Creek nu, ¥olo GallI:" ",-

?-?~-----

CUMULATIVE ANNUAL
VOLUMETRIC GRAVEL EXTRACTION

Cache Creek (rom Cal'ay 10 Yolo

1900 1910 1920 19.\0 1940 19<0 IW.o 1'110 19«) 1990

Year

j
...

eX 'Cl

5
~

50u
>
2
-< 40'w

:l
!::.

c:: )(J'.g...
>u

20-W
J4 32

.t!
~6lJ

~
8.....
~ H

-£,
'u
:x:
"ClII

~ 10' I
, , I , , i ,

.g
u~

Sg
J\w
" c::
.~~ so
..!'! ·s
j~

River Mile

Fig. 11.7. Longitudinal profile of the Ru~,i.iIl River Ldu,,"
Healdsburg Dam depicting channel incision associated with
heavy in-stream gravel mining between 1940 and 1972.
(Modified from Collins and Dunne 1990.)

C Offsite Impacts

Althou;h aggregate extraction operations create considerable Ill;"
impacts, the regional or cumulative effects of these operations have pr...
duced the most political and economic fallout. The cause of the problcitl
is straightforward: widespread removal of sand and gravel coupled wir
sediment-trapping dams have reduced supply to the point that rivers t
have highly competent flows during the winter arc cannibalizing their 0,.

sediment previously stored in floodplains and terraces (chaps. 3, 6). .'
Rivers move a great deal of coarse bedload each year during high-f1d

stages. As the sediment moves downstream it pauses in point bars, longit\i~

dinal and transverse bars, and channel beds. As sediment is removed froiit
~~; ..,

these bars, it is replaced by sediment from upstream. This transport pr~

cess can involve centuries of alternatjng deposition and transport before·
particle either makes it to the ocean or is lost to the system by disaggre ~
tion or deposition on a floodplain. IIowever, when sediment supply is .ell'
off, the various temporary storage sites lose their yearly replenishment. hi
coming progn:s!iivcly dep)eled until they eventually, disappear. . ~

The inability of a river to replenish the bars and channels with coa:-S
.f

sediment initiates regional channel degradation. On the lower Russi~.

River, where aggregate extraction has produced numerous local impad
the cumulative effects are extreme. Some channel reaches that once cJ~
tained large, actively migrating gravel bars are currently devoid of any si
nificant bedforms and the river is nowing directly over bedrock. Becaus
winter flows within the river have excess stream power and competen~
bank erosion has become a serious problem in many ponions of the R&
sian River drainage, threatening the destruction of several major bridg~
and claiming an ever-increasing share of the farmland. Channel loweri~

which has exceeded 20 feet in some areas, has exacerbated this proble
~.

(fig. 11.7). . ~.
Along Cache Creek III Yolo County west of Sacramento, 50 years of~~

gregate mining can be directly correlated to channel incision of more tha~t
• ,'If

12 feet (fig. 11.8). There is a positive side to this bed lowering: the noq.&.
capacit), of the channel has been expanded, lessening the need for morC!

"lI'!nood control structures. However, this bed lowering has been the cellteij
"~

of considerable regional squabbling. Along with the widespread exposme',
.~

of bridge abutments and the erosion of fertile farmland, there has been
a significant impact on the groundwater of the region. As noted in ck~
ter 5, in alluvial valleys the surface of the groundwater table is tied c1os'e.l
to the elevation of adjoining rivers. As channels incise to greater deptli.
the groundwater surface lowers along with it. In this way, a signific~
volume of potential groundwater storage is lost. At the same time, th1~,
dient of the groundwater table becomes steeper, leading to a more fcil~i

draining of the local aquifer. '~~b
19!
1m
·'.iT,,J

~1.1.,-



" ..-;
,ndwater degradation associated with channel incision appe'~

have affected the Cache Creek drainage. Prior to streambed lowed
well-developed riparian corridor and a number of nut and fruit or"~
lined the creek. All of these depended on a relatively shallow groun
table. By lowering the groundwater table more than 12 feet, porii
the riparian vegetation and some orchards were lost. This increase~"!

instability accelerated the processes of lateral erosion in some areas•.
I)j~nlptic)ll of f~rOllllflwattr ~lIpplk~ III ~omc milled area~ I~ nOl'

aled solely wilh challnd incision. In many drier areas, a substanti~

tioll of the local recharge of aquifers comes directly from the rivei
(chap. 5). The dredging of material from a riverbed along with "
processing of sediment can produce extensive turbidity within strear,
rivers. During- low summer and fall flows, deposition of the clay a
011 and within exi~ting grc;vd hed~ can reducc their permcability an'
mately, their ability to recharge aquifers.

SUMMARY~

Throughou~ the hi~tory of Cali.forn~a,. its mining industry and its;,:I;;1"",~.~>t;!
have been an conflict. Hydrauhc manmg of the last century poure .:s~_.

much dcbris into the rivers of the Sierra Nevada that it permanent,: ~

tcred (in human tcrms) thc statc's largest watershed. More than a ce :ii:;;
of get-in-and-get-out hard rock mining has dotted California with} ~,!1i_
doned mines that discharge some of the state's most toxic waters d.i,t.JYi
into the rivers. Today, in-stream <lggregate mining is carting away th Cir
ment that makes up the beds <llId hanks of rivers throughout Califonu
destroying bridges and ruining aquifers, wildlife hahitat. and spailfll~
grounds. By all standards, mining in California has not been river-fril"(;/~,

The impacts of hydr'alllic milling and in-stream aggregate minir} :11."~."_11
llIuted in their cOcct on the sedimcnt budgcts of rivers. Hydrauli ljr{'
ill~, which h:1(1 its heyday hetween IH!):~ and ISH,!, dralllatic;IlIy incr~re~
the sedimcnt budgets of central Sierran streams and rivers. The ad~OI

of abundant coarse material overwhelmed the capacity of the rivers, .~
ing them to tcmporarily storc sediment by deposition within cha
and floodplains. The loss of channel capacity and aggradation of;'
courses led to widespread nooding of Central Valley towns and far~
the more th<ln 100 years since the end of hydraulic mining, most W"£p
have reestablished their original gradients. This has occurred be~ili~.;;:....,...
dams have trapped mining sedilllent and levees have promoted ch:ml'"
scouring. Much of the original sediment that was hydraulically mineNl
mains trapped behind dams, within terraces, and on the leveed ~
plains of the Central Valley watershed. .

The impacts of in-stream aggregate mining are associated with th

~ ~~~CF::£c., .AteJ',J &- o,.461l '&.\A N SAtJO!
qA<:Jfh No1 \N(.U)Of,9 \~ \'a.\\S CQ~.

~7,,4.

\of operators to mine sediment at a faster rate than i~ ")Ienished.
iization and the widespread damming of California's ..... . sheds have

,c~d overall sediment budgets. Excessive aggregatc mining leads to
.. ent-starved rivers. Excess stream power causes a numbcr of <!In-site
ff-site impacts. When rivers occupy aggregatc pits during wintcr flows,
ttempt to smooth their profiles by headward erosion at the upstream
it the pit, deposition of sediment within the pit, and scour of the

Dllrenm end of the pit. Thill "1II001h11lK or lh(~ prolHc lelul" to hrldge
, .~ad failures upstream and downstream of the mining site. On arc­
~I scale, the decline of sediment yields leads to widespread incision,

erosion, and loss of gravel bars. The incision lowers local groundwa-
'!hles, and bank erosion reduces riparian cover.
'''e impact of hard rock mining on the rivers of CahlorJIla IS associated
~rily with the failurc of mining companics to control thc di!lcharge of

ine drainage into rivers. Oxidation of ores by percolating rainwater
es toxic metals and acidifies groundwater or tailings leachate. Sub­

fe flow and surface discharge directly from mines and tailing piles
~educe or eliminate aquatic diversity in nearby streams and rivers. The
I1sity of this sterilization depends on background environmental con­
,cr~s as well as the amount and type of acid mine drainage.
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Logging California's Watersheds

INTRODUCTION

en John August Sutter arrived in California in 1839, he recognized
;rcat economic opportunity in the vast natural resources of the region.
\lith a large land grant in hand, he established a fort and thriving farming
:~mmunity near the connuence of the Sacramento and American rivers.
)~ order to supply lumber to his community and to expanding markets in
'~e San Francisco region, Sutter established a sawmill near the small town
f Coloma along the South Fork of the American River. When Sutter's
~rcman, James Marshall, discovered gold' in the mill's tailrace, this seem·
,pgly insignificant enterprise generated a chain reaction that dramaticall)
"tered the economic, cultural, and natural landscape of California (see

fhaps. 10, 11). It is fitting that this sawmill that so significantly changed
,iCalifornia would also prove to be the birthplace of the modern, large-scale
~ogging industry. The gold rush in the Sierra Nevada and the Klamath

ountains, followed later by a silver rush in Nevada, created an insatiable
~emand for timber. According to the California Department of Forestry
and Fire Protection, at the time that Sutter built his mill, California pro·
~uced approximately 20 million board feet of lumber per year. Less than

.'J~'
~' 30 years later, California was producing nearly 700 million board feet an·
'~nually, with most going to the mining operations. Today, California pro­
_ duces about 5 billion board feet of limber-about half of the state's total
""~,demand.

". The first gold miners to reach the Sierra Nevada were opportunisti(
';Joggers with no regard for such issues as sustained yields, habitat dcgrada·
fLiion, and cumulative impacts. Wherever gold was mined, the riparian cor·
.: ridors were simply stripped of trees to build sluice boxes, shelters, wagor
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Turbidity

Why Is it Important?

Turbidity refers to how clear the water is. The greater the amount of total suspended solids (TSS) in the
water, the murkier it appears and the higher the measured turbidity. The major source of turbidity in the
open water zone of most lakes is typically phytoplankton, but closer to shore, particulates may also be clays
and silts from shoreline erosion, resuspended bottom sediments (this is what turns the western ann of Lake
Superior near Duluth brown on a windy day), and organic detritus from stream and/or wastewater
discharges. Dredging operations, channelization, increased flow rates, floods, or even too many bottom­
feeding fish (such as carp) may stir up bottom sediments and increase the cloudiness of the water.

High concentrations of particulate matter can modify light penetration, cause shallow lakes and bays to fill
in faster, and smother benthic habitats - impacting both organisms and eggs. As particles ofsilt, clay, and
other organic materials settle to the bottom, they can suffocate newly hatched larvae and fill in spaces
between rocks which could have been used by aquatic organisms as habitat. Fine particulate material also
can clog or damage sensitive .;ill structures, decrease their resistance to disease, prevent proper egg and
larval development, and potentially interfere with particle feeding activities. Iflight penetration is reduced
significantly, macrophyte growth may be decreased which would in turn impact the organisms dependent
upon them for food and cover. Reduced photosynthesis can also result in a lower daytime release of oxygen
into the water. Effects on phytoplankton growth are complex depending on too many factors to generalize.

Very high levels of rurbidity for a short period of time may not be significant and may even be less of a
problem than a lower level that persists longer. The figure below shows how aquatic organisms are
generally affected.
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Schematic adapted from "Turbidty: A Water Quality Measure", Water Action Volunteers, Monitoring
Factsheet Series,



UW-Extension, Environmental Resources Center. It is a generic, un-calibrated impact assessment model
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Impacts

The major effect turbidity has on humans might be simply aesthetic - people don't like the look ofdirty
water. However, turbidity also adds real costs to the treatment of surface water supplies used for drinking
water since the turbidity must be virtually eliminated for effective disinfection (usually by chlorine in a
variety of forms) to occur. Particulates also provide attachment sites for heavy metals such as cadmium,
mercury and lead, and many toxic organic contaminants such as PCBs, PAHs and many pesticides.

Turbidity is reponed by RUSS in nephelometric units (NTUs) which refers to the type of instrument
(turbidimeter or nephelometer) used for estimating light scattering from suspended particulate material.
Turbidity can be measured in several ways. Turbidity is most often used to estimate the TSS (total
suspended solids as [mg dry weight]/L) in the lake's tributaries rather than in the lake itself unless it is
subject to large influxes of sediments. For the WOW project we will attempt to develop empirical
(meaning: based upon direct measurements) relationships between TSS and turbidity for each system since
turbidity is easily measured and TSS analyses are not very sensitive at the typically low concentrations
found in the middIe ofmost lakes. Also, TSS is a parameter that directly relates to land uses in the
watershed and is a key parameter used for modeling efforts and for assessing the success of mitigation and
restoration efforts.

'''hat in the world are Nephelometric Turbidity Units (NTU's)?

They are the units we use when we measure Turbidity. The term Nephelometric refers to the way the
instrument estimates how light is scattered by suspended particulate material in the water. The
Nephelometer, also called a turbidimeter, attached to the RUSS unit has the photocell (similar to the one on
your camera or your bathroom nightlight) set at 90 degrees to the direction of the light beam to estimate
scattered rather than absorbed light. This measurement generally provides a very good correlation with the
concentration of p.lrticles in the water that affect clarity.

In lakes and streams, there are 3 major types ofparticles: algae, detritus (dead organic material), and silt
(inorganic, or mineral, suspended sediment). The algae grow in the water and the detritus comes from dead
algae, higher plants, zooplankton, bacteria, fungi, etc. produced within the water column, and from
watershed vegetation washed in to the water. Sediment comes largely from shoreline erosion and from the
resuspension ofbottom sediments due to wind mixing.

Usually, we measure turbidity to provide a cheap estimate of the total suspended solids or sediments (TSS)
concentration (in milligrams dry weight/L). TSS measurement requires you to filter a known volume of
water through a pre-weighed filter disc to collect all the suspended material (greater than about I micron in
size) and then re-weigh it after drying it overnight at -103°C to remove all water in the residue and filter.
This is tedious and difficult to do accurately for low turbidity water - the reason why a turbidimeter is often
used. Another even cheaper method is to use an inexpensive devise called a Turbidity Tube. This is a
simple adaptation for streams of the Secchi disk technique for lakes. It involves looking down a tube at a
black and white disk and recording how much stream water is needed to make the disk disappear.
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This device yields data for streams that is similar to a secchi depth measurement in lakes. As for secchi
measurements are made in the shade with the sun to your back to make an accurate and reproducible
reading - the shadow of the observer should be adequate.

l. Pour sample water into the tube until the image at the bottom of the tube is no longer visible when
looking directly through the water column at the image. Rotate the tube while looking down at the
image to see if the black and white areas of the decal are distinguishable.

2. Record this depth of water on your data sheet to the nearest 1 cm. Different individuals will get
different values and all should be recorded, not just the average. It is a good idea to have the initials of
the observer next to the value to be able identitY systematic errors.

3. If you see the image on the bottom of the tube after filling it, simply record the depth as > the depth of
the tube. Then c0nstIuct a longer tube, more appropriate for your stream.

Turbidity is a standard measurement in stream sampling programs where suspended sediment is an
extremely important parameter to monitor. It may also be useful for estimating TSS in lakes, particularly
reservoirs, since their useful lifetime depends upon how fast the main basin behind the dam fills with
inflowing sediments trom mainstern and tributary streams and from shoreline erosion. In the WOW lakes,
direct inputs ofsediments from tributaries are probably too low to significantly affect the turbidity of the
water column out in the main lake. However, algal densities, particularly in the more eutrophic lakes in the
Minneapolis Metro area represent enough particulate material to be easily measureable by the RUSS
turbidity sensors. Although chlorophyll sensors (fluorometers) would be the best way for us to estimate
algal abundance (we lack the funding at present), in these lakes the turbidity sensors provide an alternate
estimate of algae.



Secchi Depth

Why Is it Important?

The secchi disk depth provides an even lower "tech" method for assessing the clarity ofa lake. A Secchi
disk is a circular plate divided into quarters painted alternately black and white. The disk is attached to a
rope and lowered into the water until it is no longer visible. Secchi disk depth, then, is a measure of water
clarity. Higher Secchi readings mean more rope was let out before the disk disappeared from sight and
indicates clearer water. Lower readings indicate turbid or colored water. Clear water lets light penetrate
more deeply into the lake than does murk.)' water. This light alIows photosynthesis to occur and oxygen to
be produced. The rule of thumb is that light can penetrate to a depth of about 2 - 3 times the Secchi disk
depth.

Clarity is affected by algae, soil panicles, and other materials suspended in the water. However, Secchi disk
depth is primarily used as an indicator ofalgal abundance and general lake productivity. Although it is only
an indicator, Secchi disk depth is the simplest and one of the most effective tools for estimating a lake's
productivity.

Reasons for Natunl Variation

Secchi disk readings vary seasonally with changes in photosynthesis and therefore, algal growth. In most
lakes, Secchi disk readings begin to decrease in the spring, with wanner temperature and increased growth,
and continue decreasing until algal growth peaks in the summer. As cooler weather sets in and growth
decreases, Secchi disk readings increase again. (However, cooler weather often means more wind. In a
shalIow lake, the improved clarity from decreased algal growth may be partly offset by an increase in
concentration ofsec:iments mixed into the water column by wind.) In lakes that thermalIy stratify, Secchi
disk readings may decrease again 'with falI turnover. As the surface water cools, the thermal stratification
created in summer weakens and the lake mixes. The nutrients thus released from the bottom layer of water
may cause a fall algde bloom and the resultant decrease in Secchi disk reading.

Rainstonns also mav affect readings. Erosion from rainfall, runoff, and high stream velocities may result in
higher concentrations ofsuspended panicles in inflowing streams and therefore decreases in Secchi disk
readings. On the other hand, temperature and volume of the incoming water may be sufficient to dilute the
lake with cooler, clearer water and reduce algal growth rates. Both clearer water and lower growth rates
would result in increased Secchi disk readings.

The natural color of the water also affects the readings. In most lakes, the impact of color may be
insignificant. But some lakes are highly colored. Lakes strongly influenced by bogs, for example, are often
a very dark brown and have low Secchi readings even though they may have few algae.

Expected Impact of Pollution

Pollution tends to reduce water clarity. Watershed development and poor land use practices cause increases
in erosion, organic matter, and nutrients, all of which cause increases in suspended particulates and algae
growth.
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Secchi disk depth is usually reported in feet to the nearest tenth ofa foot, or meters to the nearest tenth ofa
meter. Secchi disk readings can be used to detennine a lake's trophic status. Though trophic status is not
related to any water quality standard, it is a mechanism for "rating" a lake's productive state since
unproductive lakes are usually much clearer than productive lakes.
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Turbidity Tube Construction Directions

Like the secchi disk, th.: turbidity tube is a simple and easy way to estimate water clarity.

Equipment (to make three tubes)
· 8 ft. fluorescent light sleeve
· 3- I 9/16 to I 5/8 inch Plexiglas discs
· 3- I Y2 inch white Plexiglas discs
· Sharp knife (e.g., Exacto knife)
· Black pennanent marker or electrical tape
· Plexiglas sealant
· Measuring tape or yard stick
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Procedure
I. Using the knife-cut the 8-foot fluorescent light sleeve into three equal lengths (32 inches).
2. Insert the I 9/16 to I S/8-inch white Plexiglas disc into one end and seal with Plexiglas sealant. Ifdisc has a center
hole, plug it with sealan·. (Note: this will likely have to be treated with sealant more than once to fill all spaces. An
easy way to check to see ifmor~ sealant is necessary, is to blow into the tube at the opposite end of the disc and feel
if air escapes near the end with the disc inserted into it.)
3. Using the black marker or electrical tape (and razor blade to cut edges smooth), color half of the white Plexiglas
disc or color two opposite quadrants black, similar to a secchi disc.
4. Drop the white and black disc (target) into the tube.
5. *Attach a measuring tape (inches or em) along the length of the tube, with the tape's zero mark aligned with the
top of the target. When assessing turbidity, convert to (approximately) NTUs using the chart included in the WAV
monitoring fact and data sheets.

*Alternately
5. *Starting from the top of the target draw a line around the tube, leaving a space (gap) in the circular line for a
label. Place lines at the heights above the target as shown in the following table:

Line
1

2

3

4

5

6

._~-~---~-.-.

Distance above target (inches) Turbidity Units (roughly l\TUs)

2.875 200

4.5 100

7.5 50

12.25 20

17 15

20.75 10

Note that turbidity unit labels are not always equally spaced, therefore if using this method you cannot estimate
NTUs between lines on the turbidity tube.
These directions are based oninfonnation from Jim Peterson, UWEX Environmental Resources Center, UW­
Madison.

University of Wisconsin-Extension '''ater Resources Programs
http://clean-water.uwex.edulwa\'/monitoringiturbidity/tubedirections.htm


