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Influence of Partial Harvesting on Stream Temperatures, Chemistry, and
Turbidity in Forests on the Western Olympic Peninsula, Washington

Abstract
Srrcam remperarure\, chemistry and lurbidit,v $sre monitored in t\\'o pa,"tially harveslcd (7 l3%) $'atersheds, Rock and Towef
crceks. and an uncut old-growth wrtersh.d. wcsr Tllin Creek in the Hoh Ri!er Vilcy on thc Ol,vnpic Penin\ula. $'adrington.
Douglas irr (Prerrlorr',gd /r.,r:lcsli (Mirb.) FrancoJ |ras replanted in dre harle\ted rLreas xnd ird aldcr (,'trr r&lta Bong.), a
nirrogen fircr. do inated rhe ripafian areas in rhe sanpling siles on Rock and ft\\er creeks. We collcctcd grab strcam $ater
sanple s lnonrhly, from Nl af, I 996 to June I 998 and an.rllzed thcm tbr p H , e lectrical conductiliiy. total N and P. and maj or cation s
and anions. Stream rcmpcratures were monitored contiruously and turbidity was monitored monthl) iioln NIay 1997 lo Junc
1998. Panial hdvesting had lifile influence on strean temperalurc. chcmirtry and iurbidity I I l5 years aiier har!esling. Slrcanr
tenperalur?\ \rcrc morc seasonally \ariable in L\e har!estcd slrcanrs compared ro the unhaflested oki glowlh sjlc uith an average
sumncljmc rnaxiinum elevated b) 3.5'C. Nlaiimunr slreanr tenrperatures did noi exceed 16"C ln any slrcanr and theretore
salmonidspcciesarenor l ikelytobe.r 'ecGd.Thcrc$crcsigni f icantdi fTerencesiDconcentradonsofsonrccat ions.anionsandEC
betlrecn fic old growlh and the pafiiall) h.rrvesed walcrshed stream,i. but in mo\t cases concenlrations werc actuall,v higher in
the unharvcstcd $alcrshed. Nitrate concentralions and nrcam lurbidit,v $ere not significantly higherin thc harlcstcd wacrsheds.

Introduction

Forest management practices can alter the tem-
perature. turbidity. and chemistry, of streams
(Beschta and Taylor 1988. Binkley and Brown
1993). For example, removal of streamside vcg-
etation increases the amount of solar radiation
reaching the stream and elevatgs temperatures.
which may be slow to recover evcn with rcgrowth
of vegetation (Hostetler 1991).Although increased
. , ' la r  rad i l t ron  ma)  resu l l  in  an  in , .  reuse in  r l rc rm
productivity. increases in temperature may nega-
r i rc l l  l f fec t  lemper i r lu fc  .en . i t i re  .per ' i c . .  p r r ' -
t icularly salmon (McCullough 1 999). Harvesting
can also result in increased siltation and stream
turbidity (Binkley and Bro$'n 1993) which may
deplete ralmon habital.ln addition, forest removal
can result in increases ofstream nitrate levcls due
to increased soil nitrification, although concen-
tratious generally stay below drinking water stan
dards (Binkley and Brown 1993). Recently. par-
tial harvesting. has become a compongnt ot
ecosystem management (Franklin 1992). There
tbre, it is important to investigate the influencc
of pafiial harvesting on kcy environmental van-
ables that affect stream health.
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In the Pacific Northwest disfurbed riparian arcas
are generally recoloni zedby re<J ak)er (Alnu.s rubra
Bong.). a deciduous tree with a syn.rbiotic bacte-
r i r  in  roo t  nodu les  capah le  o l  f i \ inp  n i l roe .n .
Wigington et al. (1998) hypothesized that the
variabil ity of nitrate concentrations and other
chemical constituents found in 4E coastal Oregon
streams was directly relatcd to the red alder veg
ctation. However. the regrowth ofred alder along
the stream channel docs not imnediately result
in increased nitrogen inputs to a stream. sincc it
takes time fbr nitrogen-fixing bacteda to estab
lish (Van Miegroet et al. 1992.). It is impofiant to
dctemine if the legacy of fbrest harvest in thc
Pacific Nonhwest hirs resultcd in shifts in stream
chemistry. tulbidity and temperature that nega-
tively intluence stream health.

Although the influence of harvesting on Pa-
cific Nofthwest streams has been studied (Fellcr
and Kimmins 1984. Beschta and Taylor 1988,
Binkley and Brown 1993). few studies reporting
changes in sffeam temperature, nitrate conccn-
trations and turbidit_v after harvesting have been
conducted in coastal streams, padicularly on thc
western Olympic Peninsula ofWashington. Sone
studies have been conducted in coastal Orcgon
(Miller and Newton 1983). Wc have been study
ing stream chemislrv in a small old grou'th fbr-
csted watershed in the Hoh River valley (West
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Trvin Creek) for more than 15 ycars (Edmonds et
al. 1998) and in 1996 wc init iated a study to com-
pare data from this watershed with data fiom two
adj acent panially harvested watersheds, Rock and
Tower creeks. whcrc thc riparian zones are now
dominated by red alder The chemistry of these
streams was monitored before harvesting (Larson
1979). Our objective was to determine if there
were diffelences in stream tcmperature, chemis-
try and turbidity in the two panially harvested
watersheds relalivc to the adjacent pristine old-
growth watershed l0-15 years after harvesting.

Study Sites

West Twin Creek Watershed

The 58 ha West Twin Creek watenhed is located
in the Hoh River Valley on the westem side of

Olympic National Park (Figure 1). approximately
32 km inland from the ocean. and is described in
detail in Edmonds et al. ( 1998). West Twin Creck
is a first order strcam. Stream width varics fronr
I  2  m and the  a \e r rgc  channe l  s lope i r2 .5 .6ps1
cent (Table 1). Elevations in the watershed range
from 240 to 800 m, sampling was done at 240 m,
just above the weir. Mean January and July air
temperatures are 4 and 16"C. respectively at the
Hoh Ranger Station. Soil tempemturcs never tal1
below 0'C and rarely exceed 20"C. Annual rain-
fall averaged 3333 mm from 1985 to 1994 and is
strongly seasonal with most falling from Octo-
ber to May (Edmonds et al. 1998). Snow rarely
lalls in the lower elevations, but a weak snow-
packmay develop above 600 m. Annual discharge
liom the watershed from 1985 to 199,1 ranged
fiom 54 to 897r of precipitation. Soils trre

WASHINGTON

Hoh Ranger Stalion
and NADP site

Figure I . Location of the \\'e\t T\\. in. Rock and To!\ er (ieek r alcrshcds in $ cs|em O]]mpic \ational Park. \\'ashingron.
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inceptisols, and forcsl floor depth ranges ftom 5
to 10 cm (Ednonds et al. 1998). The walershed
encompasses two vcgetation zones identilled by
Franklin and Dyrness (1973). Thc lower wateF
shed is in the wcstcm hen:iock(Tsugd heterophylla
(Raf.) Sarg.) zone, while the upper $'atcrshed is
in the Pacific silver fir (Able.r arnabills (Dougl..)
Forb.) zone. The main tree species in the water-
.hed r rc  Doug las  f i t  (P 'e ldo t \uga tne t t : ie r i i
(Mirb.) Franco), $,estern hemlock, westem red
ceclar (.Thuia pLicuto Don.) and Pacific silver lir
The forest is uneven-aged with oldest trces more
than 600 years.

Rock and Tower Creeks

Rock (235 ha) and Tower (263 ha) Creek water-
sheds are located on Washington State Depart
ment of Natural Resources lands just outside of
the Olympic National Park (Figure 1) and are 2:1
and 26 krn inland fron the ocean. Both streams
are slightly wider than West Twin Creek (3--,1 m)
at the sampling sitesjust abovc the weirs, and arc
higher order streams. However. all 3 watersheds
extended over similar elevations, with the Rock
and Tower watcrsheds langing from 170 b 825
m and fiom 230 to 900 m. respectively (Table l)
froln the weirs to the upper boundaries. Average
channel slopes are 2l.7 and 21.3 percent fbr Rock
and Tower creeks, respectively. All sampling was
done a t  the  l ! ,$er  l i rn  i l  o l ' l he  e leva l ion  ranse ju \ t
abovc the weirs. The clinate in the watershcds is
similar to that in the Wcsl Twin Creek watershed
and annual discharge from 1975 through 1977
ranged from 86 to 917. of precipitation (Larson
1979). Soils are inceptisols (Larson 1979).

Both watersheds originally contained old-
growth forest similarto that in thc WestTwin Creek
watershed (Larson 1979). In 1981, a small por-
tion, 77., of the Rock Creek watcrshed was logged

TABI-F- l .  Watershed charactef is t ics.

whilc 337o ofTower Creek watershed u,as Jogged
from 1985 to 1987. Logging did extend to thc
stream channel, including the area adjacent to our
stream sampling. Both sites were replanted with
Douglas fir and there is natural regeneration of
westem hemlock. Red alder dominates the ripar-
ian zones. Anadromous fish are notpresent above
the weirs in any of the watersheds.

Methods

Stream temperatures

Sffeam temperatures were monitorcd using Op-
ric Sri,\{rwryO lemperatu re dat,rlogger. : lun ing
on 25 June 1996 in Rock and Tower creeks, and
on l0 July 1996 in WcstTwin Creek. Monitoring
cont inued lh r ( ,ugh |  5  June I  qq8.  Dr i l y  mar imum.
minimum and avcrage tenpemtures were deter-
mined.

Stream chemistry

Concentrations ofcations, anions, and total N and
P Electrical Conductivity (EC), and pH were
determined fiom grab samples collected fiom the
three creeks once every four weeks from 15 May
1996 through :l June 1998. Samples were placed
in a cooler for transportation back to the labora-
tory and analyzed at the Analytical Sen'ices Labo-
ratory rt the Collcge of Forest Resources, Uni-
venity of Washingbn. Electdcal conductivity, pH
and alkalinity (reported as HCO]) were determined
on untiltered samplcs. EC was detennined with a
YSI Model 31 Conductivity Bridge (Yellow
Spdngs Instrument Co., Yellow Springs. OH
,15387) and corectedto 25'C. pH was determined
with a Radioneter PHM85 pH meter (Radiom-
eter, Copenhagen, Dcnnark). Alkalinity was de-
terrnined by titration to an end point of pH 5.
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Remaining sample material was filtered through
Whatman GF/Afilters and stored at,1'C and ana-
lyzed uithin a month after arrival at the lab.

Solutions were analyzed for Ca, Mg, K. and
Na, using Inductively Coupled Plasma atomic
cmission spectrometry. Ammonium was deter
mincd with a Technicon Autoanalyzer II (Tech
nicon. Tarryto$'n, NY 10591). Sulfate, Cl. NO,
and PO., wcrc detennined with a Dionex 2100
Ion Chromatograph (ASzlA and AG4A columns)
(Dionex. Sunnvvale, CA 9.1088). Macro Kjeldahl
digests u'ere done on all samples having suffi-
cicnt vdume and those digests were analyzed for
total N and P using a Technicon Autoanalyzer II.

Turb d ity

Tulbidity in the three creeks was determined us-
ing a HF Scientif ic. Inc. Model DRT 15CE por-
tablc turbidity meter. Samples were taken every
four u,ccks fronr May 1997 to June 1998 at the
samc time that samples u'ere taken for stream
cherristry. Turbidity *as recorded in nephelom
etric lurbidity units (NTUs). Except fbr the samples
taken on 17 December 1997 and on l4 January
1998 stream samples were taken in midsfeam
and turbidity recorded after approximately 40
60 scconds. On 17 Decernber 1997 and 1,1 Janu
ary 1998 three sampJes were taken across the
strcam and turbidity u,as read afier 30, 35 and 40
seconds and thc average was calculated.

Stat st ca ana yses

Differences in avcrage concentrations of elements
and turbidity in thc three streams were detected
using one-way ANOVA with a Post Hoc Tukey
HSD test (p= 0.05). using SPSSo software.

Results and Discussion

Siream temperatures

Daily average and maxinum temperatures for thc
three streams over the period from 15 May 1996
to l5 June I 998 are shown in Figures 2A and 28.
1q .pe t  t i re l1 .  Surne da ta  r re  n t i ss ing :  in  surnmer
1997 becausc thc data loggers maltunctioned in
Rock and Tower creeks. Daily average ternpera-
Iures in Wesl Trrin Crecl rele louer in summer
and higher in winterthan those in Rock andTower
creeks (Figure 2A). Rock and Tower creeks were
sirnilar. The range was less vadable in West Twin

l5-l Vurrl l. Edmondr. and Marrr

Creek (5.4-11.,1'C) than in Rock and Tower creeks
( r  .9-1s.1'c).

Daily rnaximum stream temperatures (Figure
28) had similar pattems to the average stream
temperatures with greater seasonal fluctuations
in Rock and Tower creeks than WestTwin Crcek.
Mil\imum temperatures in the s ummer were higher
in Rock and Tower creeks (15.,1'C) than West Twin
Creek (12.1'C) and lower in winter (3.7 and 6.0'C,
respectively). Minimum temperatures were also
more exteme in harvested watershed creeks $ith
the lowest minimum temperature in Rock Creek,
L2'C compared to 5.5oC in West Twin Creek.

Higher stream temperatures and greater fluc-
tuations in Rock and Tower creeks compared to
We.t Tu in Creek could be due to harvesting ac-
tivit ies. ln Oregon, Hall and Fredriksen (1988)
fbund summer daily average stream temperatures
to be 2.5 to 3'C higher in watersheds with 25
percent harvested area than control watershed
streams. With 66 percent overstory removal in
Brit ish Columbia. Feller (198l) lbund a 5'C in-
crease in summer average daily stream tempera-
lure\. Th( sc increJ\e\ Jre \imilar to Lhe increases
we fbund in sunmer (Figure 2A). ln Salmon Creek
watershed. Oregon, Beschta and Taylor (l988)
found increased maximum and minimum stream
temperatures over a 3o-year period due to the
cumulative effects of fbrest hanesting. This in-
cluded disturbance of regrowing streamside veg-
etation during peak flow events which prolonged
recovery of riparian shade. In another Oregon
watershed. Streamboat basin, extensive logging
has been conducted since 1955, which did not
include leaving riparian buffer strips until the early
1970s (Hostctler 1991). Stream temperatures have
only gradually recovered in the basin and sum-
mer high temperatures remained near the upper
tolerance level for steelhead in some streams
(Hostetlcr 1991). In our study. the maximum tem-
peratures werc not above waterquality standards,
however. some dilleretrces were obserued I 1- I 5
years after harvest. Rock and Tower creeks ale
larger creeks than West Twin Creek and should
bc nrore buflered against stream tenperature
changes than sn.nller streams. Therefore the in
crcases are due to some other factor, perhaps dif'-
ferences in riparian zone shade.

Although shade is a factor, stream gradient and
the elevation at which monitoring occurs may
also influence stream temperatures. In a model
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developed by C. Earle, Beak Consultants Inc. (un-
published), using data tiom 92 streams in Wash
ington State. shade had little influence on stream
temperutures at elevations bebw 447 m. All streams
monitored below this elevation were likely to
exceed 16oC, the washington State water quality
upper limit for salmonids, regardless of the amount
ofshade. When gradient $as included in the analy-
si. the model \ugFe.ted th..rt steep gradicnt .treamr

would have a buffered sfeam tempemturc rcgard
less of shade. All of our monitoring u'as done
between 170-244 m. West Twin Creek had the
steepest stream gradient and shofiest catchment
length among the watersheds (Table 1). Howcvcr,
from the data availtible to us we cannot deter-
mine if the differences in stream gradient and
catchment lcngth in our study influenced the buft'-
ering of stream water temperatures.

---o- West Twin Creek
-'* Rock Creek
: Tower Creek
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Stream Chem stry

p H, A I kal i n ity. E I ectr i cal Can d u ctiv ity, Total
N and Total P

There were no seasonal pattems or signiticant
differcnces in pH amongst the streams and pH
was > 6.5 except for thc t$o drops seen in West
Tuin Creek (Figure 3A). The low pH values in
WestTwin Creck occurred in spring ofboth 1996
and 1997 and have corresponding dips in alka-
linity (Figure 3B). Raintall measured ar the Hoh
Ranger Station nearby the watersheds and
strearrflow fiom West Twin Creek are presented
in Figure 4,A and B (streamflow was not mea-
sured in the haNested creeks). The sampling dates
when largc decreases in pH were detected were
preceded by large rain events of I 91 and 202 mm
ln one day (only 7 out of 2291 days measured
have exceeded 178 nm ofrain). Strcamf'low data
were unavailable lbr the first large rain event but
lhe  l r te r  e \en l  resu l l cd  i r r  u  qu ick  re .pon.c  in
strcamflow (Figure 4B). Whitf ield et al. (1993)
demonstratcd that storm events in a coastal Bdt
ish Columbia forested $'atershed resulted in rapid
and significant decreases in alkalinity that took
days to rccover. Although in thal study pH de
creascd only slightly the authors hypothesized rhat
ii larger storm could consurne all ofthe alkalinity
and pH would then decrease significantly
(Whitfield et al. 1993). A large stom event may
cause dilution of base flow. dominated by base
cations. and an increase in subsurtace flow. domi
nated by organic acids and nitratc. resulting in a
dramatic change in stueam chemistry (Whitfield
et al. t993). From autumn of 1993 through 1995.
the pH of West Twin Creek was lowcr than the
long-teml average due to acidic inputs (Edmonds
et al. 199E). This may have lowered the buffer-
ing capacity of the stream. The reason we do not
see pH and alkalinity drops in the han/ested streams
may be due to: (l) lack ol'a thick organic layer,
and (2) soil disturbance atter harvesting provid-
ing more buffering capacity deeper in the soil
profilc. More extensive sampling ofstorm eyents
and:o i l \  i r re  needed to  i r : i cnr in  lh i ! .

There appeared to be little long-term influcnce
of harvesting on stream pH, alkalinity. EC, and
total N and P concentrations. Total N and P con-
centntions were not different among streams and
were generally low ranging between C} 0.62 and
0-0.72 mg L for N and P, respectively. Electri-
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cal conductivity was slightiy higher (p<0.0001)
in West Twin Creek (Figure 3C) than Rock or
Tower creeks. The typical seasonal pattern that
we have observed in the past in West Twin Creek
(Ednronds and Blew 1997), i.e., high EC during
low summer flow reaching a peak in September
before the start of the rainy season and low val-
ues in winter. were observed in all three strearns.

Cations

Calcium (Figure 5,A) and Mg (Figure 58) con-
centrations were consistently higher (p<0.0001)
in West Twin Creek (averaging 777 peq L r and
164 peq L'r. respectively) than inhan'ested srreams
(averaging 639 peq LL and 125 preq Lr, respec
tively). Potassium (Figure 5C) and Na (Figure 5D)
concentmtions wcre not significantly ditlerent
among steams (avcraging :+0 lreq L' and l6l
peq Lr. respectively), however. thcre was a Na
peak in August of 1996 in the harvested streams
that was not inWestTwin Creek. Sodium, Ca and
Mg all varied seasonally, that is. highest values
occurred in summer and fall and lowest values
occurred in wintcr (Edmonds and Blew, 1997).
Cations tend to concentrate when flows are low
and are diluted when flows are high and rock
contact timc is shorter. The weathering of niner-
als, including calcite. albite. vermiculite. and ka-
o l in i te .  i s  l i ke ly  thc  muin  source  o [  rhcse  , .  u t ions
(Larson, 1979). However. a large source of Na
input to coastal streams is from precipitation. due
to oceanic aerosols and particles. In fact Na was
l i 'un6  ,o  O.  thc  dominan l  car ion  in  p re i ip i r r r ion
at these sites (Bleu, and Edmonds, 1 995). The Na
peak observed in August 1996 in the harvested
streams may have been due to inputs fiom the
ocean.  a l though nr r  unu.ua l  p rec ip i tu t ion  eren t .
occuned during that month (Figurc,lA). The reason
tbr the lack of this peak in rhe old-growth site is
not clear: however. it may be due to the differ-
ence in distance ftom the ocean and watershed
aspect (Table l). It has been shown thar the con
centration of Na and Cl in precipitation can de-
crease withdistance trom the ocean withthe largest
changes occuring within 10 .10km (McColl. 1982.
Blew and Edmonds. 1995). Wigington et al. ( 1998)
also showed that Cl concentration in stream wa-
ters decreased at similar distances tiom the ocean.
Unlike the higher concentrations of Mg and Ca
lbund in We.t Tu in Creel Nr concenrrrl iuns * ere
not differcnt in comparison to thc hal.,/ested sfteams
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(Figure 5D) while Cl concentrations were lower
(Figurc 68). The mtio of Na to Cl is rlso higher
in West T\\"in Creek than the harvested sfeams
(2.4 and 1.7, respectively), suggesting that the
watersheds are inf'luenccd differently by sea salt
inpu t . .  Erce .s  Na concen l r r l ion \  in  p rec i f \ i r . r l ion .

from 198.1 l999 (Edmonds. unpublished data).
show thal it is not unusual to have oceanic influ-
enced inputs in the summcr. perhaps due to ma
rine fog. Canopy cover is also a tactor in how Nr
and Cl enter the watersheds. Salts can concen-
trate on leaves and needles during the summer

o.20
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t ime resulting in input pulses with the onset
of rain. The harvested streams have rcd alder
that hang over the stream channel, while the
old-growth channel has a less dense and higher
canopy.

Amnonium conccntrlltions in all streams were
low and often below detection avenging 0.9. 1.0,
and 0.6 peq L' for Rock, Tower and West Twin
creck respectively. The concentrations of cations
we obserued were similar to rhose observed by
Wigington et al. (1998) in coastal streams in Or-
egon. although our Ca. K and Na concentrations
were slightly higher.

The lower cation concentlations observed in
the haNested watersheds are probably due to more
runoff. Harvesting can decrease the amount of
evapotranspiration. and hence increase runoff , due
to lower leaf area (Swift and Swank l9ll l) and
this ellect can be larger in wetter areas (Bosch
and Hewlett 1982). ThinniDg has also been noted
to decrease evapotranspiration (Aussenac et al.
1982). Evapotranspiration is low in the old growth
site, averaging 22ol,r ofprecipitation frorn 1985-
199,1(Edmonds et al. 1998). and may be even less
in the haryestcd watersheds. Howevcr. it is un-
likcly that difl'crences in evapotranspiration alonc
could account tbr the dillerences in cation con-
cenfalion. Differcnces in soil weathering rates
mr)  a l .o  con l r ihu te  lo  the  d i l le rence:  in  concen-
trations we observed. Our results could indicate
thtrt the soil in old-growth sites arc weathering
laster than the disturbed sites. It may be that the
amount oforganic acids is higherin the old-growth
soils and this may enhance weathering rates dur-
ing base flow Viers et al. (1993.) fbund that or
ganic acids increased weathering and solutes leav-
ing tropical tbrest catchments. The underlying
nineral soils and bedrock are similrr in all three
watersheds (Larson 1979, Edmonds er al. 199 i).
therefore dift'erences in organic horizons in the
wate$heds may be a reasonable explanation.

AnDns

There uere Ieu drflcrence. in NO concenlratjon.
among the Streams except during the summer of
1996 (Figure 6A). All rhrec streams had iocrcased
NOr  concen l rJ t ions  in  Ju l ;  1990.  Cuncent ra t ion '
in WestTwin Creek then fell while they increased
to a maxinum concenhation of60 peq L r in Rock
and Towcr creeks in August 1996. In the past we
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have obscrvedpeals in NOr concentations jnWest
Twin Creek in the late sunlmer or fall when the
rainy season bcgins and vegetation demands are
decreased (Edmonds and Blew 1997). Alrhough
the summcr of 1996 u,as relatively dry it was not
wlthout summer rainstonns that could have mo-
bilized the nitrate to the strean. The prolonged
NO, pulse in the disturbcd watershed nay ha,,'e
been du(  to  red  J lJer  rn  the  r ipar i rn  zonc .
Stottlemyer (1992) relatcd elevated stream nitrate
concenfations to the presencc of alder vggeta-
tion in the riparian area of a str.eam in Alaskr.
Wigington et al. (1998) suggested rhar the high
nitrate concentations in autumn from 48 streams
in Oregon were mainly due tored alder They fbund
conccn l ru l ion \  No.  concent ru t ion .  r . rns  ing  f ro tn
2U lo  04  pcq  L  in  coa. ra i  s l rc i rm\ .  Th \ .  n r . l \ i
tnum concentralion we found in Rock and Towcr
creeks was 60 peq L r.

A seasonal NO. pcak was not observcd in anv
of the three streams in 1997. This also was ob-
servcd in a nearby Queels tributary (Bechbld et
al. 1999). Wc hypothesizethar rhe pattem obsened
in 1997 was due to exccss rains during an EJ Niiio
that kept soils moist throughout thc summer(Figure
.1A). not allowing the buildup of nirrare. Others
hr re  found lh i l l : l r cJm NO c . )n ,en l r i ] t ion \  \a r )
seasonally and often peak with incre;ising flows
dur ing  spr ing  snowmel r  (Fos ter  e t  a l .  1989.
Arheimer ct al. l996). High srream NO- concen
trations were observed ai a site in Walcs atier. a
warm and dry pedod fbllowed by increased rain
(Roberts et al. 198,1). These srudies and our re-
sults emphasize thc influence of the hydrologic
cycles on nitrate leaching.

There were no signiticant ditlerencc in alka-
Iinity (Figure 38), Cl (Figure 68), and pO.t (data
not shown) among the three streanls and concen-
tations were similar to those found by Wigington
et al. ( 1998) in coastal streams in Oregon. Ho,,','
ever, alkalinity did decrcase significantly in Wesr
Twin Creek when pH decreascd in the spring of
1996 and 1997, as discussed earlier. Sulfate and
sil ica concentrations were significantly higher
(p<0.0001) in West Twin Creek rhan Tower and
Rock creeks (Figure 6C and 6D), however, sea-
sonal pattems were similar between streams. For
sullate the highest concentrations were obscrved
in the summer. Sulfate is prescnt in the bedrock
matedal ofthis arca and the major source to thesc
streams is wcathering (Larson 1979). Sil ica
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conccntrations did not have a seasonal pattern.
Similar to the cation concentrations the differ-
ence observed in sulfate and silica are likely due
tu dilference. in runoff rnd \reatherinA.

Stream turbid ty

Concentrations of suspended sediments can in-
crease after forest harvesting and road construc-
tion, but not always (Binkley and Brown 1993).
Turbidity data for Rock, Tower and West Twin
creeks are shown in Figure 7. Turbidity was low
and not signiticant among the streams, averag-
ing 1.06. 0.89 and 0.83 NTU fbr Rock, Tower
and West Twin crceks, respectively, which is typical
fbrNonhwest sffeams (Binkley and Brown 1993).
In the winter of 1997 1998 turbidity in all three
steams increased. with maximum values of, 3.63,
4.37 and,1.63 NTU for Rock, Tower and West
Twin creeks, respectively. This was likely due to
storm cvents and higher flows. ln a study in Cali-
fomia by Bolda and Meyers (1997) turbidity in
creased during stom evcnts. Although there were
no increases due to disturbance, variability was
greater in disturbed watersheds. In addition, sus-
pended sediments were significantly higher in one
year. The discrepancy betweeD turbidity and sus-

5/6t97 7t20t97

pended sediment measurements was due to larger
soil panicles derived from the sandy loam soil
increasing the mass but not the rcfractive proper-
ties of the samples (Bolda and Meyers 1997).
Fowler et al. (1988) tbund an increase in turbid-
ity and suspended sediment immediately after
road colrstruction i[ harvested areas, but l i tt le
after that.

Conclusions

Partial harvesting of 7 -33c/c of the land area in
the Rock and Tower creek watersheds resulted in
only small inJluences on sfeam temperature. chem
istry and turbidity l1-15 yealls after harvesting.
This suggests that partial haryesting may be a
successful aspect of ecosystem management with
respect to streams. Maximum sfteam temperatures
increased by only about 3'C in the harvested
streams compared to the unharvested old-growth
slte and were more seasonally variable. Stream
temperatures did not exceed l6'C in any stream
and therefore salmonid species are not likely to
be allected; there were no salmonids in our streams.
There  uere .ome s ign i l i can l  d i f fe rence.  in  con-
cenffations of some cations, anions and EC between

10t3t97 12t17 /97 3t2t98 5/16/98

Date
Figure I Turbidi!] in west lwin. Rock and Tower creeki fron1 May 1997 to June 1998. Enor barr are standafd deviarions.

Average turbidiiy lvas nor significanrly diilerent among w,rtersheds (p < 0.001).
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the old-growth and the partially harvested water-
\hed \lream:\, but in most cr\e\ conccnrr:rl ion.
were actually higher in the unhanested water-
.hed. Ar errge nitrate concentration. u ere not . ig-
nificantJy difterent among watersheds, althougb
the highest nifate concenfations were observed
in the harvested wate$heds. Red alder in ripar-
ian areas may be contributing to the higher ni-
trate in the disturbed watershed streams. Stream
turbidity was not significantly higher in the har-
vested watersheds. However, our study did not
address the effects oflogging that can occur within
the fi$t few years post harvest such as increased
siltation and nitrate pulses that have been docu-
mented at other sites (Binkley and Brown 1993).
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