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Relationships Among Environmental Variables and Distribution of Tree
Species at High Elevation in the Olympic Mountains

Abstract
Rcladonships rmons cn!ironmentrl \ariablcs .rnd occurrcncc of tfee sfecies wcre irlesrigared at Hurficane Ridgc ir Ollrpic
Nal ional  Pafk.  Washjngton.  USA. A t ranscctconsisr ing of thrcc pbts was esrabl ished do\ i ' .n onc oonh andone\oulh lac inSslopc
rn nands repfescnlin! the typical eic\Ntional sequence oI tree species. Trcc specie\ inclLrdcd sub.rlpine rlr (Abn,r ldjtr(.,7r)
Doug1as-fr (Pv, l1. /o lJ l l8d, i " , . ; ( l . / i )m0unt. l inh
teDpemfre.prccip i ta l i ( )n.andsoi lm0istu le$erenclSu|eddur ingthccgro$ingseasons.sno\ \ ' lne1tpa1tcIns. ] i lcarbonand
lnoistlne rclcalc curve\ uere also deternined. l'hc plds represented a ride f.rnge in loil $urer porenrial. a muiof deter il]rnrol
t ree species dist r ibut ion ( fange ol  rn i r i lnum values = I  I  to -8.0 MPa lor  Prc i f ic  s i lver  i i r  and Douglas l i r  p lots respecl i \c ty) .
Preeipitalion intcrccpted at plots dcpcnded on topographic location, stonn direction and storm tlpe. Differcnccs iD soit moinure
among plol\ r'as rclatcd to soil pmpcrlics. $hile .rnnual diilcrences rt each plor $ere most olicn related to eart\ serson pfecipi
la l i | )n.  Ch.rnges in chnate due ro a doubl ing ofatmosphcr ic CO. lv i l l  l ike l )  shi l i  t ree species dis l r ibut ions $j thrn.  but  noianr | ' rg
aspects Changc $ ill be buffered b) innare iolerance of aduh trees and rhc inerlix of sojt pr!,per ucs.

Introduction

Mountainous aleas have steep gndicnts ofmois-
ture and tempcrature (Whittaker, 1975). and pro-
vide the opporluniry ro studv biologicaJly signili
cant differences in eDvironment over short
distances. These graclients are caused by orographi-
cally induced plecipitation pattems. adiabrtically
rnd  topoer rph i i r l l l  i l d t re r . l  ch . rnge '  in  temperu-
ture. and hydrologic processes that redistribute
*ater in steep terain (tsarry, 1992: Ambroise.
1995). The resulting vegetation partern is rypi
l ied by closely spaced ecotoncs. and becausc of
the overu'helning inf' lLrence of cnvironmental
lactors. mav be especially selsit ive to clinate
change.

Landscapc-level efttcts of global climate
change (GCC) on vegctation will manit'est at the
scaJe of species distributions of physiognomically
domrnant organisns. Dcscribing environmental
conditions controll ing patterns at this scale is one
approach to understanding effects of predicted
changes in temperaturc and precipitation due to
CCC. In atldit ion to determining the nagnirude
of envilonmental dil ' fcrence ddving vegetation
pattern. relationships among variables predictcd
by general circulation nrodels (e.g.. tenlperature

Cn|rentaddrcss:  LrSGS BiologicalResources Di ! isx .Fof-
e\t and Itangcl:rnd Ecosv\iem Scicnce Cenrer. Ol\mpic Field
Statrcn 6i)0 Fl. Park,{\'enue, Pol1 Anseles \\A 98361

and precipitation) and other ddving variables (e.g.,
soil moistur-e) can bc evaluated.

This ltudy describes envircnmental conditions
thal are associated with the occurrence of domi-
nant tree specics in the norLheasterl Olympic
MountaiDs. WashinctoD. TItc study was conducted
in stands including subirlpinettr (.Alies lasiot:urpa).
mountain hemlock (Ts Lt g4 nkrten s ianq). Pacifi c
silvcr f ir (Abfu:s amabil isl. and Douglas-fir
(Pseudot.\ugo nensiez.i i l . Thesc stands wcre
closcly spaced. bul they include species tltat are
diagnostic of vegetation zones (scnsu Henderson
ct al. 1989) which detine vegctation paftem at a
much largcr scale. CriLical variables aflecting
subalpinc vegetation in tempente clintates includc
snownrelt. length of grou'int season, soil and air
temperatures. and midsulnmcr soil dryin-q
(Tanquil l ini, 1979: Stcvens and Fox. l99l). Mea-
suremcnts ()fthese variables were conducted regu-
ltrrly during thrce growing scasons and conrple-
ment studies of environmental-species relationships
using less tiequent nlcasurements over a wider
geogruphic area (e.9.. Zobelet al.. 1976;Henderson
et  a l . ,  1989) .

Site Description

Study plots were cstablished on Hunicane Ridge
(1550 n, l23" 30' N lat.,.17" 58' E long.) nerrthe
nofihem border of Olympic National Park (Figure
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Figurc L Localions of 6 plot! ulcd to describe fehtionships anong envircnment nd distribuljor of

I |ee spec'c\ .

l). The Ridge is oricll led east \ lest and is at or
below treeline 1br most of jts length. 11 is com
posed ol Eoccnc basalts and slightly younger
marine sedimcnts including sandstoncs. shales,
and conglomcrates (Tabor, 19E7). Soils are clas-
sified as Typic Cryunbrepts. Subalpine fu (Ablcs
/cslacarpri) is the most abundant species on nofth
and south aspects near the ddgeLine. Mounlain
hemlock (Isu,qri tnertensianq) occurs rvith sub-
alpine tir down north-lacing slopcs. grades into
stands of Pacific silver lir (ADle.r tntubilis)tml
eventually into stands of Douglas-fi r (Psr:rlotsirgn
mertsie:.ii) and $'estcrn hemlock (Tsugd hetero

ph,r o) et lhe base ofthc mountairs. Subalpine
fir grades into Douglas-1lr at lou,er elevations on
south lacing slopes (Hcnderson et al.. 1989).

The Ol1,mpic Peninsula experiences a ntaritime
climate. Most stoll'ns move across the peninsula
from the southwcst (Speer, 1986) and deposit olcr
600 cm of avcrage annual precipit tion on Mount
Olympus (2.130 m; Phil ips and Donaldson. 1972).
The nonheast Olympics are in a rainshado\\, and
Huricane Ridge averages apploximately 100 150
cm precipitation annually, ofwhich 807r talls dur-
ing October Marrh and 57a falls July August. Av-
erage Januarl tempcratures belo\\" 1000 m in the
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nonheast Olympic Peninsulir arc -0"C: marimum
August tempcratures are -21 "C (National Oce-
anic and Atmospheric Administration, 1978).

Two lransccts each consisting of thrce 20 x
20 m plots were establishcd. Onewasonanorth-
and onc rvas on a south lacing slopc. Each transect
described a gradient oftree donfnancc (Table l).
The top of the north transect (ALN) was al 1523
l'n in a sland of subalpine fir. and cxtcnded lbr 70
m of elevation going through a mixed stand of
subalpine lir and rnountain hemlock (ALIM). and
cnding in a Pacific silvcr f ir stand \\ ' i th nountain
henllock in the understory (AA). The south
l l a n : e c l  : p J | I r i J  I l 6  t n  i r t c l e r r t i o r t . . l . r  l  !  i n ! l
subalpine 1ir stand (ALS). going through a mixed
stand of subrJpine tlr and Douglas-t' ir (ALPM).
and ending in a Douglas-fir stand (PM).

Methods

Air and soil tcnrperatures. precipitation, soiJ mois-
t r r re .  i lnd  \no \ rnc l l  \  c rcu \c ( lL ' (hJ f i l c le r i , /e " ro ! \ -
ing scason conditions during thc study. Soilcarbon.

soil moisture release curves rnd potential inci-
delt solal rrdiation were used 1o dcsclibe rela
tivclv invariant leatures of the plots.

Temperatures

Ai t  le tnpcr r r tu re  r r  i s  reco lJ rd  r r .  uk l l  u \ inS n l l \
nlln thernolnclcrs mounted at I m hcight in par-
tial shrde on stakes near the center of each plot.
Measuremenls wcre made fiom 30 Junc unti l 27
Novcnrber 1993. l0 April to 2l October 199,1.
and t3 May to 12 October 1995. Records tirr
individurl plots conmenced when stakes were
liee olsnorv in 199:tandl995. ln adclit ion. single
sensor data loggcrs (Model Hobo Temp. Onset
Computer Co.. Inc.. Pocassct MA) were installed
on 27  Nor  e rnbcr  l , ) '  j . l  und  recor ( leJ  r i r  l cnrper l r -
turc 5 times daily unti l I I November 199.1. Thc
dataloggers were co\,crcd u'ith plastic. put in small
plastic containers having holcs for ventilatiol. and
hung in trees at approximatel)'2 m hcight. Monthl)'
average ail telrperalures calculated from data-
loggcrs and max nin thenlometers $hen both

TAtsLE l .  Plo l  chl r rc ler is t ics . r long nonh and soul i r  t i rc ing t ru\ects on Hrrr ic inc Ridgc Ol) l l rp ic NINnrainr .  Plot \  ar .  l0 \  l0
Jn and arc nu rbcrcd liom top to boftoJn of !ran\cct\.

l ocilllon
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l l . .1
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Nlo i \ lur ! 'd :
Fie ld Crpaci l ]  { . ,1 l
Pcrln.rnenr \\'i1t (r.,.)

Are.r . r i  breis l  hcight  based on dbh mex\u.emcnl \ :  Nbbrc\ i r t ions are for  subalpinc l i r  ( , {b]r l .  nn nia in hemlock (Tsne).  Paci f ic
s i l \ 'er  l i f  (Aba l  and Douglas Uf (P\mei .
rSpccics in pa|entheses had <5t co\cr: others hld 6-:5tt; co\'er.
'Lorm (L) .  sand) lSl .  \ i l r  (Si) .  gr . r \e11) iG).
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rlere available rarely dit'fered nrore than I "C with
mar min themroneters tending to give the higher
!a lucs-

Soil temperatures were recorded from buried
copper-constiutirn or chromel-aluInel thermo-
couplcs usin-t a hand-hcld clcctronic thernrom-
eter Themocouples were buried in pairs at 6
cm and 35 cm below the soil surface, with 4 pails
pcr plot. Pairs werc locatcd randomly in cach
quadrant of the plot by throu,ing an obiect over
dre slloulder. Readings rvere nlade al mid-day.
bi-ueekly from 27 July to 3 Novenber 1993 and
10 April 199.1 to 20 May 199,1, :rnd wcckly from
3 June to 2l October 199:l and 8 June to l2 Oc-
tober 1995.

Prec p tat on

Throughtall prccipitation rvas mcasurccl wcekly
t u ' i n g  c 5 l i n d r i c r l .  l u n n e l  t o p p c d  l a i n  g a u g c .
mounted on the same stakes as the max-min ther-
rronlctcrs l 'ronr 30 Junc to 3 Novcmbcr 1993, 10
April to 2l October 199:1. and 25 May to l2 Oc
tober 1995. The gauges were parti i ,r l ly under
canopy, but not under canopy driplines. lt was
impossible to locate rain-gauges on the ground
away tiom the influelce of trees in these plots.

Long-term average of maximum snow depth
rvas estimated from height of l ichens growing on
tree trunks (Long, 1982.). The plots were visited
bi-rveekly beginning l0 April 1994 and rveekl"v
beginning 13 May 1995 to estimate when plots
u'ere completely bare of snow.

Soi l\,4oisture

Soil moisture was estimated bi-\\"eekly liom ibur
samplcs taken at 15 cm depth and randomly lo-
cated in each quadrant of the plot by throrving an
object over the shoulder. Srmples rvere collected
into heavy plastic bags. labeled and taken to the
lab. Two approximatelv 10g subsamples rvere taken
lrom each bag and gravel >2-,1 mm in diamctcr
was rcmoved as quickly as possible. These samples
rvcrc wcighed. dried at least 12 hrs at 105 "C, and
reweighed to detennine gravimetdc water content.
Sonre samples (n =.18) vere also driedlbr24 hours
lurd demonshted that no sipnilicant addiLiorurl drying
occu$ betwecn l2 and 2,1hours.

Soil moisturc rclcasc curves were developed
so soil moisture percentages could bc cxpressecl
as soil water potential (Richards, 19:19). Com
p o \ r t c \  o f  f - r . r t n l l c .  l ' r , l l l l  e l l i h  . i t e  u e t e

subsrmpled and gravel > 2-;l mm was lemoved
so they were similar to samples used for soil
moisnue detenninations. Two sets of.l subsamples
were used to represent each sitc. One set was
uscd to detcnnine moisture content at pressure
values of.033.0.1,0.3, and 0.5 MPa. The other
set was used lbr 0.1. 0.2. 0.5 and L5 MPr. Tu'o
sets were used because the samples no longer
produced results describing a snroolh curve at-
ter several cycles oI wctting and drying. Thetwo
sets gale consistcnt values firr 0.1 and 0.5 MPa
ot pressure.

So i l  Carbon

Subsamples of the conpositc soil samples used
ti)r moisture release curves were sieved to < 2
mrn and tinely ground with a mofiar and pestle
tbr each site. They rvere analyzed lbr carbon
content using a total CHN analyzer (Pcrkin-Elmer
CHN Analyzer Model 2;100: Page et al. 1982).

Poten t  a  lnc ident  So la r  Rad ia t ion

Plot locations were determined using a portablc
global positioning s.vstem (GPS.) and entcrcd into
a geographic infomation system (GIS). Values
lor potcntial incident solar radiation (PISR) were
calculated tbr the entire 22nd day of each month
using the Solarflux nodel (Hctrick et al. 1993)
fbr each plot. The model uses solar angle, slope,
aspect andlocal topographic shading derived from
USGS 7.5 ninutc digital elevation models u'ith
30 x 30 m resolution k) approximate radiation
tbr a given point. The model does not account
tor shading due to vegetation or cloud co\er.

Weather Data

Individual stolns were described using daily
weather maps (National Oceanic and Atmospheric
Administration. 1993- 1995b). and radiosonde
soundings taken on the coast at Quil layute (Na
tional Climatic Data Center 1993- 1995; Figure
1). The 700 mill ibar (mb) sounding used here
coresponds to approximately 3050 m elevation.
or slightly higher than thc highest point in the
Olympic  Mounta ins .

Stand Age

Two cores were takcn in November 1995 at l. '+
m height from 8 trees of each dominant or co-
domirant species at plotsALTM.AA, ALPM. and
PM as part of another study. Tree age \\"as
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determined by counting annurl rings ofcores and
adding l0 years to compeusate for core height.
l l  t l re  c , r re  J i t l  n , ' t  inc lu r le  the  p i th .  m i . . inE l i r re .
$'here estimated based on extmpolating pith lo
cation lrom thc cur-vatulc of rings incluclcd in thc
core. Not all cores could be aged.

Stat st ca l\,4ethods

SummaD, slalistics for cnvironmcntal vllr iablcs
rvere calculated tbr each plot. Weeklv air and
soil temperatures l'rom each plot were averaged
across the maximum number of available weeks
clurin-s the growing season (rveeks 26-.10). and
.-rpressed as heat sllms (degree da"vs) above 0 "C

lrom slowmelt in the spdng to snowtall in the
tall t irr 199,1. Prccipitation was summcd firr the
entir.e growing season (weeks 26-,10) and the early
grou'ing scason (wccks 26-31). Soil noisturc was
sumnrarized as r curnulative water-potential value
(MPa-days).

Precipitati()n nreasurgd at the plots was com-
pared for stonns > 25 mm at ALN. Storms were
categor-ized based on average wind direction
measurcdb) the Quillayule radiosonde al 700 nrb:
south t() southwesterly (compass degrees 175-21 7 ),
\\"esterly (compass degrees 250 262). and north
westerl;- (compass degrees 286-33.1). Stornrs were
also classificd by typcbascd on daily wcathcrmaps
(National Oceanographic andAtmospheic Adrrin-
istration 1993- I 995b) Precipitation coincidilg
with passagc of a front was consiclcrcd a frontal
stornr: precipitation occuring in association with
a stationar) or s1o\\1y moving 1ow, in the absence
, . ' l  u  l ron l .  $J \  (un \ iJered  u  i l rn \e \ ' l i \e  \ tu rm
(Ph i l ips  rnd  Dona ldson 1972) .  D i f t l rences  in
prccipitation at plots due 1(] stonn tlpe werc evalu-
ated using a general lineu-nodels procedure (SAS
Institute. 191|l8). Least-squares means were used
to compensate for unequal group sizes. Spearnan
rank correlations \\rerc used to compare precipi-
tation distibution among plots due to storm type.
Ranks rvere used to reduce variance due to storm
slzc.

Stcpwisc rcgrcssion (SAS lnsti lutc 1988) was
used to describe the relative inpoftance of vari
ablcs dctcrmining soil moisturc. Data tiom all
p lo l \  \ \e fe  c , 'n rh iner l  t , r  e r .L lu r r le  lhe  in rponJnc i
,  ' i  l r r  c r r : le  mJ \  rnurn  c r lJ  n t  In  im l rn t  r  i r  t (mper  J -
tures and heatsums, average soil tenperature, to
tal grou'ing season precipitation. early (rveeks 26-
l l r  r n J  l i r l .  r r r c r . k :  . r ) -  l ( ) r  3 r , ' u i n g  . g 1 , , , ' n

precipitation. PISR. soil carbon. slowmelt t im
rng.  f i r l , - l  c rp re i t l .  p r rmrn l jn l  u r l t r r re  l  in t . . r . -
pect, and slope. Regressions uere also run by
plot to evaluate l isted lariables that vary aDnu
r r  l l1  l r i r  and .n i l  t cmpe la tu r '<s  rnd  prce  ip imt i , 'n  r .
Bccausc ofthe small number of years (n = 3 ) r'ari
ables significant at p < 0.15 were reporlcd firr
p lo ts .

Results

A r Temperatures

As expecled. results lrom data loggcrs show that
average air telrperature was generally higher on
the south lransect than thc nonh (Figure 2). Sorrth
transect plots had fewer-months \l'ith average tem
peratule below 0 "C in the winter. PlotALS was
the coolest plot on the south transcct: plot AA
was the coolest nofther-n plot fion April through
October. but the warnest during Novcmbcr through
February.

The less extreme clirnate at AA compared with
ALN aodALTM was also showr by the averages
of n.uimum and minimum air temperaturcs during
weeks 26-.10 (Tablc 2). Plot AA had the lowest
maxinum lemperatures on thc nofth transect (dit-
t 'erence f 'rom ALN and ALTM = 0.5-3.0 "C). but
had the highest minimum air temperatures (dif
ference fion ALN and ALTM = 0.3 1.0"C).

Growing season length varied wift sitc. Blr.sed
on nurnber of weeks with lieezing temperaturcs
jn 1993 and lrost free periods in 199.1 and 1995
(Table 2), plots PM, ALPM. andAA had the longest
growing seasons. plotALN the shortest. andALIM
and ALS were intermediatc. Hi-ther lreatsums
l'ron snowmclt to snowfall (PM. ALPM. AA) were
associatcd rvith carlier snowmelt (nrble 2).

So Temperatures

Early seasol soil temperature records are avail-
able for 199'1 and 1995 and show soils warnrcd
ti lst atALPM and PM, and laslalALN and ALIM
(Figure 3 shows ALN and PM). reflecting order
of snoumelt (Tablc 2). Snow nrelted at AA at
the same tinre as at ALPM but colder air tem-
peratures on the nofih fansecl prevenled soil tcm-
peratures from warming as quickly as ALPM
during both years.

Following snowmelt. average soil tempera
tures (average of6 and 30 cm; Fi-qurc 3) generalJy
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lbllorved pattems of average air temperanue (Figure
2): peaks ol both occurred in September 1993
(*eeks 36 39.). and July (weeks 2? 30) and Sep
tenrber (u'eeks 36-39) of 199.1 and 1995. How-
ever, soil rt 35 cm depth heated more slowly in
tbe spring and cooled more slowly in the lall than
soil al6 cm. South-facing plots had hi-qher aver-
r ie  .o i l  le rnperJ lu fe .  dur ing  thc ; rou  inc  .e r 'on
(espccially ALPM ancl PM) than the north. re-
l l ( c l in i  con( \pond ing  J i l ' 1<renccs  in  a i r  t cmpcru
lure and insoladon (Table 2).

Soil temperature showed consistent patterns
anong plots when rveekll' plol means were com-
pared using least signitrcant difference tests. Plots
ALPM and PM were significantly warmcr thirn
all other plots in .10 of the 4:l *eeks lbr u'hich
comparisons could be made. ln 35 \\,eeks, atleast
two othcr groups were distinguished. Plots AA
and ALS usually fell in the intermediate group
(counts in intermediate group = 63'7,. AA: 80%.
ALS). and plots ALN ancl ALTM usuall), had the
coldest soils (counts in lowest group = 5.1% ALN;
1J07.. AUIM.).

Prec ip i ta t ion

Total precipitation during the growing season (July-
September, weeks 27-39) was 8l7c ofaverage at
Ehvha in 1993.60% ol'avcragc during 1994. and
136c/r of average in 1995 (Natioral Oceanic and
Atnrosphcric Administration, I 993- 1995a. based
on.10  \ r  l l \e rdp i r .  fh (  f i r l l e rn .  r ' l ' p re i ip i t . r t ion
also differed among years 1993, l994,and 1995,
and tiom the pattern averaged over 20 years by
rvcck (Figure;l). The average pattern at Elwha
shows that the driest sunmer pcriod normally
occurs at the end ofJuly and earlyAugust (weeks
30-33). Thc precipitation record tromALN (Figure
4) shows drought latcr than nonnal in 1993 (weeks
35 39). thlee dry periods in 1994 (weeks 2li-3 J .
33-35, 38-,10) and two shor dry periods in 1995
(wccks 26-27. 37-38).

Anrount of prccipitation at plots did not vary
significantly (p < 0.05) with storm direction, pos-
sibly due to the small nunber ofobservations and
largc variabiJity among storms tbr size. How
ever. distribution of precipitation among plots

--._ALN
-r- ALTM
--*-A/[
-.-ALS
-.._ ALPM
--.- PM
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TABLI I En\ironncnlrl dtrltl lir lhc 1991. 199.1. .rrd lq95 lxo\Lirlr sersons.

Plot
AL\ ALTN'I ALS Pt\,tALP]\'{

Air'Iemlqaluq

NI.r \ .  Temp. A\8.  ( 'C) . r rd Hcrrsum (  C days)
199-l(\,ks 26-.10)
199.1($ks 2G.1{))
1995(\ i  ks 26-.10)
199.1(nrelt-fal l) l

t1.1
l l . 6
l 7 . l
r '150

2 .5
3 .6
3 .6
8.14)

I  t . l 3
1.1.6,t
I  I  , t l

25
:6

2:0

21

l8

t . 2
.10.0
t7 .1

t 8  3
19 .1
16 .8
l68 l

).1

1 9
161

1 .6
5 .6

6 . 1
6.)
786

tt5
50
t 5
,t0

E.68
1.1.63
1.91

25
21

250

11
11

.l.l.l8

t5

11

t5

t . 2

t9 .0

t 5  7

1586

3 .2
,1.6
3 .9
994)

7 .3'|.1

1.1

915

58
l11
58

-10

.t.20
7.21
5.95

20
2 l

190

<26
.12

18 .39

t5
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199.1($k\ 26 '10)
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Soil Tenpeftlurc A!g. ('Cl) .rnd Hcalsuln ('C d.rr's)

l . l
1 . 3
6 .1
l . l

8 1 7

r69
t18
185
109
23
83

199- l ($k\  l0 , l0 l
l99l($k\  l0 ,10)
l9c)5(lvks l0 ,l0l
199-11r'ks 26 .10)

1995(!vks l6- .101
199. l0relcf r l l ) l

PrecipitIlion (mln)

1993($ks 16 ,101

199,1($ k! 16 ,t0)

1995(wks 16 . l0 l

1 9 9 3 ( $ k s  1 6  - l l )
199,1($ks 26 - l )
1995(\ 'k \  16 - l l )

Soi lN{oistufe

\ \atcr  Polcnl ia l  Su (NlPi  da! \ l
l99l ($ks 16 -10 )
19q.1($ks 26 '10)

1995(r iks 25 39)

5!!\
Sno$ nel t  (  199.11(\ rk)
Sno$ nel t  (  19951(\rk)
\I.r Depth (cnt

Frost iiee Perlod

l 9 9 l
l-a\I Freeze (\\k)
First Freeze 1lvk)
Freeze dur ing Seas(rn -11.1,1.

Lrst  Freeze ($k)  )1
Fif\I Ffeeze (!r,k) .10

1995
Last  Ffeeze (xk)  l5
Firsl FreeTe ($kl ,10

FiccTL'dlrring scason

P . , . e  . . l l n f i , l i n r  s , ' l : , f R .  J i . . , ' r  ' K J  n ,  I n  '

21

Win|cr Sol\licc
Surnl l rcr  Solsr icc

r  \ \ tcks 26.10 ior  both !cars i rc  b is! 'd on $eekly readings of  max min thermomelersr  199.1 sno$mclt  ro snosla l l  la lucs.rre
bascd on on dril) rccords liom dal.rloggc[
'  

Sn0$ nel t  t0 sro$lu l l
rAveftrge ol nr\iInuln snor deprh b|sed on lichen heighr (Long 198:)
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l-igure -1. Weekll soil tempeftrtrre areraged lbf depths of 6

and l5 c 'n dur ing the groqing seasons of  1991.
199.1. . rnd 1995 fof  the coldest  (AL\) . rnd $ rrmesr
rPNI) pl(ns. E rl) \eNon lemperature\.ue nora\'.ril-
rLble ibr 1993

showed three distinct pattems (Table 3): l) all
frontal slonls ancl thc one convcclivc southwest-
crly slornl wcrc similar. 2) con!cctivc northu est-
crly. and 31 thc onc convcclivc wcsterly storm
each showed distinct pattems. lgnoring the pat
tem for \\"lich tl'rere \\"as only one example, the
t$o rrosl frcqucnl pattcrns \rrcrc:

frurt l \\r .rnd S\\': ALN > ALTNI > ALPI\'I > ALS > AA >
PN'I

con\ect i \e \ \ \ ' :  ALN >. \ . \  > Al i lN{,Pt \ ,1 > ALPNj > ALS

Elwha

Week

Figure.1.  weekl)  precip i t l r ion lbrplor  A1-N dur ing gro$ing
\casons of  199J.  199,1 a.d 1995. comprrcd s i lb
l0 r"car n lcragc al  El*ha Ralgcr Stdtron.

Frontal westerlv and southweslerl), slorms dis-
tributcd prccipitation on thc at thc top olthc nofth
unL l  the  nr idd lc  n l  thc  'nu th  ' ide  o l  th<  r ' idgc .
Convective rorthrvesterl! stomls dis|ributccl rcla-
tively more precipitation lorver on slopes conr
pared rvith the first paftern.

Soil Water Potent al

Difterences in soil terture and soil carbon resulted
in plot specific differenccs in thc rclationship
between soil moisture and soil water potential.
Soil moisture at f ield capacity and permancnt
u i lt ing incrcased clown-slope on the nofth-tacing

E
E

.q

.+

14 16  1a  20  22  24  26  2A 30 32  34  36  3A 4a 42  44

14 16  1A 20 22  24  26  2A 30 32  34  36  3A 40 42  44

14 16  15  20  22  24  26  2A 3A 32 34  36  3A 40 42  44
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. ]AtLt ] 'spe.Lnn. ln|ankco| |e l l t ionsl ln l ( )ng| lnks0fP|ecip i t . t t iontJLl ingats i IP]otsduet0stof ls f l l legor jzedb}di |ect ioI l

(N\Y = norrh\c\ lc f l ) .  \ \ '= $c\rcr l ) -  SW = sourh lo $urh$cslcr l ) )  and r \pc.

Frontal Convective

Ci)n!cct ivc

'p < 0.01

lrlnsecr (ALN<ALTM<AA) but decreaseq qown-
slopc on lhe south taciDg tlansect
(ALS>ALPNI>PM) (Trblc 1). Thcsc gradients
(one.pondcd ln  ! r rJ i (n l i , l  \ l l i l  , ' r i r r i (  r rJ r le f
(estimated by soil carbon; Table l). Plots ALN
:u ld  AL5 h l l J  : i t t t i l r r  r r lue .  l i ' r . \ ' r l  r l ! ' i . l u r r  i r l
t l c lL l  . . rp :1 .  i l )  . rnd  pcr rn . rner t  r r  i l t i rp .

Soil water potentirl (Figurc 5) was rnosl \ 'ari-
able among plots late in -rtrowing seasons *hcn
soils uele relativelv dl-'v. Water potential rcached
-0.2 NlPa at ALPM and PM by week 36 in 1993,
bv q'eek 28 ir 199:1. and b1'ueek 23 at PM and
u.cck 29 at PN'l and ALPM in 1995 (Figure 5).
Plot AA larely measured bclorv -0.1 MPa rvhilc
AIIM measurecl as lo* as -3.0 MPr and ALN as
lorv as 3.7 MPa during the study. On the south
1ransecl, ALS. ALPM. and PM had minimuns of
-,1.I . -5.2. and -8.0 MPa, r'cspcctivcly. Decreases
in soil \\ 'ater potential or the south transect some-
tinrcs la-qgcd bchincl thc north lbllowing storms
( leek .13 .  I99 .1 :  u 'eek  32 .  I99 .1 :  rveek  31 .  I995) .

Soil wrler potential \\'as oDl,v panialll' related
to annual prccipitation. N4ost negati\e water
potentiais sums (Tablc 2) occurrcd during 199,1.
n hich had the lowest precipitation. However. most
plots hrd morc ncgali!c watcr polential sums in
l995 thar 1993 despite higher precipitation in 1995.

Re sults fhrm stcp-\\ '  i  sc rc-srcssion (Table,l )
i r J ic r t<  th l r t  l re lJ  .  : ' 1 . r , .  i t r  rn , l  m in  i r r  r r  r r r  r  . r i r  Ie r r r -
perature are the best predictors of soil moisture
arnong plots. Annual variabil ity ofsoil moisturc
rt indiviclual plots rvas predictecl by earll season
precipitatior (ALN, AA, Al.S. PM). or mrnrmum
air lempcralure (ALPNI). No r,ariable rvas sig
niticant (p < 0. l5) at ALIM.

G . 0
(l

t

=  ^ ^
'6

t

=

=
E

o-

=

d]
Week

f isurc 5.  Soi l  $ i lcr  potcnl ia l  csr i rnarcd i rom moi\ lurc rc
( - \ c  . u  \ . \  J ,  0  T  ̂ l \  J u i r ' !  1 , .  ' . \  ,  . . . , -  n .

of  1993. 199.1and 1995.
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Al l  Sircs

ALN
ALT\T

,\Ls
ALPII,I
PN'I

TABLE L Pfedicftr vafi.rble\ fi)r soil moisture mm. Erfl-r-
precipit.rtior descibcs $ cck\ 26 I l.

Sr Ie P.nt i . r1r :

because they describe sites differing in dominant
tree specics. Horvcvcr. thc validit) '  of using trcc
species distri lutions to deflne signiflcant contem-
porary grirdients is queslionable because lree dis
hibutiols are Iargell determined by conditions
at thc timc of cstablishmcnt (Lassoic ct a1.. 19851.
ln  lh  r \  . lud) .  c l  l ca . t  une cohon o l  dumin ln l  l r cc :
in each stand except AA was relativel,y young ( - I 00
years). Thc rclativcly uniform agc of thc young
cohorts, the preseoce ofcharcoal in all soils. and
burncd branch stubs and burned sllags aL plot AA,
suggest that the entire area experienced the same
firc, though Jcss intcnscly atAA. Fircs rvere widc-
spread in the Olympic betu,eel ca. 1870 ard 1900
(Hcndcrson ct al.. 1989), includin-e thc Morsc Crcck
drailage, just erst of Huricane Ridge (Wetzel.
1995). T,vpically there is a 30 50 yr lag between
between subalpine fires and tree reestablishnent
(Agcc and Snith. 198:l: Little and Peterson. 1994.t.
suggesting that the study stands rnost l ikely burned
in the fire of 1870. Corditions at the time ofes
tablishmcnt wcrc similar to thc prcscnt conditions
based on Washington Division :1 summarl drtr
meant to represent the central Olympic Peninsula
(arerage annual lemperature: I 895 I 905 = 9.9'C.
191J5-1995 = 10..1 "C, averagc annual prccipita-
t ion  I  E95-  1905 =  160 cm,  1985-  1995 =  15 .1  cm) .
Therc [o re .  T  uou ld  e rpcc t  lhc  5anrc .p ( ( ie .  ro
beconre established in these plots i la new distur-
bance occured toda),.

Moisture and lemperature arc drought to largely
dctcrminc distributions of conifcr spccics in Lhc
Pacitlc Northwest (Franklin and Dyrness. 191311).
especii,r l ly at the seed establishment and seedling
stage (Lassoie et al., 1985.). Douglas fir oc
curled on tlre driest plots with highest soii ancl
air tenperatures. Pacilic silver 1ir and mountain
hcmlock occurred on wet sites with inlermedialc
temperatures. and subalpine fir occuned on the
coldest sites with intermediate moisture. This
distribution generally natches the relative ranks
given to them for moisture optinum and toler
aDce to excess moisture, drought. f iost and cold
soils basedon rcgional distributions (Minore 1979).
This further supports the assumption that these
plots describe environrnental dif lerences that dis-
tinguish anoDg these species.

Factors Creat ng and l\,4alnta n ng [,4o sture
G radients

Soil moisture. which is crucial tbr detennining
tree distribution in the Prcif ic Nonhu'est. is cle-

3
-l

3
l

f - ie ld Capaci t ]  0.7.118 0.0001
Nl in.  Ai fTenf .  0.111.1 0.0011
Soi lCrfbon 0.0218 0.1309
Eady Pfecip. 0.9.191 0. i'117

nothirg \a i th p < 0.15
Errly Prccip. 0.9999 0.(D56
Earl,\'Pfecrp. 0.9866 0.07,10
N{in. Air Telnp. 0.991I 0.0601
Ear ly Prccip.  0.9997 0.0102

Potent  a l  lnc  dent  So la r  Rad la t  o r

Potential incident solar rrdiation was highcst at
ALPM and PM duoughout the year (Table 2). Vdues
among plots wclc similar at sunmer solstice. Plot
ALS rvas nore similar to north transect plots than
southem plots during thc winter solstice and the
equinoxes. Plot,{A receir.ed the highest PISR among
nofih transect plots llt the equinoxes and no PISR
at the winter solsticc duc to thc low sun angle and
its shaded topographic location.

Stand Ages

Dominanl trees on the south transect were all of
similar age. Douglas I'u at both ALPM (n = 4)
and PM (n = 4) averaged 105 yr (ALPM rangc =
98-11:l; PM range = 102 I l0). Subalpine fir at
ALPM (n = ,1) averaged 103 (range = 95-ll0).
Dominant lrees on the north transect showed trvo
age classes. Subalpine tlr at ALTM was oldcr
than 150 yr (n = 3) or averaged 126 yr ( n = 3.
range = l2:1 l29yr). Mountain henlock at AI-TM
were older than I50 yr (n = 2) or averaged 107 yr
(n = .1. rangc = 9.1- I I 3 yr). Most Pacilic silver fir
a t  AA u 'e re  o ider  than l50yr (n=5, range 15 ,1-
222 yr) but one established more recently (age =
128). Although cores were net collected rt ALS
and ALN. neither site appeared to have the lalger.
older cohort, aDd dominant trees seemed to be
sinilar in size to the younger cohort on ALPM
and ALTM.

Discussion

q . .  A L  |  .  n r  - . 6 p <  A <  n 4  n  . 1 a . <  , J

Environment

The cnvironmcntal conditions dcscribed in this
srudy are thought to be biologically signilicant
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termined b]' the interceplion and reclistr-ibution
uf  p rce ip r t r r t r , 'n .  s  i l  m i . tu rc  ho ld ing  . lp l i i r r .
and evapotr-anspiration (Brnd ct al. 1993). Allof
these tactols arc f'unctions of tenperature and
precipitation, but each at clif lerent t imc scales and
in combination with other lactors. Hence it is
dii l icult to specify thc biological consequences
of chrnges in temperaturc and precipitation due
to GCC prcclictecl by general circularion modcls.

Regional intcrccpti{)n ofprecipitation is knol n
1() dcpend on topographic location and sk)rm di-
rection (Speer. 1986). This study shows that stom]
tlpe and direction arc also imponant in determining
thc distribution olprecipitation at thc Jocal scale.
T$'o major patlcrns ol distribution occu[ed dur-
in-u the study. FroDtal slorms lronr the southwest,
wesl. and n(n thu'est all produced a nearly typical
orographic pattern expectcd of southrvesterly
storms (Barr)', 1992; Sinclair. l99,1): heariest
prccipitatior at the top of thc leervrrd slope (ALN
ancl ALTM, in this case) and hrge amounts on
the $ indwtrrd slope (ALPM). This pattem would
hrve been nore tlpictrl ifALS had received more
precipilation than ALPM. The secoDd nlost com-
mon prttern resulted ftom nolthwesterlv storms
accompanicd by l ighter winds, and occurring
during synoptic conditions conducive to convec
tivc activity (Philips rurd Donaldson. 1972, Pickfirrd
et al.. 1980). Convective storlrs are causcd by
nrountrun valley tempcrature -srrdients. and may
bc l l r c  r r r r r in  . , ru r \ 'e  o l - \u I | tm( r  p r rc ip r t l r t r , ' n  in
the Olynpics (Barros and Lettennraier. 1993).
No hwcstcrly convective stonns distribuled more
precipitatior on nofiherly aspccts tnd lower on
slopcs than tr-onti,rl stonns. The dcpcndence of
r l inh l l  p l t te ln  i ,n  \1 , ' r 'n r  l )pe  und d i rcc t ion  ml1
partiallv explaiD the,,vcak statistical relationships
:ccn  hc lueen l r r r l  1opn" , "On\ ,  rn r l  p r ( ( i f r l i r l i , ' n
alone (Ta1'lor. 1996).

Earlv in the growing scason. and especially
dur ing  and i r rmed ia te l l  a f te r  sno$ne l1 .  so i l
noisture caD be rcdistributed by subsudace flow
or runoft in steep topography (Band et al. 1993,
Anbroise. 1995). Subsurtace flo\\ may contrib-
ute, along with olhcr t 'rctors. to the highest level
oi soil moisture at AA despite rccciving the least
precipitation of pkrts on the north tr-ansect.

Soil properties are fundancntally deternrined
b\ plrcnt matefi i,r l. but climate plays a signifi-
cant role in dctcrmining the rate and results of
soil lormation (Brady and \Veil, 1996). In iact.

differcnccs in climate alone cal explain the tlner
textur-e. higher carbon. and consequently highcr
rvater hokling capacitv in plot AA compared with
p l , ' t '  \T  PV rnJ  P\1 .  C lc r r . . r  p re .  ip i ru r ion  on
the nolth aspccts atlects soil texture by causing
greater transpo of finc nraterial and minerals
through the soil profi le by i l luviation. and sedi
menls across the landscape due to mass transport.
especially by snorv, compared vith drier south-
erly sitcs. Higher soil carbon at plot AA corn-
pared rvith ALPM and PM can be explained by
ligher l i l tcr input due to higher site productivitv
( 'ee  t ree  areas .  lab le  I  r .  l i r r r i ted  t lecornpo. i t io r r
due to cold soils. and lowcr quality l i tter due to
species composition of \,egetation. Spccifical Iy.
litter fron Pacific silr'er tir and mountain hcm-
lock at plot AA decomposes morc slowl) than
Douglas fir litter aL plots ALPM and PM (Topik.
1982). Pcriodic removal of l i tter by firc may also
be le \ .  .o rnp l r l c  r l  f l , , l  AA i l  l l re  in tc r r . i r )  i .
reduced by wetter conditions. This is supported
by thc obser\atio that the 1870 firc scems to have
resulted in stand replacement onthe southerl), plots
but some trees survived on thc northerly plots.

Diffcrences in evapotranspimtion among plots
$'ere not directly addrcsscd in this study. How-
ever, thc:1 "C ditlerence between thc average
m.L\imum tempcratuu€ ofthe wannest plot (ALPM
or-PM) and the coldcst plot (AA) each year sug-
gests an important difterence in evnporative de
mand. Differenccs in evapotranspintion, how-
evcr, may be less than suggested by temperature
differences alone ifdrought stress at dry sites rc-
sulls in stomatal closulr.

C mate Change

Gcneral circulation rnodels prcdict 2 to 4'C in
crease in annual tcmperature in the Olvmpics rvith
a doubling ofCO, (Gates et al. 1992). The change
mal be the samJ in winter and sunller, or may
be higher in summer Models also predict a 0 to
I mm pcr day decrease in June July-Au-uust pre-
cipitation (Galcs ct aJ. 1992). Predicting how
changes of these nagniludcs nright impact the
dist bution oltrce species depends on undcrstand-
ing the relative importancc of t'actor-s r1l-ecting
current disldbutions.

Difterences in soil moisture anong plots, rcp-
lesented by nean valucs (Figure 6). primarily
rcllcct dif'fbrences in soil propertics. I relatively
static feature ofplots and not imrnediately rcspon-
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sive to GCC. Differences among yclrs rt each
plol. rcprcsented by plot ranges (Figure 6). uas
r r , r \ l  o l l rn  J r i rcn  h1  car l l  \ cJ .on  prc i lp i l i r l i i ,n .
a r,ariable which wil l bc allected by GCC. Glo
bal climate change cannot be expeclcd ro altcr
thc distribution oltlee speices unless annual vari
abil ity, which is drivcn bl,precipitation, results
i n  o r c r l l p  o l  l h c  : o i l  r n u i . l l r r .  ( l ' n J r t i , ' n . . r n r , ' r r !
plots. During 1993-1995. an averase I mn/day
\ariation in early season precipitation resulted in
soil moisturc sums at plot PM nearly including
the rirnge of \,alues at plot ALPM. valucs at plot
ALS ncarl), included the range of plot ALN. and
plot ALTM incluclcd the range of plot ALN and
most of plot AA (Figure 6). This rangc of pre-
cipitation is similar to the change predicted duc
to GCC and indicatcs tlrat changes in soil mois-
turc could shilt the distribution of species within
aspect. but not fron north 1o south.

f igurc 6.  Soi l  watef  potenl i . r l  sum (N{p.r  dn), . )  lbr  6 p lo ls

iho\ ing nern.rnd r.rnge li)fthfee gro$1ng \ea\o.s.

Air temperirture was also impoltant in dctcr'-
n.fning soil moislurc ditTcrences amons plots and
rmon-s )eals at plot ALPM. as *ell as afltcting
plant physiological response. Predicted changes
in temperature of 2-,1 "C cornpare rvith an aver-
age maximunr air tenperature differencc of 4 "C,

and an avcragc mininrum air temperature dilier
ence of 2 "C between the coldcsl and warmest
plots across years. Thcretirre. these diflerences
can be expected to intluence the distribulion of
tree species.

This study iclentif ies several areas \r 'here
weathel nrodels could incrcase our abil it l  to pre

dict biotic responscs to GCC. First. although
$c|ther models ofien ignole $ealhcr patterns
during the sumner (Spccr, 19136; Barros ald
Lettenmaicr. 1993), conditiolls during the growing
season have impofiant consccluences for soil
moisture. Timing as well as amount ofprccipita-
tion are important, as severitv of summer droughl
lrppeltcd Io be reduir:J h) cirrl) !ru\\ ing \cason
prccipitation. In this studv. a year rvith above-
average precipitation ( 136%, 1995) distributed late
in thc scason had sirnilar soil moisture sums as a
year with lower than averagc precipit itt ion (60%.
199.1) t ir plots ALPN{ and PM. An early season
dry spell (199:l and 1995) rnay create hydropho-
bic soils rvhich cannoL cflcctivelv absorb raintall
later in the season (DeByle 1973). cspeciall l , rt
the dry sites. Finally, convective and liontal stoms
rcsult from ditlerent syDoptic weaLhcr patterns
(Lil ly, 1983). and thcir rclative fiequency coukl
J l le r  J i \ l r ibu l ion  n l  p lc i ip i t .L t i , ' n  Jm1 'ng  . i1 . - . .

Changes in clinate wil l not l ikely result in
immcdiatc changes in lbrest conposition. The
response of adull trccs to climrte is buflered by
thc adaptive toleftlnce to clinate changc nceded
by organisms surviving scveral centuries. In ad
clit ion. climate change wil l not immediatcly im-
pact soil properties, which have an important lole
in detemining growing conditions. Changes may
n, \ r  hc  , 'h . ( f \eJ  un t i l  thc .e  . lanL l \  . \ l \ ' r ien \ 'e
castrophic events, such as tlre, or mortality due
to old-age or disease. Instead. changcs mrv be
noliccd sooner in the establishn]ent of sccdlings
in subalpine merdows (Woodrvard et al.. 1995).
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