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Abstract
NIaD! forests in the Pacific Norlh$cst rcgion ol Nolth Anefica are both highh producli\,c and sensili\e to climate. The combin|1
tion of productivit! and sensiriviq rnakcs linesrs lulnerable to changes in future climalc and mon likel) to feed back to rhc
resional crrbon cycle. $t feconstructed balal arca incremenr (B,A.I) lbf 20 yr using tree ring incrcncnts and dianeter to identit]
\pecies specitic responses of I .1 fofested vegctation typcs in the S rehekin River \l atershed in rhe \orth Cascade Range. to interannual
cli atic \ariabilil,,'. ivlerul basr rfea increment lMBA1) for thc 20 r-r pcriod is lo$ when the standard error j! low. but rs MBAI
incrceics. lhc rlandard error (SE) is more variable. Gro$th ar siles lvith both low SE and MBAI mav bc rclaled to climatic
variablcs. ho\.!er. some lbfest types dominated by l)ouglas fir and mountaiD hembck are both producdvc and responsive to
climr(ic v iability. Nlan! forests in the Pacific Norlhwcst arc dominated bl Douglas-fir, a comnrcrciall) inponant tinber spe-
cics. and us aresult. naypla) a m.Uorrole in rhc rcgional carbonbalance. Dougl.rs-firand mountajn hcmlocklbrests in theer\iern
porlion of the Nofh Cascrde \ shou ld be carcful l) monitored .rnd nanaged in the context of both changing climatic condit ion \ and
ijsional c.rrbon budgets.

lntroduction

Thc United States carbon budget has been the
subject of intense scicntit ic focus in the last two
decades (Tuner et al. l995.Fanetal. 1998. Pacala
et al. 2001. Gurncy et al. 2002). Forest ecosys-
tems in the United States removc a considerable
amount of carbon from the atmosphere resulting
in a net gain of carbon to the terestrial pool
(Schimel et al. 2000, Pacala et a1. 2001). which
compensates 1br loss of forest cover during the
last l$,o centuries (Houghton 1995). Much atten-
tion has been paid to Southeastern fbrests where
land cover changes have been dnmatic and models
identify the largest sinks (Schimel et al. 2000).
Westem tbrcsts malr be significant carbon sink,
as a result of changes in forcst slruclure due to
firc cxclusion and high rates of productivit), in
some ecosystems (Hcssl et al. In press).

Approxin.rately 70% of the carbon sink in the
wcstem United States may occur at elevations >750
m (Schimel et al. 2002). Thc complex geography
of the Wcst creates t$o problems for studies of
carbon tlux. First. measuring calbon flux in moun-

tainous terrain is difficult. Ground-bascd eddy
correlation towers require relatively flat terrain
to make accurate measurcments. Similarly, meth-
ods that use remoteiy selsed data to modcl pro-
Juctir it1 or carbon flur rrc Lliff icult ttr use in .recp
tefain because of the effects of shadows tiom
terruin and cloud cor cr. ScconJ. .pecie. compo
sition and productivity in mountainous forests are
heterogeneous (Hessl et al. In press). For example
in the Pacific Nonhwest. aboveground annual pro-
ductivity varies between 10 Mg rn I yr I for west-
cm\arch ( Iari.r occidezt ilLr) on Chumstick Moun-
tain, Washington (Gower et al. 1989) and 1050
Mg m:yr'tbr Douglas fu (Pseudotsuge menziesii)
in the interior Coast Rarge of Oregon (Gholz 1982 ).
Thus, estimating carbon budgets from eddy t'lux
sites. remotely sensed data, or modeling requires
species-specilic information. ln addition to vrLd-
ability betwecn species. variability within spe-
cies can be great. For Douglas-fir. aboveground
productivity varies between 5l Mg m I yr L tirr a
natural stand on the west side of thc Cascade RaLnge,
Washington (Tumer and Long J975) and the atbre-
mcn l ioneJ  1050 Mg m yr  in  lhe  in te r i , r r , .u  s t
range. Oregon. The difticulties of terrain and het-
erogeneity demonstrate thc need fbr extensiverAuthof ro r\hom coffespondcncc should be uddressed. E-
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cnrpirical sarnpJing to suppofi regional estimates
of carbon flux in mountainous ecosvstems.

In addition to thc spatial heterogeneity of
mountainous ecosystems, tenporal changcs in
climate are likely to affect regional carbon dy-
namics via changes in productivity and respira-
tion (Dai and Fung 1993). Modeled predictions
ol an cnhanced greenhouse climate in the Pacific
Nofih$'est genenlly agrcc that by the year 2050
rvinters u'illbe warmer and wetter. with avcrage
annual lcmpcratures rising by 2-4'C (Climate
Impacts Group 1999). Forest ecosystems in the
Pacific Nonhwest may bc affected by thesechanges
in  c l imate  e i therd i rec l l \  Ih rough.hanpe\  in  p ro-
ductivity, or indirectly through changes in fire
regimes or insect outbreaks (Climate lmpacts
Group 1999.1. Coupled with long-term predictions
of climatic change. clinatic variability operating
on interannual-to-decadal t ime scales may bc
superimposed upon the variability in productiv-
ity ovcr space in the Pacific Nofihwest.

Exteosive data exist on tree growth rcsponses
to climatic variabil ity over time (Fritts 2001).
Because these mcasures are otten taken liom
dominant trces growing at the extremes of their
range. they do not represent the diversity ofenvi-
ronmental conditions in which a species may grow
Furlhcflnt'r\ '  thC)( IneJ)ure\ ol doorinant trees
cannot be extrapoJated to stitnd-level melrswes
of productivity. Annual variability in temperature
and precipitation has been correlated with arrnual
abovcground net primary productivity at a few
sites in the Pacil ic Northwcst (Graumlich et al.
1989). but l i tt le is known about the etlect of
intereurnual climate variability on growth and pro
ductivity over environmental gradicnts fbr mul-
tiple species. Interdecadal climatic variability is
closely l inked to radii l l  growth pattens ln moun
tain hemlock (Isl.gn tnertensi.na) (Petercen and
Peterson 2(X)l) and s:ubalplnefu (Abies ktsiotarya)
(Pctcrson et al.21J02). although responses are
hcterogcncous and depend on the factors limit-
ing tree growth at ditTerent sites. For example,
mountain hemlock growth at low elevation is lim-
ited by lo\\" soil water supply, whcrcas -qrowth at
hi-sh elevation is lirnited b]' late lying snow. This
obsen'ed variability in trcc growth makes unifbrm
responses to climatic change unlikely and neces-
sitates extensive fieldwork to support prcdictions
ofecosystem responses to climate change (Fagre
and Peterson 2002, Fagre et al.2003).

Some Pacilic Northwest foresLs arc produc-
tive and sensitive to climitte. arc potentially vul-
nerable to changes in climatc. and are. as a re
sult, likelv to t-eed back to the regional carbon
cycle. ln this study. we reconstructed basal arca
incrernent  fBAI )  l i , r  i0  5 r  us ing  t rec  r ing  inc rc -
ments to idenlilv spccies-specitic growth responses
of forests of thc North Cascade Range to
interannual climatic variabil ity. Specifically. we
addrcss the tblloting questions: (1) Which fbr-
est types in the North Cascades are most produc-
tive. in teflns of their basal arca increment? and
(2) Which climatic valiables account 1br !ariability
in patterns of abovegrouncl growth?

Study Area

The study alea is located on thc east side of the
crest ofthe Nodh Cascades. in the Stehekin Rir.cr
watershed (Figure 1). The North Cascades are a
nofih-soulh trcnding range that block maritime
a1r masses and creatc a strong rain-shadou' effect
on the east side. The 83,900 ha watershed is a
topographicaJly vaded region betwccn 330 and
2900 m in elevation. Valleys ale deep and stccp
sided. The subsfalc is composed of partially
metamorphosed sedimentary rocks and intrusions
ofgranite batholiths. Many ridges and pcaks have
glacial features, and several small mountain gla-
ciers cxist at the highest elevations.

Forested vegetation in the wate$hed is highly
varied as a rcsult ofthe dramatic elevation gradi-
ent and the strong rain shadow effect. At Ieast l4
coniterous and,l broadleaf tree species arc present
in the watershed (Table l). Ponderosa pinc (Pirrus
ponde ntsa l aru) Douglas-fir dominate the lowest
elevations (300-500 m), located fafihest to the cast
of the crest. Riparian arels at low elevations are
dominated by grand fir (ADle.i gizndl.r) and sev-
eral hard$'ood species. At slightly higher cl*a-
tions. (500-1000 m) these fbrests gi\e $'av to a
mixed coniferzonc dominated by Douglas fir and
westem hemlock (.T s u g a he t e ro p ht l kt). P acifrc
slker fit (Abie s anabllis), subal p i ne ti r and moun
tain hernlock dominate the highcst elevatiens
(1000-2000 m), just belo\\" alpine meadows and
permanent snowficlds.

Methods

Data wcre collected in North Cascades Nationai
Park, Nonh Cascades National Recreation Arca
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Figufe L Location ofthe Stehekin River\\ratenhed and &e locadon oflhc samplcd silcs uscd ior lhis analysis.

TAULE L Tfee species observed in the Siehekin River
\ratefshed.

andwenatchee National Forest (Figure 1). Twent)'-
three circular 0.05 ha plots were located across
the largest ecological gradients in elevation and
aspect. For maximun efficiency. plots were lo-
cated in portions of the study area that best rep
resented these ecological gradicnts and also had
trail access. We sampled 1,1 lbrested vegetation
types (Williams and Lillybridge l983, Williams
et al. 1990. Lil lybridge et al. 1995) fron low-
elevation Douglas-fi r to high-elevation subalpinc
fir (Table 2). If possible, we located plots in two
age classes (<150 yr and >150 yr) within each
forest type. Plots were located in stands with no
obvious evidcncc of rcccnt disturbance (charcoal.
windthrow. mistletoe, bark beetles) and at least
20 m from any trails.

In each plot, wc first neasured the diameter a1
breast height (dbh) of all trccs and thcn idcnti-
l leJ  lhe  lh ree  Inu \ t  JbunJ i rn l  rn r l  dominrn t  spe-
cies with at least one individual >20 cm dbh in-
side the plot. Wc thcn randorrly selected 1-2 trecs
ofeach species in each 10-cm size class. For each
trec, wc collccted two cores on opposite sides of

Conilers

Chumu?. V1ris noolkdle sis

Pit)us Lontortt !.tr latilitia

Putulot \uga ntn. ies i i

Tsugd h.t.roph\lltl
T\ugu ine ?n\iunu

Broadlcaf deciduous
Acrr trukroph\ll tn

Poputu\ 1ri.h.tdryt1

Grand fir
Subrlpine fif

Engelnrann spruce
Whitebark pinc

l -odgcpole plne

Wcstem {'lnte pine

Dougla\-fif

Nlountain helnlock

uigleaf maple
Pacific dog\iood
Black cott(mwood
Sitk:r willo\r
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T,A.BLE 2. PIot \ummarv and descripdon of cach plot includirg the plant rtssociation (Williams and t-illlbridsc 1981. Willians
et al. 1990, Lillybridge et al. 1995), dominanl species. number of trees per plot. number corcd rccs used in dris
analysis, mean basal area increment (MBAI) tionr 1978 ro 1989. clim:rtic vrrriables and conelarion cocil]cicnl. All
corrclations are signilicant at the 0.05 level. Data are in asccnding ordcr ofNIBAL

Plot \,lcan
B,{t

Donlinant
species

Ele!ation Trce\
Co||elation

Trees Tree densiry
Cored (ha l )

Climatic
!ariable

1 2 1
r 3 5
r29
201
1 5 6
155
116
105
11

l t 0
1t8
I l ,+
I l- i
I  t 6
r32
5rJ
20

110
1 1 5
l0, l
] ] l

l l 9

l\lountain hel1iock
Subalpinc l i r

Alpire larch

Alpine larch

Lodgepole pine

Douglas 1ir
Subalpinc ilr
Douglas-fif

Subalpine fir
Douglas iir
Douglas iir
I )ouglas t i r
Pacific silrer fir
Engelmann spruce
Douglas fir
Nlountain hemlock
Dougl.rs'1ir
Engcln1ann spruce

l 5
20
53
65

12
75
9.1

t22
123
r 5 3
I6.1
167
lE.1
t 9 l
293
121
311
3'll
.101
,173
6 1 5
75.1

9 1 9
1001
2041
r 9 l 5
18:0
r925
l03 l
696

1077
2018
62,1

8,13
t070
651
.139
965

1285
8 5 1
111

1175
,121

1212

6
.l

21

2 l
l3

.1.1

l l
30
32
21
23
20
12
1 2
l 6
12
l l
1 1

120
80

.t80
280
,l l0
160
,t20
,l6t)
200
880
180
620
600
6.10
,180
.r60
:100
8,10
2.10
3r0
8.10
66t)
3,10

-l
2
.+
it
l
6
-l
6
l
t1
3

5
8
1
1
l

6
9
5
E

Sunmerpreci t i tx t ion 0.665
Sunnnertenperature 0.166
Annualprccip i tat ion 0.599

\ | |u. r lpfcL: ip i r . , t inn 0.1-h

Tolal annual snow 0.562
Annual terqrerature 0..166

the tree at dbh. Samples were processcd accord-
ing to standard dendrochronological methods
(Fritts 2001). Cores were mounted on wooden
boards and sanded with incrcasingly fine grades
ofsandp;iper Cores were measuredusing a Velmex
measuring system bcginning with the ring cre-
ated in 1850 (or if trees established aftcr 1850.
we uscd thc tirst ring present in the core). We used
a combination of skeleton plots and COFECHA
(Grissino-Maycr 200|) to crossdate the cores when
possible. Because we sampled in a variety ofenvi-
rorulents, including closed canopy stands, many
cores were difficult to crossdate. In these cases.
rings were countcd and notes were taken describing
the confidence in dating based on ring widths and
wood quality. Only those cores dared with high
confldence were includedin this analysis (279 out
ol 359 total corcs taken). Though only 457o of
these cores were crossdated, we were interested
in only the last 20 yr of growth ( 1 978- 1997). We
are conlident that this pedod is accumtcly dated.

Ring-\\"idth data were translated into annual
diamctcr increments using the dbh measured in

the tield and a bark coefficient (T;ible 3) to esti-
nate the decrcase in bark thickness 01] succes-
sively smaller diameter trees:

D,,=rD, ((1_1fl?4 R,
B,

where B, is the bark coetlicient tbr species s. D,
is the dbh at year t. r,_/ is the dbh at ycar t-1. and
R, is two times thc ring \i,idth during year t. An,
nual dbh increments u'erc then ffanslated intobasal
area jncrements (BAl). This mcthod is similar to
that of Run),on et al. ( I 99,+). These values werc
then con\'efied into annual BAls usingthe equation:

BAI  =  n  *  (D,12) :  n*  (D, , /2 )2

The end product is an annual eslimate ( l97E-
1997) of BAI for each trce for which we collected
an incremcnt core. Aboveground biomass is typi-
cally estimated ftom dbh and allomcfic equations
(Clark ct al. 2001). We used annual estimates of
BAI as a proxy for aboveground productivity. But
because BAI does not includc mortality. litterlall
or branchfall it \'",ill overestimate producti!ity in
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Spccies

TAULB I Bark thickncis coefficients and relercnccs used
to enimurc dbh gi\en annual ring $id!h incre

be both sensitivc to interannual climatic variabil-
ity and productive. Temperaturc and precipitation
data werc derived from divisional data (wasl'l
ington State division 6, East Cascades, National
Climatic Data Center 2003), and total snow depth
was delived liom the Stchckin cooperative weather
station (#;158059), located within the sampled
$ xtershcd (F'igure I ). Data were summadzed into
annual values. bascd on the growing seirson (Oc-
tobcr-Septenber) and into scasonal values, based
on a two-scason year reflecting the wet season
(October May) and thc dry season (June-Septem-
ber). Annual and seasonal climatic variables were
compared to the BAI series for cach plot using
Pearson corel ation cocflicients (signilicance level
s e t a t P = 0 . 0 5 ) .

Results

T\\,enty three plots contained suff,cient tree cores
(mininrum four trees cored) to represent thc range
ofspccies and diameter classes nccessary for this
analysis. Plots were distdbuted across a range of
clcvations and vegetation classes (Table 2). Mean
nun'rber of trees (>10 cm dbh) per plot was 22,
and an average of l3 cores was collected and ana
lyzed pcr plot. Mean BAI (MBAI) for the period
of analysis (1978-1997) ranged tiorn l5 to 75,1
cm2/0.05 ha. Plots with low MBAI wele in middle
to high elcvation, subalpine fbrest typcs with
moderate to low trce density (Table 2). Plots \a'ith
high MBAI were locatcd at low to middle eleva-
tion sites \\"ith moderate to high tree density. Plot
I 19 had the highest MBAI but had relatively low
tree density relative to other sites.

MBAI and standard error (SE) of BAI were
positively associated at low values of MBAI (Figure
2). At high values of MBAI (>300 cm'/0.05ha),
SE of BAI u'as highly variable. With the ercep-
tion of t\\"o plots (6:l and 121). plots that colTe-
latcd well with climatic variables tended to have
low MBAI and low SE (TabJe 2, Figurc 2). These
plots rcpresent typical dendroclimatic reconstruc-
tion sitl]s in \\, hich species growing at the extrcmes
of their environmental limits have low produc
tivity but are sensitive to climate (Fritts 2001).
However, t$o sites with noderate to high MBAI
also had annual BAI conelated with climate. P]ot
121. dominated by mountain hemlock had mod-
erate MBAI and was correlated with lotal annual
snow depth (P = 0.01). Plot 6,1. dominrted by
Douglas fir. had bigh MBAI and was negatlvely
correlated with annual temperature (P = 0.038).

Bark
coclllcicnt llefefence

Big lcaf  mrple

Black col lon! lood

Douglai lir

Engcl ann spruce

Clrand trr

Lodgcpolc p ine

Subalpine 1if

\\:e\tenl $hilc pine

Sl l l i th. rnd Kozal  1967

Smith and Kozak 1967

Smith and Kozak 1967

S'nith and Kozak 1961

Finch 19, t8

Smith rnd Kozak 1967

Sl1ri(h and KoTak 1967

Finch 19.1E

Smrfi and Kozak 1967

Smif i  and Kozak 1967

Smilh and KoTrk 1967

Sl1ilh a.d KoTak 1967

0 .961

0.935

0.830

0.956

0.91,1

0.961

0.891

0.970

0.91,1

0.959

0 .951

0.910

stands with high ratcs of mortality or reccnt dis
turbance (disturbed stands were avoided in this
study). We also chose a reccnl and shofi period
of analysis ( 19713-1997) because the fiequcncy
of nortality and decay (data lost to this analysis)
increases as longertime periods arc analyzed. BAI
is a more accurate estimate of trec -qrowth than
ring width (Visser l995), but unlike ring widths,
BAI is not subject to an agc rclated grc$'th trend.
Therefole time series ofBAldo not needdetrcnding
to remove this age related trend. Our analysis
fbcuscs on rclative ditlerenccs in growth rather
than absolute values, so thal snall enors derived
fiom variability in bark thickness and morlalitl,
should not aflect the intcrpretation of our results.

To expand the analysis to a whole plot. we
applied the annual BAI time series ofeach tree in
a given sizc class to all the other trees ofthe same
spccies and the same size class. producing a
rvcighted mean BAI for cach size class for each
spccies (weighted b) thc number of individuals
in each group). Data were summarized by plot.
with all trees and all species combincd. By ana
lyzing data by size class and applying these re-
sults to uncored trees wc were able to core fewcr
tfees per p]ot and include a larger number of fot'
est types in our aral) 'sis.

Mean annual BAI for the period of rccord was
conrparcd to climatic data and to standard error
to identily which forest t)'pes are most likcly to

20E Hessl and Petelson
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These two plots. locatcd in interior tbrest loca-
tions. indicate that some stands can be both sen-
sitive to climate and highly productivc.

Seven middle elevationplots (430 900m) show
no relationship with any of the climate variables
examined (Table 2) and have a wide rangc of
MBAI. Trees in these plots are localed above thc
elevation al which moisture stress is common but
belo$ the elevation at which the length of the
growing season (detemrincd in thc Cascades by
tempcraturc and snow depth) is linriting (Peterson
and Peterson 2001). At these locations the physi
ologically active period is relatively long and no
.  lear  c l imat ic  lac to r  i .  l im i t  ing .  re5u l l ing  in  ionr -
placent series (Frifts 2001). Low MBAI values
may also indicate other l imiting factors, such as
soil nutrient status (plot 105) orinfaspecific com-
petit ion (plot 113), while high MBAI may repre-
sent morc nlcsic or riparian conditions (plot 1 l5).

Comparing plots dominated b)' the sanle spe-
cies highlights site'specitic difl'erences. Plots 127
and 121 were both located at high elevation sites
dominated b1' mountain hemlock but thc two plots
u'ere associated with different climatic variables
and had difl'erent rates of growth. Plot 127 u'as
negatively corelated (P = 0.001) with sumncr

precipitation and had low MBAL PIot l2l was
positively conelated (P = 0.01) with total annual
snow depth and had high MBAI. Sinrilady, though
two plots dominated by Douglas-fir had annual
BAI correlated u'ith climatic variables (plots,17
and 64) not all siLes with Douglas-1ir resporded
to climate. These results indicate the rclativo im-
nortrnce ol . i le-speeil lc r aLriable' rer.rrr . lceics
in atfecting both climatic lesponse and rales of
productivity.

Plots with high MBAI had at least onc tree
>100 cm dbh present (Figure 3a-e). This pattem
conffasts with the dbh distribution fbr all sites
combined (Figule 3f that indicates thatmost trees
had dbh <100 cm.Individual tree data$,ithin plots
also suggest that large trces contribute dispropor-
tionately to MBAI. For example. the plot with
the highest MBAI shows a strong relationship
between tuee size and MBAI (Figure.1). Simi-
larly, pkrts I 35. 136. 47 and I 16 have similar el-
evations (-1000m) but have a range of MBAI
values (Table 2). Though dil'lercnccs in species
dominance may explain some of this variabil ity.
dbh oftrees appears more impofian1. Plots 47 and
| 16 have several h'ees >50 cn dbh and have rela-
tivcly high MBAI while plots l35 and 136 havc

lnterannual Variability in Gro$'th 209



25

20

1 5

1 0

0

25
a
O o n
a z v

F
.* 15

_o 10
tr
z

0

200

150

100

25

20

1 5

1 0

50

0

5

0

250

80 100120 140160 0

DBH (cm)

100 1s0 200604020

Figurc3. Diameler disrrjburions offive plots with the highes! mean annual basal area incrernent Thc diameter distribudon oi all

plots conlbined nrggesls fia! among all plols. ttw trees are largc

no tr-ees above 30cm dbh and exhibit rclatively
low MBAL

Discussion

The rclationship bclween interannual climatic
lariability and tree growth has been well docu

210 Hessl and Petelson

mented for many lree species growing at the ex-
tremcs of their range (Fritts 2001). However, be
cause these fbrests typically have low produotiv-
ity. it is unlikely that they ser"e as significant sinks
or sources of carbon. We observed four stands
with low productivity and sensitivity to climatc
typical of dendroclimatic reconstruction s1tes.
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FiSUre.l. NteaD brsal rrea increment ( 1978- 1997) plotted against diameter for plol STl 19. rhc plot $irh the lighe\t mean basxl
arca inctcncnl.

Unlike the highly productive stands, relatir'ely small
diameter trees dominated these plots and plots
maintained low trce density. Schimel et al. (2002)
suggest that the greatest carbon sink in thc inter-
nlountain west probably occurs above 750 m.
Based on our results, we expect that the largest
carbon sink should be between approximately,100
l:100 m. Abovc 1400 m. MBAI is extremely low
and though rates of decomposition are likely lower
duc to a shoft gro\\, ing season. we expect that this
does not compensate for the low rates ofproduc-
tivity we observed. High MBAI does occur at el-
eviltions below 750 m, but locations with high
productivily may bc rcstricted to moist nricrocli-
mates where high rates of productivity are otiset
by high rates of decomposition due to a longer
growing season.

Forests with high ploductivity and sensitivity
to climate may be of the most interest in thc con-
text of clinrate change and carbon cycling. Of 23
forested plots. we obseryed onlv two slands with
high productivity and sensitivity to climate. Though
sitc-spccific variabil ity. including variabil ity in
tree size. may influence rates ofproductivity and

sensitivity to climate. we suggest that mountain
hemlock and Douglas fir forests of modcrate el-
evation in the Nofth Cascade Range should be
further monitored for their potential as carbon sinks
(and sources). Some of these forcsts are produc-
tivc. responsive to climatic variabilit.v. and rela-
tively widespread in mountainous poftions ofthe
P c i l l c  Nor thucs t .  Houerer ,  f i re  i . c rcn  s i te .
dominated by Douglas-tir at rniddle elevation (.130-
900 m) show no sensitivit l, to climate. Similar
studies perfbmed in the Olympic Mountains also
demonstrate that Douglas fir is moderately pro-
ductive and responsivc to climtte. though exten
sive viiriability exists there as well (Holman 200:1).

These conclusions are tempered becausc BAI
is only a proxy measure of past productivit,y. By
fhiling to measure mortality and litterfall. we have
likely overcstimated productivity. especially for'
species with short leaf longevit)'. stands affected
by insect infestations. or other dislurbances. How-
ever, estimates of aboveground productivit), in
coniftrous forests arc conrmonly based on incre
ment cores and allometric equations (Clark et al.
2001), the most practical and cost-efficient wa\,
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to estinate aboregrould productivitY of divcrse
1bresl ccos! stems in mountainous lenain. Ourcon-
sistcnt estimrtes ol MBAI tbr three alpinc larch
plots at similar clevations (Table 2) serve to vali
datc our approach. We were inlerested in rclative
differcnces in produclivit.v betwccn forest typcs,
so that small erors resulting liom bark thickness
and branch mortalit;- should be inconscquentia!.
We also applied productivity estimatcs from one
tree in r size class to rl l  other individuals in that
size class. This nrethod at'fects thc accumcy ol
estimates, but is unbiascd. In addition, codng all
lrees ilr a plot would have rcduced the number of
plots and the environmental variabil ity sampled.
Monitoring productivit"v of mull iple forest types
on an annual basis tbr two decadcs would be enor-
m , ' u . l )  e r p e n . i r c .  l J e . p i l e  l h e  . h o r l ( t r m i n g .
mcntioned herc. all measures ofproductivily are
only csti lrates. This nethod is an efficient and
cost e l'ltctive technique that provides an unbiascd
estimatc appropdate lbr comparing productivity
and sensitivity betu'een tbrest types in mountamous
environments. and allows one to evaluate sensi-
tivity to climate over time.

This study has demonstrated that fbcused re-
scarch on biogeographic pattems of trec growth
rnd sensitivity can plovide insight on how forest
pr-oductivitv is afltcted by climatic varjability,
u,hich in tum lacil i tates infercnces on how tbrest
s)'stems $ i l l  respond to the greenhouse climate
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