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Abstract
l n \ ' u s i o n 0 | w e S l e m i u n i p c | | J u n i p C n L \ o | | i d ( t | k l / i ! l l o o k ) i n t o b i g s a g c h | | t : | \ . ^ ? n l i \ I 1 | i L 1 u |
ern OreSon implies redisllibulion ofnulicnts among ccos! \lcnr conrponcnrs. rith management implications as nands marurc. To
rsses\  these ef iecrs.  $e rnersurcd biomass.rrd nuuicnt \  in junipcr  t rcc\  o l  l i !  c  \ i . ,c  c las\cs rangjng in avcragc agc f ronr -16 (o l6 l

fr, and in understor,,- \esclrlion. Lhdcrstorr' $as rnca\urcd |1! 0.0. 0.5, l. l. a.d ,1 canop,v radii from the bole and in areas dcvoid
of iuniper ( rro iunip€r'). Trcc \i/c and distancc liom holc! h|1d no cfitct on biornass or concertrations and amo nls of nutricnls
in undcl:\lor\ \ cgcrarion. Ahove grourrd tree biomass increased $ith matufiry ffoln I8..1 kg for size chss I to 711..1 g for ch\s 5
Dionasr eccurnulatcd r ip id l )  (21.3 kg/ t ree/) |  betq een c lasse\  2 rnd I  Fol iage conf f ised - l l r ,? of  t ree biomr\s in c l .Lss I  l rees.
buld.crcrscdtol5%forc lass5lr rc! .Cirncomitant l , \ ' ,percentageofneebiomx\s inbolesandl i \ebfanche\ incrersedf fom29to
, 1 7 i  F r o n  c l . r s s  I  r o c h s \ 5 . r m o u n l \ o f n u r r i c n l \ i n c r c a s c d a \ f o l l o s s :  n i r r o g e n ( N ) l i o m 8 9 t o 2 l l 7 k g / t r e e r  t h o s p h o r u s  l P l
froln l2 to 183 g/treei ard sullur (S) liom l0 ro l9,l g/rrcc. in opcn slncms (jnlcrcanop! and 'nojunjpci arcat. \oil contajncd
8 9 . 9 t o 9 9 . 8 7 o f t h e o r g a n i c c a r b o n i C . , _ . ) . N , l . r n d S o l c n l i r . \ t s r c m s . F o r r r c c s t s t c r n \ ( a r c a s o c c u p i c d b t i u n i p c f c a n o p i c s l .
C, ,N. . rndSinrbo\egroundbiuna:rs i rcrersed$irh incrers inglrccm.r(Lrr i l ! . {h i lcPdid.orchangc For rhc l l ro\ l  maruir  l r tc \ .
pfdpofrdrs of total s) \teln N. S |nd P.rlloc.rted ro rhc orSanic la,"-cr and lrcc! $as 10. 7lj. and 5'/. rcspccli\cl). Co sjdcri.-s thc
N and S limited n.rture ol lhesc srlc!. u conscr\ ati!c hanc\l iranlLgcmcnl approich lhal cmphasiTcs r.Iention oforganic la\crs i d
tree ibliage rppeurs prudcnt.

lntroduction

Maintaining adequiite levcls 01 csscntial plant
nulricnts is important to productivity and stabil
ity of aly plant community. In central Oregon
and nonhcm Calilbmia. westem juniper (Jirr?crrr
oc<:identalis Hook.) has been managcd largcly
without legard to the consequerces of manage
nent activities on lutrient status and potential site
productivit;-. To achieve fbrage production, wildlifc
managcmcnt and watershed improvement goals.
juniper trees have been cut. chained. or cabled.
rnd residucs pilcd or rvindrorved and btmed (Val
entine l980, Miller and Wigrnd 199'1. Belsky
1996). Now. significanl markets are emergirg fol
westen juniper for a \adet"v of wood products
(Leavengood and Su'an 1998). This could even-
tually result in wcstcrnjunipcr rcmoval hom ser, -
eral thousand ha per yr.

If rvestern juniper lunctions l ike other shrub
and lree species ol arid and semi alid regions,

invasion and development to maturity ma)'be
accompanicd by transfcr of nutricnts fronr intcr-
canop) areas to tree bionass and to organic lay
r r .  ! rnd  \o i l  bene; th  the , . i rn . rp ie '  u l  iun iper  t rce .
(Charlcy 1972. Tiedemann and l(enmedson 1973.
Barlh and Klemmedson 197E, Banh I 9E0. Belsk-v
et al. 1989, Rhoades 1997). Westem.juniper has
a wide spreading latelal root system (Yourg et
al. 198,1. Tiedemann and Klemnredson 1995)that
suggcsts it rnay accumulatl] )rutricnts lrom
intercanopy areas and sequester then ir tree com
poncnts. Rcmoval of trccs Icsults in loss of nutri-
ents fron the site that ma,y alfect llture produc
tivily (Malkonen 1975. Kimmins 1977, Wclls and
Jorgensel 1979. Tiedemann 1987a. Everett and
Thran 1992). Broadcrst burning of telled trees
and rcsiducs has thc polcnlial lbr subslantial vola-
ti l ization losses of some nutlients, especially
nitrogen (N) and sult 'ur (S) (Klernmedson 1976,
DeBano and Conrad 1978. Raison et al. 1985.
Ticdcmann 1987b). Phosphorus (P) losscs l lom
the littermay approach 507c (DeBano ard Klopatek
1988). Burning pilcs or windrows of trccs alscr
concentrates elenents such rs q calcium (Ca),
potassium (K), and nagnesiuln (Mg) beneath

iCorrespondence sltuuld be .rddressed to:,A..R. Ticd.mmn.
Fofesrr) Sciences Lab.. Il-l-l \. \\restcrn,{\c.. \\rcmlch.c-
\ \A q8801.
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bumcd piles (DeBano et al. 1987.). This ma1' cause
a long tem redistribulion ofthese elements from
arcas occupied by trees to a relatively snall por-
tion ofthe total area. lncreased lcaching and ero-
sion lbllowing trertment mav also result in losses
of essential plant nutdents (DcBiino et al. 1998)

Soil plant systens of wcstern j un iper have not
been exan ned to determine the clfcct ofjuniper
invasion into big sagebrush (Artemisiu triderttia
\u t l .  r  .  o r r r  mun i t ie .  lnd  der  e lopr rcnr  t ,  '  r r r r r ru r i l )
on distdbution of nutrients among mineral soil,
organic layers. urderstor') vegetation, and trees
of j unipcr/sagcbrush systems. If, as juniper ma-
tlues. a substantial propoftion of the total nutri
ent capiteLl ofa site is contained in thc aboveground
biomass, care should be exercised toretain as much
nutdent capital on lhc sitc as t 'easible in harvest
in-s opcrations. Pr-oductivity concerns may bc
particularly applicable to scrri-arid tree ecosys-
lcnls such rs \\"estern juniper (Tiedenrann 1987a.
E\,erett and Thran 1992).

The purposc of this study $'as to quantify ac-
cumulation pattems of biomass and nutnents ln
undcrsk)ry vegetation rnd hees associated with
invasion and development Lo maturitv of \\,est-
em junipcr trees. We rlso compare total system
nutrientaccumulationpattcms for'1)pen systems'
(intercanopy ard areas devoid of junipcr.l with
thosc lbr "tree systems" (areas occupied byjuni-
per tree canopies).

The Study Area

We conclucted this study in central Oregon at the
Three Sprilgs Ranch about I I km southwest of
Princvillc iit an elevation of I I l0 n. Klemmedson
and Tiedemann (2000) provide a complete de-
scription ofthe studv arell. Bricfly. the study area
is typical of the cornmunitv doninated by wcst-
ern juniper on the central Orcgon Plateiiu east of
the Cascadc Mountains. Climate is cottinenhl
$ ith l]]alitime influence of stonns fronr the Pa-
cific coast. The area receives 26.6 cm of plecipi-
tation annually. mostly in the lbfln of snow. Mean
January and July tempcratures are 0'C zurd l8.2'C.

Soils are young, fomcd in volcanic ash ti-om
eruption of Mt. Mazama 68,+5 1,+5 years ago
(Bacon 1983). Five soil serics occur in the study
area: Stukel. Dcschutes. Stukmond. Redmond, and
Lickskillet (personal communicrtion rvithAmanda
Moore. Soil Scientist. United Statcs Department
o f  Agr i ( r l lu re .  \u tu l r l  Re.ou lcer  Conrcr ra t i .n

Scrvice. Redmold. Oregon). Our sludv sites were
prinarily on Stukcl series soils. These soils arc
well-drained, shallow (25 to 50 cm) loan)'. mixed.
supelactive, l]resic Lithic Haploxerolls (United
States Departnent of Agricultulc. Natural Re-
sources Conservation Service 1999). Vegetation
of the juniper understory. intercanopy. iincl areas
devoid of.juniper is dominated by big sagebrush,
rabbitbrush (Chrtsothontntrs spp.). blucbunch
whealgmss (Agroply?/r rplcarm? (Pursh) Scribn.
ard Smith lnow Pseudoroegneriu spit:atul1. an<l
Idahir iescue (lcsta&t iddhoensis Elrer').

Procedures

Site Se ect ion and F- ie d Sampl ing

We sclcctcd tlve separate, non cottiguous. rcpli-
cate sites fbr sampling. all within an area I X 8
km. Sample sites werc sclccted 1br unilbrnity of
clinaLc. krpography (2 to 5% eastward slope).
pffent matedal, and soil. Except 1br an occasional
trcc that had been haNested for fuclwood. the
lrrea was undisturbcd. Length of time the arca had
been excludcd fronr grazing was not possiblc to
determine. Houer,er. there was a wcll dcveloped
organic layer benealh mature trees. and no evi
dence ol' l ivestock disturbance or feces. This sug-
gested that grazing had been excluded tbr a long
timc. More detailed infomation on sitc selection
is provided b1- Klcmmedson and Tiedemann
(2000).

At each ofthe fivc sitcs. we selected tluee trees
in each of fivc size clrsses and randomly selcctcd
orre tree ir elrch class for sampling. This resulted
in a total of 25 sample trees five replications of
llve size class trees (Figure I a-e). These are re-
ferrcd to as size cltsses I through 5. Sizc classes
$'ere subiective and based on the distribution of
tree slzes on the study area. Individual sample tlees
were isolaLcd f(rm other trees by 30 to,10 m.

At each of the five sites. we selected a 5 to l0
ha alea u'ithout juniper that we refer to as "no

juniper" Within each "nojuniper" area, thrce plixs
rvere established by randonl distance and direc
tion from a central starting point. One plot was
randomly sclected fiotn these for sampling.

Unde$tory biomass samples were collected
frorn a 0.5 mr area at the base ofeach sanrple tree
(distance 0). ancl at 0.5, l, 2. and 4 canopy radii
due nonh tiom the bole of each tree. Bionass

\\ 'cstcrn Juniper Biomass and Nutricnts 13
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samples also rrere collected fron "no.juniper"

sites. Shrubs rvere separated intofbliage and stems.
Each tree rvas lelled (5 cm above ground level)

onto large tarpaulins. Tlee length \ras measured
and all branches were removed and sorted into
two categories: <3 ctn and >3 cm based on ex
pected N content. Previous laboratory stud"v had
sho\\,n that a 3 cm diameter gave the best separa-
tion ofbranches oflow versus high N* concenlra-
tion. Boles were cut into 1.0 m sections; 5 cm
samplc sliccs wcrc |cmovcd l ' fom cach bolc scc-
tion and from >3 cm branches. Three to five

bfanchcs fronr thc <3 cnr diamctcr catcgorlr wcre
randomly selected from each tree for deterrnina
l ion  o l  the  propon ion  o l  h io rnr r .  in  c  tegor ie .
of: foliage: l ive branches <0.5 cm.0.5 to 1 cm.
and 1 to 3 cm diameter: and dead branches <1
cm and >l cln diameter. Each branch was thel
separated by hand into these categorics. Thc pro-
portion of branch weight in each category $,as
used to determine the propol'tion of total branch
rveight <3 cm in each category. Atier lield * eigh
ing ofall understory biomass components (grass.
fbrb. and shrub) and all trcc componcnts. slmples

14 Tiedemann and Klemnredson



ofeach conrponcnt uere collected, sealed in double
plastic bags. and rcturned to the laboratory under
reti i gerrtion Ibr noistule determination. Field
u'eights ol 'all bionass components were then
correctcd ro oven dry weight 11 70"C. Snall
sanrples of each biomass componcnt were col
lecfed, air-dricd, and grould to 0.25 nrm fineness
tbr laboratory anii l)sis ofnutrielt content.

Dr. Franco Biondi. Tree Ring Laborator,y.
Univcrsitl" ofArizona, Tucson, aged each tree ftom
r slice of the lowernrost bolc section. Roots of
trees and undelstory vcgctation werc not collected.
Although this omission undcrestirnates the anrount
of nulrienis incorporated into bionass. mersur-
ing this biomass conponent $'as bcyond the ob
jecti\,es of thc cxpeinent.

Chemica l  Ana lyses

Understory \,egetation and tree colrlporents werc
analyzed for total organic C by dry combustion
using a high lrequencv induction fumace (Nelson
and Sommcrs 1982), totalN b), the micro-Kjeldahl
procedurc (Brcnner and Mulvrney 1982). total
P  h1  d11 r r .h rng  tn  the  p t t -cn , .e  r , l  t t l rBnc . iu tn
njtlate tblloued by vanadate-nrolybdate yellow
color dcvcbpment (Chapman rnd Pratt 1961). and
total S by dry conbustion in a high-frequency
induction i'unrace (Tiedemann and Andcrson 197l).
Ntrtricnl ,. ,. '  n,. c n t r. rt io n ' oi hole \(\ ' l i( 'n\ $ crc
averaged lbr statistical analyses.

Statistical Analyses

Data fbr urrderstor)' biomass lnd contained nu
tr-ients (concentratloDs and rmounts) were ana-
Iyzed as a randomized conplete block with sites
as blocks and sizc class (including "nojuniper")

and distances as main cffects ISAS Iostitute Inc.
(1987) analysis of variancel. Biomass. concen-
trations ofnutrients, and nutrient amounts by trec
component werc analyzed as a mndomized com-
plete block $ ith sites as blocks and sizo class as
the nair etlect. Trcc conponeDt was treatcd as a
split plot. The LSD tcst (P < 0.05) was used tbr
dctcmination of differenccs among means lbr mrin
e1I'ects. split plot eflects. and intcractions si-cnifl-
cant at P < 0.05 (Carnrer and Swanson l97l).

Deve opment  o f  a  Comple te  Sys iem
Nutr ent Bud get

Bionass and nutricnl accumulation data wcrc
expresscd on a kg/nr or g/m: basis lbr mineral
soil. organic layers. undcrstory vegetatlon. xnd

lrees for open systems (intcrcanopy and "no ju-
niper" rreas) and tbr tree s)stems (arels occu-
pred  by  jun ipc t  e rn , 'p iesr .  fo t  t rcc : r . ten t . .  nu t t i
ent accumulation is exprcssedon the basis ol crowr]
occupalcy area. Organic laycrand soil data are fiorn
Klemmedson and Tiedemann (2000). Wcightcd
avefagc values for the organic laycr and soil for
each tree were determincd fron amounts of nu-
trients calculatecl fol three concenhjc bands (each
onc-third canopyradius in width) liom nulrientdata
for the 0,0.5. and I canopy ladii locations repre-
scnting inner to outer bands, rcspcctirely. Data for
the three bands \\'crc then sunrned and divided
by canopy area to obtain g/nrr vrlucs for cach
nulricnt, for each tree size class. No slatistical anal) ses
were perlbrmed on nutricnl budget \,alues.

Results and Discussion

B omass and Concentrat ons and Amounts
of Nutr ients n U nderstory

Biomass, l]Ltrient concentratiol]s, and amounts
of nutrients in understory vegetation were unal-
f 'ected by size class (including "nojuniper"). dis-
tance fiom tcc boles. and the size clrss X dis-
unce interlction. Biom.r. ',, i  undcr.toD r egel.rt ion
i r r  e ru le r l  l fT . r  g /n t :  r  1b .10  k [ : /hd  r .  Cr )n (en l r . r l i ,  ' n .
of C.,.", N, P and S in understory vcgctation av
craged 425, 8.2, 1.3. and 1.0 g/kg; amounts of
C,,,". N. P, and S in u,ndcrstory averaged 69.8. I .12.
0.20. and 0.15 g/n'. respectively.

Lack ol differelces in biomass ol understory
\e ie lJ l i ' r r  h t tucen urca :  under  l ree  (un  l ie . .
intcrcanopy. and ffeas without junipcr was con
trary to obsenations ofothcr scni-arid woodlands
(Clary and Morrison 1973, Bedell andBunch 1978,
Tiedernann and Klemmedson 1977. Belsky ct al.
1989, Belsky 199.1). Understory bionass has gen
erally becn sho\\,n to be greater-beneath canopics
ol trees than in adjaccnt openings. In some cases,
d i I l ( r (n (c \  be tucen thcre  lo i l r t iun .  s . r t  n t im. r -
ri ly Lhe result of higher cover and production of
perennial grasses undcr trce canopies (Claty and
Monison 1973, Ticdemarn and Klenxnedson 1977).
Wr diLl not Iner.ure dif ler(n\'e. in fl.rnl c, 'mpori
tion betu een canopy and intercanopy areas.

P ' l ys  cdr  C^a 'acrer  s - i cs  o 'Sa-o  e  'ee)

Average ffee age rlmged from 36 yr for class I to
16l yr itrr class 5 (Table l). The 1'oungest tree
was 21 yr: the oldest 23l yr Average height among

\\tsLcln Juniper Biomass and Nutricnts l5



TABLE L r\gcs and phlsical characlcrirlics ol five size clarsc! ol restern Junipcr lrces sampled in thj! \ludr-

Size Agc
( l lass ( \ ' r )

Basal  Dia rc ler
(cnl l

A!c.  Range

Can0p) Di.rnreter
( m )

Ave Range

Heighr

R.Lnse R.rnge

t . 7

2.5

6.1

6.1

l l

22

37

6:

l . l

t 0

9.5

l t 6

1 5 5

3 6 2

. t  t 0 |

5  1 6 l

I 1 - 5 8

l7-68

-ll lt5

.1.1- l5-l

108  231

2.9 -r.8

,1. |  6.0

5 . t 8 :

8 .5  |  1 .7

9 .1 -10 . . 1

1 l  t 7

17 ,16

29-,11

.1,1 53

5it 68

l . r  5 .6

5 . t  8 .7

5.6-1.8

TABLE L Disnibut ion ofbiom.rss (kg) among rcc corrponenr\ .

Componcnt

Fol iagc I-i\ c Branches l)cid Brunche\
>- l  c ln l - i . 'n  0.5 I  cm <0.5 cr l r  > l  cm <t  cmSize Clas\

I
l
3
I
5

1.1.
l5.: l '
55 .5 -

t.16.6.
2 t8 .5 !

19 .1 "
50.2h
9 1 .  + .

I t  i .q.

0
0

t0.9
7 1 . 9 '

l l 0 . t .

-r.5.
1 1 . 8 .
- i5.5"
86 2.

156.5.

0.8.
2 .3
1 .1

1 t . 9
1l i .- l

0.9
1 .8
6.6'

r5.().
20.8.

< 0 . i -
<0.1-

L8.
8.9"

4.1,

0 .1 .  t 8 . . 1
0.1 56..1
1 .3  112 .3 "
t.1 .1-13.6.

r \'.rlues in .r colnnm \rith the s.rme lo$.r calc lclter afe not \ig.iicxnll) diftefeni ar p < 0 05

classes rangcd fiom 3.3 to 9.9 m but overall heighl
(i|r'espective of sizc class) ranged t'ronr 2.9 to 10.4
m. Basal di neterforclass 1 averuged l3 cnt. which
tbl size class 5 vas nearly 5 linrcs greater (63 cm).
Clanopv dianeters ranged from 1.7 m to 6.7 m.

I omass of Trees and Tree Components

Tree biomass increased ntarkedly with size class
liom l8..1 kg tbr class I to 7.11 . 1 kg tbr class ,5
(Table 2): differcnces among largcr classes (2
5) u cre all significant.

Bc . luse  the  ' i zc  c l r r .  X  l ree  co lnponcn l  in -
terrctioo for biomass was highly signil lcant. we
focus hcrc on explaining thc interaction, and notc
dillerences anong size classes for individual com-
ponents. These comparisons relate dircctly to study
objeclivcs. Biomass of boles. fbliage. and live
branches >3 cm and I to 3 cm diameter increased
s ien i t ' i L  un t l l  u  i th  : i t  c  i l r r . ' .  Br  con l r l . t .  r r re  . i ze
had no influcnce on srnaller livc branches (<l cm)
or dead brrnches. hencc the significant intcrac-
tion (Table 2). For classes I and 2. f ir l iage con.r
prised the greatest part ofthe rree bionrass (41.3
and 31.2%). Foliage, bolcs. and live branches l
to 3 cm diameter. wele roughly equal i l  biomass

for class 3. As trees nratured ( class 5), boles.
l i ve  b ranches I  to  3  cm d ian te te r .  and l i vc
hr , rnehc .  > .1  c  m d  i ; rmeter  bec t rnc  the  nr l jo l  t r t  . .
componen lS.

Filure 2 portrals the percentage oftree biorn-
ass in each tree conrponent for each size class.
Thc  In , ' \ t  \ l r i l i ng  chrne .  \ i rh  in ( re r \ in !  l f re
maturity rvas lbr fbliage. Bct$een class I and 5.
percentagc of total tree biomass in lbliage dcclined
fron,11 to 15. This was not unexpecled; RodiD
ard Bazilcvich (1967) reported thar young trees
generally havc a greater propoftion of biomass
allocated to folia-qc than mature trees. Foliage
biomass. as a proportion of tree biomass, how
ever, was compffable to that measured by Gholz
( 1980) for westem junipcr (20% ) and for 90- and
350-ycar old one seedcd.juniper (./rraperus
nonospe nna Sarg.) rn northern Arizona (22% and
l2%. respcctively) detennined by Gder er al.
( 1992). Howcver. the high mcan percenrage of
biomrss in foliage (26%1 and the high propor
tion of lbliage in matule junipers ( l5% lbr class
5) was substantially grcater than that (3 to 97.)
nonnally allocated to lbJiage in conifcrs (Rodin
and Baz i lev ich  (1967) .

l6 Tiedcmann and Klemmcdson
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Large live brarches (>3 cm diameter) was the
onl)'other tree component that changed mark-
cdly rvith incrcasing trcc sizc. l iom 0 10 l7'l. bc-
t$ (en  c j . i . \  I  r r r rd  5  'F i !u rc  2 \ .  Chan;es  in  p ru-
porlions of olher lree components among classes
were minor.

Live and dead branches were impoftant com-
ponents of \\ 'cstcrn junipcr: thcy cornpriscd 29 to
'17% of tree biomass. This is not unusual tbr ju
niper Gholz ( 1980) fbund that Iive and dead branch
biomass co|lprised 387. of lree biomass in west
ern  jun iper .  Gr ie r  e t  r l .  (1992)  repor ted  tha t
branches con]prised 57 to 626/(' of tree biornass
tbr 90- and 350-year old onc-sccdcd junipcr in
nonhcm Arizona.

Thc highcst ratc of trcc biomass accumulrtion
(22.3 kg/tree/year.t occuned between classes 2 and
3. an interval of 7 years (Table 3). Yearly incre
ment pattems indicate that the growth paltcm ol'

TABl-E 3 Annuxlra lc i  o laccunrhl i ( ) l r  o i  b iomrsr andnu
tr icnis in scslcm iunipcl  a\  r  l i rnct lon 01 Lrce
srrc c lass.

Sizc E l a p s c d B i o r l | S s \ P S
Years (kg/)ri (S/,\r) ig/)rt (g/)r)

I  16 0.5 2.5

2  t 9  t . 0  7 .1

3 7 t2.3 69.1
- l  39  5 .7  n7

5  6 0  5 . 1  1 1 . 8

0.t t) .1

1 .0  0 .8

9 .1  10 .6

1 .5  t . l

1 . . 1  1 . 7
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TADLI 1.  Concentrat ions ol  nutr ienr\  { ! /kg)  jn l ree com-
ponents of  \ rcs lcrr  iunipef  ( r \eragc oi  l ize
cl ,1sses).

T r ( c  C " n t ,  r r r t \nrr icnl

c,,,,

Vilucs in .r colunrn \|ith thc srl1le lo$er cirlse lettcr arc nor
s ignr l lcrn l l )  d i f terent  ar  / '< 0.05.
I \o LSD ten lin rhis catcgory becluse rhefe r\erc no \amples
tirr Si/c Clas5es I rnd 2.

wcstcrn iuniper trees lbllowed an S shaped growth
cune, confirnring results ofEddJeman (l9E7).

Nutr ent Concentrations n Tree
Components

Concentrations o1'N. P and S (avcraged amutg
tree sizc classes) \\,ere grcater (P < 0.05) in foli-
rge than 11l other lrcc components (Table :l) and
declincd to lou' levels in dcad branches and bolcs.

Although conccntration of C,,," wls highest in
foliagc, it varied l itt le among componenls.

Concentration ofN in tir l iage ofu'estclnjuni
per lrccs (avemge 7.7 g/kg) u'as tear thc lower
end of the range for conifcrous fbrests worldwide
(Rodin and Bazilcvich 1967), rvhercas concen
trations ofP ancl S \\'ere in the micldle ofthe rangc.

Accurnulat on of Nutr ents in Tree
Components

Accumulation ofnutdents lbr individual tree com-
ponenls was directly relaLcd to accunulation of
bionrass. i.e.. increasc in tree size (Tab1c 5). This
was especially so fbr C,,.", uherc the conespon-
dence bctween C,,.,, ald biomass u'as near I :1,
i.e.. conccntratioD of C,,," varies <3% atloltg tree
conponcnts (Tabte .1). For that reason. wc have
not includcd data tbr C,,,. in Table 5. The analy-
sis of r ariance showed thit the interaction of size
class X tree component signiticantly (P { 0.0001)
influenced amounts of C,,... N. P, and S. Two fac-
tors appear rcspolrsible foi thc signiticalt intcr-
action. First. therc wele no l ive branches >3 cnt
dianeter lbr classes I and 2 (Table 5). Secondly.
accumulation ofCu,", N, P. and S among size classes
was much greater for bolcs. t irJiage. and live

l -o l iagc 505'
L i \e Uranchc\  <0.5 cnr -176

Li \e Branchcs 0.5 I  c ln .180-

Li \e Br. rnchc\  |  - l  cm -189

I-r \c  Bfrnches >l  cm 19l l
Boles .188-

De.rd Bfxnch.s <l cln 433r'
Derd B[nrhes >]  c l l r  181. !

1.61. 1.06-
1.70 0.5t.
LEri, 0..10.
2 .  r 8 -  0 .10 ,
1 . 5 1  0 . 1 9
1 .80  0 .27 -
1 .8 r .  0 .28 .
1 .09h  0 .13 ,

0.80.
0.1t '
0.-r5,
0.11"
0.t8
0.-r2
i).,10 -

0.33.

TABLE 5 Disr'ibulion ol Dutrienr\ (g) anrong lrce conponents b) rr1'c sire cLass.

Nulrient SiTc Tfee comrclll]- Totrl
Class tsol.s Foli.rge l-i!e Bflrnche\ p.ad Brarches

>3 c ln I  I  cm 0.5 1cnl  <0.5 c >l  c ln <t  cm

\ i t rogcr l I
l
l
. t

5

l

3
l

I

l

+

cl. l"  5q.- l
26.1" l  -15.I
89.9F 375.1.

: l l . 1  661 . ' 1 '
i 55 .0 .  906 .  r .

l . , l -  8.1
1 .0 -  r 9 .2 ,

]] .6 50.]F
- t ] . 2 ,  92 . l .
-12.9, 117.0J

r .5 .  5 .7
. l  1 "  15 . t . '

lE.4 .1l. l - '
.l-1.(I 69.8.
70..2J 99.11

0 9.6'
0 -r0.0"

3 1 . 1 .  r 0 r . t . .
109.0. r7i.5.
193 d 287.9-

0  t . t ,

-1.6" l+.9-
l : .1" '  267n
r3 .0 '  11 .8 .

0 L.1,

5 9. l .0h
20.1tr 22.1.
38.9' :11.6'

1.8"

10.9r
30.9.
,12.9'

0..1.
I LI-.
i . 0 .

6 . l i

0 9 .
2 . t .
5 . 1 . J

1.1,

3.9,
10 .8 , '
2-1.6"
,19. l'
70 .  r ,

0.5
t . 5 -
- l .6 f

1.6.
l  l . l J

0.-1.
l . t "
3 0 s
5 . 5 f

E . E '

t2.2.
30.8.
96 .8 '

193 .3 .
283.5.

<0.1 0 1 89.,1
0 .  r -  0 .6  t t 8 .0 ,
1 .1 " .  2 .1  7  t 5 .8 .

16.9. 3.5 1.t08.1.
i 0 . . 1 .  8 .6 '  ] l 16 .81

0  <0 .1 .
0  0 . t .
0 3. 0.3.
0.6 0.3.
1 .9 '  L2 t

0  0 . l .  r 0 .0
0  0 .1 ,  16 .5 "
0.5 0 r" r00.7f
2.7.. 0.7.1 190.6.
1.8- 1.1 291.2-

Vrlues ir .r column $ilh lhc suDre lo!r'ef.ase lclcr arc not significantl,v diilcrert lt p < 0.0a.
'Tol . r l t ree\aluesdonolcqur l thesumof indi \ idual  components becausc rhc 'debr is c. r regoryisnorsbo\ \ r inrhernbtc
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branches I to 3 cnl diarnclcr th:in ti)f the other
components.

As implied abovc. lrcc anounts ()f C--- increased
in parallel fashion to biomass (Table"?). from 9
kg for class I to 368 k-s for class 5. Tree N in-
creased fiol] l 89 to 2ll7 g betrveen classcs I and
5. Although arnounts ofPand S accumulated were
aboul one-tcnth thc tnnount ofN. rates ofincrease
between classes I and 5 were similar 1ll thosc fin'
N. Tree accunruiations of C..,.. N. P and S rvere
not significantly ditferent tbr classcs I and 2. but
these L*o classcs dift'ered signilicantly tron all larger
size classes. and they ftom each othcr (ntble 5).

Nutrient accumulation proceeded slowly lbr
all tree componeDts for voung trees (cltrsscs I and
2). but accelerated as trees increased in size and
accumulated bionlass. Nulricnt rccumulation
among sizc classes was nrost pronounced in boles,
tbliage. and live branches I to 3 cm and 0.5 to I
cm dianrcter (Table 5). Forthese conponents (with
exceptiol ' l  of S in l ivc branches I to 3 cm dianl
eter). nutient amounts were signil'icantly gleater
in classes .l and 5 than in classes I ancl 2. The
other corsistent aspecL ol'thc data fi)r all nutd-
cnts and tree colnponents was signilicantly grcater
lrutdent anoLrnts for class 5 than for class 3.

Alnual rates of accurnulation of biomass lnd
all nutrients increased with tree size. reaching a
maximum in class 3. then declined with naturitv
in classes :l and 5 (Table 3).

Foliage was the predominirnl componcnt home
for N, P. ancl S in western juniper throughout the
life ofthe trees (Figure 2). However. as size (agc)
incrcascd. thc percentage of each of these nuti
ents residing in foliagc dcclincd. leaching a nini-
mun of about ,13 .+5% of the tree lotal for N and
P. and 347r tbr S. Concu[ently, the relative anount
ol N ancl S increascd slightly in boles and live
branclres >3 cm diameter. Live blanches <3 ctrr
dianeter wele the seconcl nrost important com-
ponent 1br accunulation of N. P. and S in west-
cm junipcr. containing about 207 ofthe total.

Nut r ien t  Budget  fo r  So i l ,  Organ ic  Layer ,
U nderstory, and Trees

Nutrient Accumulation Patterns in Open
Systems

Accumulatiols of C,,,.. N. P. and S in soil. or-
ganic layer. and undelstirry vegetation rvere similar
at intercanopt dislanccs 2 and.l tbr rl l  size classes

(Klemrnedson and Tiedenann 2000). In the or-
ganic layer. amounts of N for "no juliper" sites
tended to be lower, but not signil icantl\ so. than
that tbr inlercanopy locations. Anrounts of C,,,".
P. ancl S in the organic layer did noL difltr among
'ho junipcr' '  and intelcanopy locatiols.

Wc $cre unable to make statistical colnpari-
sons of nineral soil among intercanopy and "no

juniper" areas because ofthe unbalanccd experi-
mental design. Howcver, amounts of C,,,.. N. P.
and S in soil tbr "no juniper" areas wcrc \\ ' i thin
the range ol valucs lbr intercanopy distatces 2
and 4 and. hence, u,ould not l ikcly h.ive dit lered
significantly (Klemmedson and Tiedemann 2000).
Total accun'rulations of C",.. N, P and S in open
systems $,ere 2116. 213.9:228.5. and:1.1 g/mr.
rcspcctively (nrble 6). Most (89.9 to 99.8%) of
the C.... N. P and S in thcsc systems $'as con
tained in tirc soil. Aboveground ulounts ofthesc
nutnents 1n open syslems $crc about equall,\ al
located betweel the organic layer and undcrstorv
!cgclauon.

Nutrient Accumulation Patterns in Tree
Systems

The largest propo ion of lotal systom C.." (6I to
69%) was contained in tees (Table 6). Bitwcen
c l r ' .e '  I  lnd  5 .  C ,  inc re . r reL l  2 . - l  t i rne . .  i .e . .  r r
the sarne rate as bidmass. In the oryanic layer,
C.," increased 1ir,e-1bld between classcs I and 5:
i.e.. frolr 303 lcl 1503 .q/nr] of systern C.-.. While
C.," increased tion 2121 to 269i g/n: iri'iirc rnin-
eral soil betrveen classcs I and 5. the percent
age of total system C,,,. declincd from 33 to
20% (Table 6).

Most of the N in this s1'stem (70 to 8.1%) rvas
contained in mincral soil. Amounts of soil N in-
creased with increasing tree sizc. but the propor-
tion contained in thc soil declined tiom 8:1 to 70c1r
fiom class I to 5. The most salient rcsult of the N
buclget was that by the tine trees reached nalu-
dt! (class 5). 30% of N $as contained io ffees
rnd organic layers.

Phosphorus rcsided prinarily in thc mineral
soil and thc proponional distribution (95 to 97./c)
did not change rvith tree size (Tablc 6). B) con-
trast, P accunulation (g/mr) in the organic laver
incrersed 6-tbld l iorn class I to 5 (Tablc 6). N,lost
of thc aboveground P was contained in trcc
biomass, but amounts accumLllated \r'ere sinilar.
reglrdless oftree size. excepl for thc largest trees.
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'IAUI-E 
6. Distribution of carbon. nitrogcn. phosphorus. rnd \ulfur in opcn inlcrcanop\' and \\'estem junjpcr s!slcns as .r func-

tion ol tree size c1ass.

Tfee Size

Nut r icn l  Chss SlsIeln Corrponcnl

Undcrstol Orsanic l -a)cr N,lirefal Soil

g/m g/n:

Cl.rrbon Open
I
l
J
.l

5
Nitrogcn OpcD

l
l

5
Phos Open

)
3
.l

5
Sul iur  Open

I
2

.1

96 ,1.,1 93
.19 0.8 30-l
.15 0.5 61.1
71  0 .8  753
-16 0.1 |  r99
i2  0 .1  r50 l

1 .58  0 . t  2 .16
0.90 0.3 8.05
0.50 0.2 20.11
l .  t 0  0 . , 1  : i .S l
0 .80  0 .2  3  r . ]E
0.50 0.1 19.82
0 . l  r  0 .1  0 .22
0 . 1 2  0 . r  0 . 7 1
0.09 <0. I  t . l . l
0 . 1 . t  0 . t  1 .88
0 .10  <0 .1  t . 36
0.08 <0.1 .1.16
0.10 1.9 0.: l
0 .  r  l . t  0 .91
0 .  ] | )  0 .9  1 .91
0 .  14  t . 2  2 .1 )
0.10 0.11 2. i l :
0 .08  0 .5  5 .11

2116 100.0
6359 100.0
it179 100.0
9128  100 .0

10919  100 .0
11612 100.0
1,13.9 100.0
190.5 100.0
:13r.5 100.0
10:1.,1 100.0
35.1.9 100.0
368.r 100.0
218.5 t0r-J.0
230.0 r00.0
233 .1  r00 .0
221 .9  100 .0
238.1 100.0
137.2 100.0

.1.I t00.0
8.9 100.0

r0.9 100.0
r2 . r  100 .0
t2 .7  100 .0
17 .3  100 .0

1882
5163
6 l  r 0
6918
9390

0.t l
3u .5
1 l .E
.11.5
1:.9
59 .8
0.0
5 .1
5 .1
5 .9
5 .9
8 .0
{).0
1 .1
5 . 1

5 .7
8 .3

U
6 r . 0
6 2 . I
69 .1
6 t . 5
6E.9

1 l . l
1 3 . 2
1.1.3
t 2 . 1
t6 . l
0.0
2 .3
2.1
1 .6
2 .5
L,l
0.0

11.)
.16.7
5 0 2
-15 0
.17.9

.1.8
7 .5
8 .2

1 1 . 0
I 1 . 0
0.9
1 .8
6 . r
7 .E
8 .8

t 3 . 5
0 . 1
0.3

0.8
I t)
I . I J

5 .1
10 .6
17 .5
19 .9
11.2
19.1

l9l i7
l l l S
2537
199,1
1736
)691
2.10
2.13
268
2t6
180
258
tl8
ll:l
2t6
220
230
:25
t.66
3 6 3
-r.8:
3 .18
-r.u6
3.79

9 1 . 3
3-l..1
19.9
2 1 . 8
25. I
r 9 .8
98.1
81 .7
80.6
11 .5
t8 .9
10 .1
99.8
97.1
96.9
96.5
96.5
9.1.8
89.9
.10.li
1,1.9
28 .1
3:.0
t1 .9

r \ i r lues $o$'n lor  'bpcn | re the avefuge ofvaluc\  ior"Do juniper 'and intcrcanopy s i tes ( l isrnces I  and. l  ibr  r ree s ize c lasse\
l 5 l

Thc pattern of S distdbulion anong ecosys
tem components and size classes diflered dislinctl)'
fiun that of N and P in nrost respects. Most of
the S (59 to 78%) was in trees and the organic
lalcr. $ ith the lalgesl anlount in trees. Although
thc anrount of S i lr trees almost doubled between
classes I and 5, the propofiioD of svstem total
remained fairlv constant (45 to 50ti '1. Most of
thc distributional dit'ferencc of S iunong classes
, '. , urre,.l in thc orgcnic lrr t r. ;r '  irr lhe cr.e oi P:
thc amount of S increased 5-fbld l iom class I to
5 while ploportion of total systcm S increased 3
folcl. Arrounts of soil S were rclativelv constant
anong classes (3.5 to .1.1 _q/m:). but thc propor-
tion of total declined l iom 4l to 2212 between
class I | lnd 5 (Table 61.

Result! of Everctt and Thran ( J992). who looked
al nutrient distribution in entir{] stands of singleleal
pinyon (Pirri rnonophlla Torr. & Frem.) in

Ncvrda. are not directly comparable rvith dris study.
bul nonctheless wofih noting. They fbund 53%
of the site N incorporated in trees and organic
layers, about three-foufihs of which was in the
organic laver. Our oldest trccs had 307r, of the
system N incor?orated about equally in trees and
organic layers. Although P was stored primarily
in soil in both rvesternjuniper and singleleafpin-
1'on systems. the difference in distribution (967,
versus 857c) is noteworthy. Sulfur distribution
presented !l major contrast between the two stud-
ies. Wc fbund 59 to 78% of S in aboveground
components conlpared to only l3% in singleleaf
pinyon tree systens (EveretL and Thran 1992).

Comparisons of Apen and Tree Systems

Cornparing storage of C..". N. P and S in open
systems with that in the treb system reveals much
about change in nutrient status ofthis sagebrush/

20 Tiedemann und Klcnrrnedson



gftlss system as westernjuniper invades and grou's
to maturity. Even tbrthe youngest trces, thc amounl
ol C,.,. in thc trcc syslcm was three limes greater
than that ofopen systems. For class 5, this differ-
ence was more than 6-fold. Even the smrllest
(youngest) tree system (clrss l) contrined 167r
(.17 g/m2) more N than the open systems. Class 5
had accumulated 5l7r more N ( 12.1 g/mr) than
open syslems-

System P. in contrast to N. \\ ' ls reasonabl'" '
comparablc betwecn open and lree systems. Ho\\"
ever. S accumulation differed more bet$'een tree
and open s)"stems than N. Amount of S accumu-
lated in the tree system \\"as 2 to r+ lbld grcater
than open systens, dependilg on tree slze.

Comparisons of tree with open svstems indi
cate that westem juniper effectively accumulates
C",., N. and S. Lack of noticeable ar:c:ttmulefion
of P by junipcr systcnrs may bc duc 1() the high
soil P sttrtus prior to junipcr invasion. Sources of
N and S accrucd to thc lrce system were not as
ccnaincd. but thesc additions apparently rvere not
al thc cxpense of intercanopy soils. Several sources.
both biotic and abiotic, could account tor net ac-
crurl of these nutrients to tree systems withoul a
significant loss from intercanopy areas. These
sourccs ofnu|rient accrual to "ferti le islands" are
described in the introduction to the companion
papcr (Klemmedson and Tiedemann 2000).

As the state ofthe s),stcm changcs with growth
to maturity ofjunipcrs. cooler understory tem
per l tu res  rnd  a  moi . t ( r  l l r i c roen\  i r , rnm(n l
(Tiedemann and Klemmedson 1977) wil l promote
h i l h e r  \ t ( u J )  \ t r t (  l \ ' \ . 1 ' , r f . o i l  o r e r n i c  m a t t e r
and associated nutrients (Jcnny 1930. Tiedemann
and Klemnredson 19136). Thcsc conditions should
lead to irnprovcd dccomposition and mineraliza
tion. lower losses of soil C and N by volati l iza-
tion and denitrification (West l9E I . I 991 ) and
more efl icient cycling of nutrients in thc juniper
systenr than in thc sparsc !cgelalion of open s!s
tems (Odum 1969) .

Conclusions

Biomass ofjuniper understory (1630 kg/ha) re-
t lec t rd  the  \pJr \e  i rp |e i r ran(e , ' i th is  ucs tc rn  j r r -
niper/big s:rgcbrush/bluebunch wheatgrass eco
\ \  \ l c rn .  A :  r  ( r ,n \cquencc .  t rnder ' . to r )  \e !e l i l t i on
was also a minor compa[tment of the soil/plant
svstem for accumulation of nutdents.

Salicnt f 'caturcs of biomass distribulion among
tree components were: the decline in percentage
of biomass in foliage (41 to 157a) u'ith increas-
ing tree size from class I to 5. the high mean per
ceDtage of biomass allocated to foliage (26%).
and the high proportion oftreebiomass allocatcd
to live and dead branches 29 to 477.. Miller et al.
(1990) notcd high bionass allocation to lbliage
in young westernjuniper (<.10 yr) and concluded
this elabled western juniper to optjorjze photo-
synthetic capacity. Our obsenations suggest that
this adaptive feature also ma"v be inportant to na
lu rc  t r , ,  r  i r r  Ih (  .a  $ r r1n ,  :c rn r -J r iJ  enr  i r , ' r tn tcn t ' .

Comparisons of tree and open systens indi
cate that $estern.juniper plays a dominant fdc
in capture and retention ofnutrients in these semi
arid habitats. This role ofjuniper appeals directly
re l r leJ  I , '  Ih (  l in rc  l l l ' , \ \  unrn f ) .  N l r l r i cn l  r r .u -
mulation patterns that wc documcnl lbr wcslcrn
juniper rcintbrces the importance Romney et al.
(1978) ascribe to shrubs in desed ecosystens. They
suggest that if ferti le isl i inds created by shrubs
did not exist. fertility prcsent in them would be
dispcrsccl ovcr the cnlirc area. For plants not ca-
pablc of N-fixation. dcficiency lbr that elenrcnl
would be present over the entire area.

Results ofcomparisons nade herc do not lead
directly to answcrs to qucstions about effects of
managenent of western juniper on tlture site
productivity. Noncthelcss. our resulls signal cau-
tion in the way western juniper is nranaged that
wil l help avoid degradation of productivity. At
these sites, availabil ity of soil N and S are inher
cntly low (Tiedemam and Klemmedson 1995)
rnd levels ol total N and S arc bclow thc r:rngc
fol intelior Pacillc Northwest volcanic ash soils
(Ticdcmann and Klock 1977. Geist and Stricklcr
l97E). Even tbr the nut ent enriched tree sys-
tem, levels of N and S are still at the low erd of
the range for intedol Pacific Northwest volcanic
soils. ln lrc(] slslens, 59 to 78% of system S and
l6 to 30% of system N arc incorporatcd into or-
ganic layel and tree components. This, coupled
with thc nutricntl irnitcd slatus ol soils of these
\ \  e \ te rn  . iun  iper  \ ) . tenr \ .  \u ! !e \ l \  lhJ l  re len l i , ' n
of as much of the accumLrlated aboveground nu
trient capital as possible is a prudent management
strategy. Retention of tree foliage (i.e., lop and
scatter.) and thc organic laycr would be particu-
LLrly inportant. An error 0n the conservative side
can be cofiected in the future. If residues and the
organic layerare bumed, only time can conpensate
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lbr volati l ization loss of |rulrients and for associ-
ated effects on proclucliVil\. wcsl's ( 1991 ) rcvic\\ '
and results fiom Evcrctt and Thran ( i992) sup-
port this conclusion. Wcst indicltcs that in habi-
tats u,here shrLrbs or small trccs contain a sub-
s tan t ia l  par l  o l ' thc  nu t r ien t  poo l .  f i re  mav be
mole di!rLrptive to nutrieDt c.vcles than li\,e
stock gr azing. Fnnher', \\rest ( 199 I I stalcs that
savannas ancl shrub-slcppcs "nccd carcful nran-
agement  1 ( )  ma in la in  thcm s incc  i t  i s  !e ry  d i f -
l icnlt to Ie-cstablish thc original structLrre once
the!' are degradcd."
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