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Recent Paleolimnology of Devils Lake, Oregon

Abstract
A nudy o1 lhc scdimcnls in an cutrcphic Or.goD coanul hke. De\ils Lake ras initiated to assi\t in manrgemenl decisions
regarding lake restoralion. Recenr limnologic changes in rhe lake lvere determined thfough examination of thc scdi cnts .]lld
measufement of hke baihtmet0. A 1.5 m long core. collected near ihe lake center. $'ils analy/cd lbr pcrccnr wrrer. loss on-
igni t ion.ni | rogcn.phosphorus.rnddiatoms.Theageol lhesedimentsuasneasuredusing: 'Pbfbr theuppersedimentrandLr( ]
for the 1o\ref ,ied i me ni,i on r tdal of ihree cores. The upper ,10 cm of sedi rnent reprelercd I :11,1 vcar\ oI accumulation. The age of
scdimcn|s il| thc brsc of rhrcc corcs runged in a8e iioln 2030 (1 80) b.p. (core D ].5 In) to 2870 (1 80) b.p. (core A 1.0 m) in the
lake center. \,ladne \and was present at the base ofcore A. \1'hich wa\ ost likely dcri\cd liom a lsunal1i. The rnalysis ofdirtuns
ir thc sedinents showed u !er) dilerse llora \aith almost 150 tara identilied. The dolninanr diatolr taxa changed relativeiy lilllc
throughoul most of the la,it 1,10 trs. suggesting lhat the lake u,as producri\e pflor to rcccnt dc!clopmcnt. N{on of the changes in
dialon tara occurrcd in thc lalt scvcral dccadcs and inYohcd subtle chanses in the less abundanl taxr. A maior erosional everrt
occuned about l9l2 (t 8 )r) crusmg a 5+ind incfease h \edimentation rate based on rrlrPb dating. Sediment accuinularion riucs
reiurned to ffe-1900 rater in the l9l0 s and l9l0 s. but increased agai. ir llre last lclcral dccadcs. Thc major increase in sedi-
mcnudon ralc in Ihc carly plrrloi lhe ccntury corrcsp|)lxled |Ll periods of iDrense stons $hich coincided r\ irh eafh de|elopment
actirities. The more fecenr incfer\es in sedimentation rate which caused a loss in lake volunre aDDarcnth, rcsultcd lioln a combi'
nr t ion of  urb.rn iz. r t r l )n rnd lossins.

lntroduction

Devils Lake is an eutrophic lake located in Lin
coln Counly. on the central Oregon coast. Coastal
lakes. such as Devils Lake, have been popular
sites forresidential andrecreational development.
The lake was lbrrned by natural accumulation of
beach sand impounding water at the outlet ofthc
D River Physical properties of the lake and wa-
tershecl and waler quality characteristics of thc
lake are summarized in Table 1. Surface water
concentrations of total phosphorus and chlolo
phyll ri avelaged 60 and 4l ptg/L, respectively in
recent years (CH2M HILL 1992). Additional de
scriptions of thc lakc arc available in Johnson et
al. (1985). The lake exhibits abundant growths
of macrophytcs and occasional phytoplankk)n
blooms. The lake has been the subject of seveml
investigations over the previous 20 years
(Kavanaugh 1973. Larson 197.1. Shultcrs 1974,
Meyerhoft 1977. Kraner, Chir, and Mayo 1983.

Clurrcnl Bddrcssi Sl. Crotx Wrlcrshcd Rcscarch Station. Sci
c.ce NluscLnr of \{inncsota. Marinc on 51. C.oix. NIN 550,11

Thomas et al. 1990. CH2M Hill 1992). Perceived
water quality problems in Devils Lake, in addi-
tion to the visible grou,ths of aquatic plants (es-
p e clally M,t r i o p h,r' I Lr m s p i c a t u m), i nc I ud e occa-
sional depletion ofdissolved oxygen in the deeper
rvaters, high nutrient concentrations. and an accel-
erated sedimentation rtrte. The primary action taken
in rcsponse to these conditions has been to stock
the lake with triploid (sterile) gruss carp (Ctciro,
pharytryodon idella) in l9116, 1987. and l993inan
effofi to control the cxccssive groF,th of macro-
phytes. Only modest reductions in the macrophytes
occuned through 1992 (CH2M Hill 1992): how
evet nlajor rcductions in macrophyte bromass werc
observed in 1994 and 1995 (Dave Wagner. Devils
Lake Water Improvement district. pers. comm.).

Although there was a stuong perception by local
residents that conditions in the lakc had recently
detedorated. there were l'cw historic data to sup-
porl this vicw. The purpose of the study rcported
here was to satisfy the need for historical infbr-
mation on Devils Lake to aid in decisions regarding
restoration eftbrts.
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TABLI L De\ i ls  Lr lke ph)s ic.  and $,r terqur l i t )  characrer ist ics.

Ph]s icr l  Chafactef i \ I ics

Waiershed ar.'a (k r)

\,lern depth (Jn)

\ ,hr imum detth ( ,n )

p l l ( s . u . ) "
Cab

Mg"

\ a '

Tfanspxfenc) ('n)

Ch lomphl l ld  (L rg / l - ) "

t-ike clc\alion 0n. nsl)
Lrke l 'o lume (mr r  l0r)
Annual  Pfecip i iat ion (m)

Alkal in i t ) '
TP.
SO, '

c tb
\ o "
s io. .
Conducti\,iir' (LLS)'

210.1

2 .3
5 .8

\Vllcr Oualilv Char cteristics (Unns.r|e in !L\,1except a! lloted)
8.09

7
1 2 8

8
2 . 1
,l1.,+

3.05
6.1.1

2 .3  LE

,118

33
.1,10
1 .3
95
l lil

, crHzNl Hilt 199:
b. lohnson et al.  1985

Methods

Sediment samples were collected l'ronr Dcvils Lake
using a 5-cm diamclcr piston corer with a tube
length of 2.5 m. Thc cores were collected trom
anchorcd ratis by placing the corer above the sedi-
ments and forcing thc cylinder into the sediments
using push rods unli l rcsistance prevented tur-
ther penetration. This resulted in rctricval ofsedi-
tnent core5 oI aboul 1.5 rn. Elch eorc ues in-
spected immediately for signs of disturbance
caused by failurc to capture the topmost sedjment
and for possible loss of sediment l iom the bot-
tom of thc core during core extraction. Four cores
(A-D) werc collcctcd thrm several locations in
the lake (Figure 1). Corcs A, B. and C rvere col-
lected on l, l February. 1993. and corc D was col-
lected on 30 May, 1993. Bascd on thc quality of
the init i i l l  analyscs of thc cores, core D was se-
lcclcd for more intensive analysis.

Tn  add i t ion  Io  percen l  $  J t ( r  anL l  l l s . -  'n - ign i -
tion (LOI), subsamples oflhe sedimcnt fiorn core
D were malyzed for lead 2l0 (rroPb). total Kjeldahl
nitrogen (TKN). total phosphorus (TP), and dia
ton species composition. Material from selected
iltervals was first analyzed for rroPb to cnsure
that the age ofthe sediments could bc dctermined
with confidence and to asscss what portions of
the core to analyze in grcatcr dctail. This proce-
dure rvas necessary l<t ensure that thc prc- and
post-settlenent periods rvere adecluately repre-
sented in the cole. Once the preliminary :r|Pb

results were obtained. additional sedirnent intcr-
vals wele analyzed to refine thc scdimcnt dating.
rr0Pb activity \ras nrcasurcd through its grand-
daughter product:r ')Po. with r1)3Po added as an

intemal yield traccr. The polonium isotopes were
disti l led from 0.2-1.3 g dry sedimert at 550" C
tbllowing Fetreatment with conccntrated HCI and
plated dircctly (without HNO] oxidation.) onto
sil ver planchettes lrom a0.5 NHCl solution (nodi-
fied fiom Eakins and Morrison 1971i). Activity
was neasured lor 1-6 x 105 s with Si-depleted
surface barrier detectors and an Ortec Adcam@
alpha spectroscopy system. Unsupported rroPb.

which is the '] 'rrPb derived fron atmospheric
soLlrces, was calculated by subtracting suppofied
activity. which is the rr1)Pb produced fronr :r6Ra

in the sediment, from the tolal activity measured
at each level: supported rroPb rvas estimated liom
the asymptotic activity at depth (the mean of the
lowermost samples in a core). Dates and sedi-
nrentation rates were determined according to the
constant rate of supply model (Appleby and
Oldfield 19713) with conlldence intervals calcu-
lated by l lrst order error analysis of counting
uncertainty (Binford I 990).

Sediment intervals from thc base of cores A.
C, and D were malyzed using rrC techniques to
estimate the overall sedimentation rate. Sample
preparation and analyses were performed by Beta
ADalytic. lnc. using methodology described by
Tamers (1975). Sediment t'rom the firllowing in
lcrvals was analyzed to achieve suff,cient carbon
for measurenent: core A (92-100 cm); core C ( 146
154 cn); and core D ( l.+:1- 150 cm). The sediments
were dispersed in deionized waleq sievcd to remove
rootlets, and rinsed in hot acid. Neither rootlets nor
carbonates wcrc observed in any of the samples.
Afier drying and final inspection. the poftions of
citch were repeatedly conbusted until adequalc

l.+ Eilers, Bcrncrt. Gubala, Whiting. Engstrom, and Charles
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Devi ls Lake

Lincoln City,  0R

Contours in feet

Normalized to 10' lake stage

Figure I Bath,vncric mrp of l)c!ils L.rke Jneasured on 2S Januarv lgg'l using fte nelhodolog,"- of cubala cl at. ( 199.1). Corinlr
site\ (A D) are located on rhe map. t-akc are.r is 270.7 ha.

carbon dioxide was collectcd firr analysis. All
carbon in thc sediment was assumed to be type
C3 (terrestrial wood) fbr the purposes of dating.

Nilrogen in sediments was analyzed using a
modilled total Kjeldahl nitrogen (TKN) digestion
(Method 351.1, EPA 1979) except that copper sul
fate and sodium sulfatc were substituted as cata-

lysts in place of mercuric sulfatc and potassium
sulfate. Total phosphorus (TP) was measured us-
ing an ascorbic acid reaction spectrophotometri
cally in a I cnr cell (Method 36,5.1, EPA 1979).
Organic matter wrs estimated by LOI (Dean 197,1).

The preparation ofscdiment samples fbf analy-
sis ol diatom fossils requirccl special measures

D*'iJs Lake Paleolinnology l5



because of the poor preselvation of diatoms.
Meyerhoff (1977) was unable to l lnd a sutl 'rcient
number of adequately preserved diatorl frustules
to conlplete his historicrl rcconstruction of Dev-
ils Lake. Sediments from multiple corcs and in
tervals $erc used to test lbr thc prcsence of dia-
toms trt various sediment intcrvals and to develop
methods lbr slide preparation. Ooe cubic ccnli-
meter of sedinent was digestcd in a mtctowave
u\cn  \ \ i th  n i t r i i  re iJ .  D ia lom \u \nen: i r \n \  $ere
settled onto cover slips in Battarbee trays and
analyzed using a light microscope at 1000X mag
nillcation. A counting goal of 500 diatom valves
per slidc was established and achieved tbr most
intervals. Counts of less than 500 valvcs were
obtained for inlervals 27, 30. 33, 39, and,12 cm.
An insufficient numbcr ofdiatoms in these inter
vals was attributed to an abundance of inorganic
pa icles that "dilutcd" the diatom remains, al
though sil ica dissolution reactions involving alu-
In rnunr  i rnL l  l cn ic  n r lh lJ r , r r ide  reac t ion \  (Jn-
n t ' r  bc  ru led  ou l  i . l ' .  Nr i r8u  1978 r .  D i r t , 'mr  uerc
identif ied to the lowest possible taxa using taxo-
nomic protocols established in the PIRLA (Pa
leoecological lnvestigation of RcceDt Lake Acidi-
t ication) project (cf. Charles et al. 1990).

A revised bath),metric map was prcpared us-
ing a SONAR-GPS methodology developed by
Gubala ct al. (1994). Datr tbr the creation of a
bath.vmetric map for Devils Lake was collected
on 28 January 1994; the staff gage height at the
outlet was 3.018 m. A 200 kHz, 3.5" trarsducer
vas conligu|ed to acquire data at 3 second intcr-
vals. Average boat speed dudng data collections
was about 5 k) 6 m/s. All data $'erc nomalized
by lake stage and expressed as depth relative to a
lake stage of 3.0'18 m. Measluements of boltom
reflectivity tiom the SONAR measurements also
were recorded to provide an indication ofchanges
in relativc hardless of the sediment.

Results

Bathymetry and Ref ective y

The bathymetr-ic map of Devils Lake completed
tbr this study shou's a complcx bottom profile
u,ith several depressions not previously identi
f ied (Figure l). The maxinturn depth measured
in Dcvils Lake wrs 5.8 m. The SONAR si-snal
used to record lakc depth also was evaluated with
respect to signal strength, refcrred to as reflec-
tivcly. Changes in lakc bottom retlectivity can

be used to cvaluate spatial patterns in scdiment
composition such as ditTcrences between sand and
organic sediments. The refiectivity values for
Devils Lake rangcd from 13 to 16 (relative in-
tensit),) firoughout the lake. Thc values are in
dicative ofrelative signal strength and vaq, anong
lakes depending on the initial instrument seltings
used in optirnizing the SONAR signal for a given
application. The relatively small dit lerence in
reflectivity was considered insigniflcant. No spatial
patterns were obscrved in these data, indicating
that thc physical properties of the surface sedi-
ments were relatively uniform.

Physica Characterist cs of the Sed ments

Cores B. C. and D wele visually similar to one
another and were about 1 .5 m long. Core A. col
lectcd ftom the deepest location near the center
ol thc lake, was only 1.0 m long but was note-
worthy bccause of the distinct laycr ofsand prcsent
at the base of the cole. The sand was rclatively
unilbrm and light tan. giving it the appearance
and consistency ol marine-derived sand. AlLhough
the sedinrents lacked varves. therc were visible
differcnces in sediment composition. A11 four corcs
had similar consistency at thc top (- l2 cm) with
flocculc[t. brown organic-rich material, grading
into sedinrent with greater plasticity and llmness.
Sediment below 110 cn could usuall) '  be scpa-
mted into non-cohesive portions. The sedimcnt
from 12 cm to 2,1 cm appeared brown (iron col-
ored). The sedinent had a distinct grcy-green
appearancc from about 24 cnr to thc base of the
core \ .  hc .ominEl  darker  g reen $  r lh  in ( re r \ ing
depth. Unidentil ied plant rhizomes werc abun
dant in the cores bclow 100 cm. The water con-
tent in core D decreascd down through the sedi-
nlent from 93% at the surface to 797. at 150 cm;
however. this trend was punctuated by portions
of the core that showed minor reversals of 3 ttt
47. in the overall pattern.

Sed ment Dat ng

The actiyity values olrr0Pb in core D were at sup-
ported (background) levels below.l0 cm with aD
average supported activity of 0.60 pCi/g (Figurc
2t). Although a core of 150 cm leDgth \\,as col-
lected. the dating shows that the upper 39 cm of
sediment rcpresents the last | 40 years of lake his
tory (Figure 2b). The sedimcnt interval from 33
to 39 cmrepresents the pre settlement pe.iod liom
about 1850 to 1880. Sediment accumulation in

l6 Eilers, Berncrt, Gubala. Whiting. Engsffom, and Charlcs
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this period was about 0.025 g/cmr/yr, incrersing
to a maxinrunr of 0. l:l g/cm2/yr around l9 l2 (g7.6
yrs), which was over five tines thc pre-settle
ment ratc (Figure 2c). Sedimcnt accumulation ratcs
decreased to near pre-development sedinrent ac-
cumulation rates of 0.026 g/cnr']/yr during thc
i920's to l9:10's. ln the 1950's, the scdiment ac
cunulation rate began increasing again to values
which are currentl) ' about 2 1/2 times the prc-
settlemett rate.
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The long term agc at the base oflhe cot-es was
detennincd by rrC rneasurcments on thrcc of the
firur corcs. The bottom of the corcs ranged from
about 2000 to 3000 years of age (Table 2). If u'e
examine the sedimcnt accumulation rate below
33 cm in core D. the avengc rate of sedintcnta-
tion u'ould be 0.01 13 g/cmr/vr. or about one-half
of thc minimum sediInentation rate nteasured in
the upper poftion ofthe core. Sedimentation rates
below 33 cm in Devils Lake of56 cm/per thousancl

0.1 1

Totat2loPb Aclivity (pci g'1)
10

0.150.05
Sediment Accumulation (g cm-2yil)

Figure :. (a) Tolal Pb actirit) (p(ljlg) ior Delils Lrke corc Di (b) Age of scdillrcrts estimated from rrlrPb rctiviry \crlLrs
sediment dcplh ttr Devih L.rke. corc D. The horizontal linc\ lssociated lvith each obser\ rti(n feprcscnt lhe uncefirinr\
( I sd) in the age of thc \cdinentsr c) Sedimc.r lccumulation rale (g/crl:/yr) in Devils I-akc. core D. \'ersLr\ lcdinenr
ditc. Thc horizontal lines as\ocilted $ith each oh\cr!arion represenr thc uDcertainr\ (l sd) jn lhc sedimenr accurlula
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TABLE :. RrLdbcarbon datmg of sediments ir De\ils L&e. Oregon.

Sedinrent
Depth
(c ' I t

R.Ldioc.Lrbon
Dtrlc

(\tirrs BP)

An.rl l t icr l

(Yrl

Calendal
Equi\,ulent RrLre

(cnl,&)t

c
f)

9: 100

t,16 15,1

l. l  l  150

:810
2600
t030

1 7 0

1 8 0

31.,1

12.1

1270 BC () l t3( l  BC

850 BC ro 530 BC

200 BC ro 1,10 AD

' I sllmdlLld de\irtion
' r \sumir !  1, , -pc C3 c.r rbon ( lc l . Icst i r l  $ood]

ycars (cm,4(yr) arc comparablc to 1wo cores col-
lected from Lake Washington rvhich showed lin
ear accumulation rates of 5 | cm/kyr and 55 crn/
k1r (Karlin andAbella 1992). The 'rC results pro
vide additional contlrmation that curent sedimen-
tation rates are considerably gleater than natural
rates and could range tiom 2 to 5 tirnes pre-de-
vclopmcnt ratcs dcpcncling on whcthcr thc rrOPb

or rrC dates are used.

Sed ment  Chemis t ry

Loss-ol-ignition iLOI) provides a gross measure
of sedinrenl composition, pafi icularly organic
matter Sediments high in inorganic materials such
as clry rvil l  exhibit low LOI values. whcreas sedi-
mcnt .  \ \ i l h  r  h i ; 'h  p |opo | t ion  , - r f  Jccor rpo . ing
organic natter will exhibit high LOI values. A
comparison offirur cores (A-D) collected in Devils
Lake shows that coresA, B, and D are quite similar
fi)r thc past 150 ycars. but dcviatc l iom one an-
other below 50 cn (Figure 3). Core C collected
closest to the boat iaunch on the south end ol the
lakc. has a much higher organic contenl than the
other thrce cores. Wheleas coresA. B, and D reach
local minima in LOI near 27 cnr. sediment tiom
core C tends to increase in LOI belorv 27 cm.
These results indicate that core D is reasonablv
representative ofthe general stmtigraphy (as rep
resented by LOI) in the nolthern two-thirds of
the lakc, but corc D nray not bc indicalivc of
changes occurring in the southern portion of the
laKe.

Major trends in the nutrient status of Devils
Lake rvere investigated by measuring the nitro-
gcn ancl phosphorus contcnt ofLhc scdimcnt. BoLh
total Kjeldahl niffogen (TKN) and total phosphorus
(TP) coDcentrations reached a maximum at 2:l
cm and exhibited tl ir ly stablc ralucs clown to 39
cn (Table 3). Two deep sediment samples showed

much grcatcr conccntration ol TKN. possibly
because of the rhizomes present. TP conccntra-
tions in the pre-settlement era were only about
20% of the maximun valucs obscrved at 24 cnr.
Thus. both TKN and TP concentmtions in the
sediments have decreased from the peak at 2.1
cm which corresponds to a date of l9l5 (t 6.9
yrs). Thc ratio of TKN/TP shows three distinct
periods whereby the ratios from 0 to 15 cm (from
pr-esent to 1957 !2.4 yrs) are betu'een 3 4. the
ratios ftonr 18 to 30 cm ( 1939 t 3.5 yrs to I U82 I
17.9 yrs) are between l-2, and the values to,12
cln are between,l 9. Most of thc changcs in the
TKN/TP ratio can be attributed to changes in TP
which showed a major incrcasc in phosphorus that
conesponds with the first records ofmodem scttle-
ment in the county (Steere 1951).

D iatorn s

The sediment diatom assemblages are renark
rb ly  d i re r re .  I  p  l , '  8h  I i l \ i l  uc r .  p r ,  sen t  in  .pe-
cillc sediment intervals. with a total of 243 taxa
recorded in the tirurteen intelvals analyzed fiom
corc D. Thc numbcr of taxa decreased from 85
taxa in the sudace sediments to 5l taxa at 42 cm.
llthough this was largcly an anifirct ef the total
diatoms counted perintelval. When the prescribed
number of diatoms () 500) were counted. the
numbel of taxa recorded was significantly (p (
0.05) greater than those intervals u,ith counts less
than 500. Several sections had an insutl lcient
numbef of diatoms available for counting bccause
ofeither dilution fiom sediment particles or pos
sible dissolution reactions occuring in the sedi-
nrcnts. Whcn the observed number of diatom taxa
are nolmalized to a standard number of valves
counted. the expected number oftaxa differs rela-
tivcly l i tt le from the number of observed taxa fbr'
sections with ) 500 diatonls countcd

l8 Eilers, Belnert. Gubala. Whiting. Engstron, and Charles
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The most abundant seven taxa present in the
sediments show only modest changes in rclative
abundance through thc core (Figure,+). The most
abundant taxon. Cocconeis plarcntula vtr. lineata
shows a slight decline frorn l8-33 cm, but two
intelvals at 24 md 30 cm have relative abundances
near 20%. which casts doubt on the signil lcance
of the apparcnt decline. Fragikria utnstruens var.
i)e/?ler is nost abundant at intervals 18 and 2l
( 1939 and 1922. respectively), at a period when
the sedimentation rate had decreased to near pre-

--a- Core A, o/o LOI

--€- Core B, o/o LOI

----^- a^ra a o/-l nl

----z!- a^ra n o/^ lr)l

-.- core D, % water

60

ai
o

80 100

Figure 3. Percent \\' alcr and loss on ignitron ( LOI ) \'ersus scdincnl depth (cnt in core D. I-OI !alucs arealso shownforcorcsA.
B. and C.

industrial levels. Fragiluria crolonr:lsls exhib-
ited a trimodal distribution with peaks at 3, 12,
and 39 cm. The major decline of E crotu)nensis
beginning at 33 cm precedes thc accelerated sedi-
mentation which begins at 30 cm.

Asterionellu fornosa is a species commonly
found in highly productive lakes. With the ex-
ception of the observations from 39 cm, the spe
cles appears to display agradual increase in abun
dance fron historicill tines to prcsent. A./om,r"!c
was thc principal species associated with increasing

Dcvils Lake Paleolimnology 19



TABLI 3. Tdal Kjcldahl nilrogcn (TKN), Ioral phosphorus (TP). and the ratio ofTKN/TP
in DeI i l !  Lxke.  core D.

Toral Kjeldahl lbtal
Nitroger (TKN) Phosphorus (TP)

(ng/g, dry \\t) (ng/g. dr) wt) TI'\/TP
Sediment Depih

(botton of inteflal, cln)

3

t).
t 5
IIJ
1
11
21
l0
3 l
-16
39
12.
12
l0 l
123
150

2 .1
9 . 1
l  r . 9
i l .2
8 .5
7.0
7 .3
1.1
5 .6
5 .9
6 .1
E. l i

1 . 1
7 .3
6 .3
5.,1
t . 5
7 .8

o.1
2 .5
3 .2
2 . )
2 .1
1 .9
3 .6
.1.8

t . 8

t . 0
1.,1

L l
0.4)
0.5
0.3

3 .8
3 .6
3 .1
3 .8
3 .2
3 .6
1.0
r . 5
1 .2
L , O

5 .8
13.5
5 . 1

5 .1

)7 .1
22.1

watershed disturbance for lakes in western Wash-
ingtor (Brugan and Vallarino 1989). [n some of
their study lakcs, rclative abuldance ofA..finnosd
incleased from 0 to over 60%. The rclatively small
changcs in abundancc for A. fbrzosri observed
in Devils Lake suggest only slight changes in
produclivit), during the last century.

Navicula radiosu shows a general decrease
through the pedod of record. As observed with
A.  l l ' nno ta .  the  in le r r  r ' l  rh r l  i \  r  r  n i r j  r  e  \ r (  l l i i ,n
to thc ovcrall trend occurs at 39 cr1. Fragiktiu
con.\trLtens ttt. purnila also cxlribits a slight dc-
crease, trrost of it occuring ir the most recent
sediments. In contrast. Fragilaria pinnata exhrbits
a sli-qht incrcasc in relative abundance. What
ever changes may have occured in water quality
in Devils Lake in the last century have not been
grcat enough to cause pronounced chaDges in the
dominant diatonr species.

The infirrmation rcgarding the less abundant
diaton species was as!essed through multivari-
ate statistical techniques. A principal cornponcnt
analysis (PCA) using all taxa present showed that
the recent sediment samples (0-12 cm) u,ere dis-

tinct liom the diatom community in the deeper
sediment samples (Figure 5). When cluster analyses
(FASTCLUS. SAS 1988) is used to group the
sediment intervals according to statistical sini-
larity. we observe that the top intenal (3) Ionns
its own cluster (l) as do intervals 6, 9, and l2
(Cluster III). The remaining intervals fonn clus-
ters that show little relationship to other sediment
charactcristics such as scdimentation rate er sedi-
ment nutrient concentrations. These data 1br the
dominant diatom taxa suggest that the water quality
in the lake. at least in the nofihen hall of the
lake. has not changed radically in the last cen-
tury. However, the community composition shows
more subtle changes among the less common
spccics that may rcflcct some water quality changg
in the last three to four decades.

Discussion

There is local concern regarding accelerated wa-
tershed erosion and sedimentation in Devils Lrke
(Kramcr. Chin, and Mayo 1983). The sediment
accumulation since creation of the 1953 bathy-
metric map (Oregon State Game Commission
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1953), conputed on the basis of:roPb dating fbr
core D, is only about l-5 cm. If this estimate rep
resents a reasonablc lake-wide accumulalion rate,
thc lake has lost about,l x 105 mr or 67c of the
previous Jake volume over the last,10 years. How
ever. the actual rcduction in lake volume could
be considerably different than that estinated on
the  brs i :  , ' l ' re t l in ren l  accumrr iu t io r r  r r r  , ' ne  ; i le .
Reports of shoaling in embayments fbllowing
tnaior stoml events (see Joh nson et al. 1985.t sug-
gest that deposition rates adjacent to inlets are
greater than in the lake center. Thus. a 6% reduc-
tion in lake volumc over the last,+0 yrs ma), be
an under-estinate. Altematively, if sediment fo-

cusing is occurring at this site, then the actual
lake-wide sediment accumulation could be less
than this estimate. An upper-bound estimate fbr
loss ol lake volume based on comparison of the
cunent bathymetry with 1953 bathymetn' is 26%.

The sediment reconstruction tbr Devils Lake
i .  ba .cJ  l r r rge l l  on  the  re \u l l \  t ' t ' , ,ne  core .  ra i ' i r r !
some coDcems about the homogeneity ofthe sedi
ments and the representativeness ofcore D. Both
the SONAR reflectivity results and the LOI re-
sults fiom thrce othcrcores indicate relatively little
variation in the physical composition ofthe sedi-
ments. However'. some dift'erence was noted in
the LOI values between core C fronl the southem
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portion of the lake and thc rernaining cores. The
apparcnt lack ofsynchronism between core C and
the remaining cores could be due. in part. to dif '-
ferent inf'luences in the southern portion of the
lake. The decreases ofLOI in core C near 40 and
60 cm may conespond with the decreascs obserr, ed
at 2.1 cm in corcs A. B. atd D. Site C tavors a
high sedimentation rate because of its proximity
to Rock Creek which drains most ofDevils Lake
watershed. The southern end ofthe lake also was
the discharge site fbr the Occanlake sewage treat-
ment plant from 1951-1970. Meyerhoff (1977)
analyzed lbur 50 cm long sediment cores collected
from 3 m to 6 m depths in Devils Lake. Sedi-
nents from the 6 m site (located near site D in
this study) were analyzed in the greatest detail.
There werc on]y small variations in percent or-
ganic matter (LOI) and profiles were uniform
ranging frorn 22 to 25clc LOI in three of the four
cores. This compares reasonably well with the
values measured in this study which ranged fiorn
15 to 25% in the upper 50 cm. Meyerhoff ( 1977)
rneasured LOI vaiues of 107o in one core col-
lected fron a lake depth of 3.5 m. This site ap-
peared to be close to shore and may have leceived
greater erosional inputs than thc deeper sites.

Whether the differcnces in TKN/TP ratios
among the intervals correspond to difTerences in
iaprb of nutrients or differences it rctention ctl
the nutrients cannot be detemtined with these data.
It is possible that the apparent changes in the TKN/
TP ratio are an artifact caused by differenccs in
nutient mobil ity in the sediments. r.ather.than
serving as an unaltered rccord ofnutlient deposi-
tion (cf, Cadgnan and Flett l98l ). Both N and P
are mobile to some degree in sediment and their
peak concentrations at 24 cm may reflect redox
gradients rather than depositional history. The
accumulation rates of TKN and TP peak in the
early portion ofthe century. corresponding to the
major depositional event. These data suggest that
TKN and TP accumulation rates arc associated
with erosional inputs. Assuming that this is the
cause. it is likely that most of these nutrients en-
tered the lake in pafiiculate form and were gen-
erally unavailable fbr uptake by aquatic macro-
phytes or phytoplankton. Regardless. the sediment
profile provides dramatic evidence of the poten-
tial impoftance of major hydrologic events, not
only on sedimentation. but on nutrient accumu-
lation as well.

Meycrhoff(1977) also measured increased TP
and TKN above 30 cm in the sediments. The in-
crease in sediment TP concentrations peaked at
22 cm with yalues about three-fold greater than
values mcasured near the base of the corc. The
lncrease in TKN was more gradual up to 6 cm.
where a five-fbld increasc over base valucs was
obseNed. Meyerhoff ( I 977) attributed the higher
nutrient conccntrations in the surfice sediments
to watershed activities which incrcased nutrient
loads.

The 'rC dates fbr the thrce sediment cores show
that long{ernr average sediment accumulation rates
in Devils Lake are low, and appear to be greatest
in the nofthern part of the lake. This is unexpected
considedng that the pdmary tributrry dischargcs
ink) the southem ponion of the lake. However,
the proximity of Rock Creek to the outlet may
result in much of the sediment load depositing
closer to the outlet or being transported to the
ocean. Core C, collected near the southern end
of the lake. exhibits a long-term average sedi-
mentation ratc about 257c less than core D. The
core c(tlected from the lake center, core A, is the
shortest core, and exhibits the lowest sedimenta-
tlon mte. The sand layer at the bottom of core A
(and observed at the base of several other incom-
plete cores that were discarded) was notewofihy
because of its distinctly marine appearance.
Heusser (l960) collected a 7 m-long core through
pcat adjacent to the west shore of Devils Lake
and estimated the age of rhe lake at 6.300 (t 275)
BP using 'aC dating. Heusscr ( J985) also noticed
that sand was interbedded in the lake sediments.
which he vier'",ed as an indication the lake be-
came estuafine at times. More recent studics of
lake and esluaries along coastal Washington
(Atwater 1987. 1992: Jacoby et al. 1992; Karlin
and Abella 1992; Schuster et al. 1992) and Or
egon (Dafienzo and Peterson 1990. Nelson 1992,
Nelson et al. 1994. Darienzo et al. 1994) indicate
that at least some of these lale sediment sand layers
were derived from tsunamis generated by eanh-
quakes.

DevilsLakehas received nunterous inputs ftom
anthropogenic activities in the last 100 years in
cluding erosion from logging and development,
poorly treated eftluent from a sewage ffeatment
plant, and runoft tiom lir'cstock and urban areas.
In addition. the lake was treated with rotcnone
und. tockeJ  u  i th  warm $ i Ic r  l i \h .pec ie . .  l r , ,u t .
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and herbivorous carp (Dave Wagner, Devils Lake
Water Improvement Dishict, pers. comm.). The
population of the arca has grown from a small
group of native tribes in the 1800's to the current
comnunity ofLincoln City with apopulation over
5000.

We were untrble to identily conclusive evidcnce
of anthropogeDic disturbance in the carly pafi of
the century that might explain the drutnatic in-
crcase in sedimentation observcd between 1900
and 1920. Thcrc is evidence that the settlemcnt
ol the Devils Lake area began in the 1890's. but
it is unclear what thc major activity associated
with the early scttlements was in this vatershcd.
There arc accounts ofhomesteaders with livestock
pre .en t  in  lhe  r re . r  J .  c r r l l  r .  lo0a .  Lopp inp  $  rs
beginning along the Oregon Coast during this
period and the timber industy was greatly stimu-
lated by demand lbr lurnber products follo\\,ing
the 1906 earthquakc in San Francisco. However,
specitic evidcncc for intensive logging in the Dcvils
Lake watershed is somewhat cont'lictiDg. Exami-
natioo of the nearshotc atea shows only a small
nunber ofextremely Iarge stumps, suggesting that
little old growth tbrest was present in the water-
shed in the late 1800's. A review of the 1900 for-
est cover maps (scalc 1" = 2 mi.) for the area shows
the Devils Lake watershed classified primarily
as rccently burned. Tbe 191,1 fi)rcst classifica
tiotr map (scale 1" = 6 mi) also shows molt of the
watershcd as "bumt \\"ith restocking." However,
a more detailed 1936 (scale l " = 0.66 mi.) classi-
t'ication represents the shoreline and lowland area
of the watershed as large spruce hemlock (fbr-
ests containing >5Oc/o by volune either wcstern
hemlock or Sitka spruce. trees fronr 20 to 2,+ in
diameter). Much of thc upland pofi ion of the
watershed is classified on this map rs largc sec-
ond growth Douglas fir (tbrests. not yet mature,
containing >60% Douglas tlr where thc majoity
of volume in trees 2G,10 in. diameter). The im-
mature Douglas fir stands are consistent with the
earlicr forest fire history, but the lowland spruce/
hemlock lbrest suggests a different situation than
that representcd on the 1900 and l914small-scale
maps.

Historical precipitation rccords earlier than l92ll
are unavailable for this area. Precipitation records
for Corvallis. located irbout 70 km southeast trom
Devils Lake, indicate that the largest three-day
precipitation cventrecorded lbr the region occuned
l7-19 January l9l I when 16.5 cm was recorded

(Offi ce of State Climatologist. Corvallis). Precipi
talion at the coast averages about:10-6070 greater
than in Corvall is. suggesting that this event could
have becn i11 eicess of25 cm at Devils Lake. Pre-
cipitation in 1909 also appears to have been well
above normal, at least tor Ocbber and Novem-
ber  (S teere  1951) .

Ths high prccipitation events in 1909 and 191 I
provided opportunities for accelelated erosional
inputs inb Devils Lake. The possibility that the
erosion which occurrcd circa l9l0 was entirely
natural is low in view of the lor' long-tenn sedi
ment accumulation rate based on the LaC mea-
surement and the absence of periodic erosional
events that might have been associated with high
precipitation events. Furthermore. the greatest
floods in western Oregon in modem history (l861.
1890, 19,+3. 1945, and 196.1) do nol conespond
with the high sedimentation periods obsen'ed in
the Devils Lake sediment. We conclude that the
high sedimentation rate in thc early 20th century
was caused. in large part, by watershed activities.

Although the historical pcak in sediment ac
cumulation is dramatic, the sediment accumula
tion ratc quickly returred to pre-settlement ratcs.
Of greatesl interest with respect to current man-
agernent of Devils Lake is the treDd in the last
threc to four decades which shows a steady in-
crease in the rate ofscdimeDt accumulation (Fig-
ure 6). The cumulatjve sediment accumulation
in the last three decades exceeds the total sedi-
ment accumulation from l900-1920. The results
of this paleolimnological reconstruction suggest
that lake management ctTorts should focus on
identifying important land use contributions to
watershed erosion and controlling these erosional
inputs. This appears to be consistent with plans
being inrplcrnented by the Devils Lake Watershed
Improvement District (Wagner 1994).

The biologicrl history ofthe lake. as reflected
in the sediment diatoms. shows a more subtle
pattern. The major diatom species have shou,n
only minol changes in relative abundance, although
several spccies display apparent trends. Judging
t rom rhe  J i r t , 'm:pcc ies  (onrpo . i t ion .  i t  rppeur '
that the lake has been productive for at least the
last 150 years and probably much longer. A sta
tistical analysis of the diatom community shows
that the specics composition in the most recent
sediments (i.e. last 25 years) difttrs. particularly
among thc less common species, tiom diabnrs
in the deeper sedirncnts.
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The sediment data suggcst that the greatest
changcs in the biological characteristics of Dev
ils Lake occurred in the last three decades, al
though the major physical changes occurrcd car-
lier in the cenlury. Howcver. the current trend in
sedimentation rate indicates an accelerated rate
of $,atershcd erosion. If the rate of eroslon con
tinues to increase. it wil l cause a serious loss in
lake volume ovcr thc next several decades. Un-
checked sedimentation wil l continue to provide
additional habitat lbr macrophytes by increasing
the littoral area in the lakc and resupplying mac-
r ,  'ph1 te .  . rnL l  ph1 tup lunk ton  u  i th  n  u t r ien ts .

The increased sedimentation in Devils Lake
may be typical of problcms occurring in other
Oregon coastal lakes. A number of these lakes
have experienced changes in watenhed activi-
ties similar to those reported here 1or Dcvils Lake
leading to reported problems associated with
eutrophication (Daggett et al. 1996). For othcr
lakcs. the pressure to log and develop the for
ested watersheds is morc recent. The rcsults fron)
Devils Lake indicate that f'uture problems in these
coastal lakes could be minimized by initiating more
aggressive proglans to control accelerated ero-
sion and nutrient export from the watersheds.
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