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Abstract
Five r-e.rs ali.r lhirni.g and feniliz.rri()n \rith 350 kg hrr ofN as rea in an interior Prcilic \ord1\iest gnnd 1 (Abi?! g,rrr.ll!
(Dougl ) Fofbes) iorcsl. \!c rncasured concenlrirtilms ol t(nLrl curbon (C ). nitirgen (\). phosphorus (P). \ulfur (S). ttnd potaslntn
(K) in rhe fi)re\t lloor.rn(l uppcr 30 cm of\oil. Eftect offefiilirutior an(l thinning lreatmenls on rv.Lihble N. P S. rnd K nlth. $il
\\as deterlllined bt bioaslay $rrh barle) a\ a test pl.rnt in a gro$th chanbcr crpcrinrent. l-ield treaimenr coDbinalions rerc:
. ront foL not  rh inned. lcai l i /cd ( \T F):  Ih inned. nol  feni l ized (T \ f ) :  rnd t l inncd.  ier t i l ized (T-F).  Toral  N conceDtrr l ion ol  lhc
fofe\l floor $|s subsrrnlially |1nd signjficanil] gfe ter ibr rhe \TF lrcannenr dran the other rhfee treahlenls. Thi\ iinding
mpported r.sulI! ol othcr srLrdies rhrt rhe fofest floor ferlircd r \ubstanlial pordon of.rpplied N. \\re did nol dctccl an) diliirc!rcc\
. lnon!1hinn.dtndt i r1 i l i7edn'e l t i len1s. lndthec0ntro]1.0rcolccnlradon\ofsoi l1() ta1C.N.PK'0|s ' ,A. ]So'a!a iabi l i I icsoiN.
P .rnd K ir soil lrc r rhinned and ltrtilized treatmenls \!crc lbc srnrc as lhe contrcl. Thus, there \\as no dclccnblc cficcl of N
fe| t i l izr t ion on roral  or  r \a i lablc N af ter  5 yeaN. The sr l ienr tedurc ot thc bioalsa,v t r ia l$as feduced a\  i lubi l i l )  ofsoi lSwi l l thc
\T-F tfe tnent conparcd tu rhc control and the T-NF reatmenr. A!rildbihr) of S was also lo\ref li)r the TF treatment comprrcd
ro l NF tfeatnrent. ,{ppli!rrion ol a large quanlil} of N rt this site $ ilh crtant low lclels of soil S fudhef depfessed S a\ rilabilil}.
Nitrogen feftiliz.rtion should bc supplcnrcnted $'iih S in sites $hefe soil S lc!ch r.c conrparahle to drose xe ob\en ed (0.008i ).

Introduction

Forest tertilization has become an atffactive op-
tion ti)r t i)rcst manage$ to offset nutrient l imita-
urin\ i l l  suils oI lbre:tcJ ri le. rrn,l Io m.rintrin or
enhance growth of conifcrous species (Moore 19138.
Chappcll ct al. 1992, Miller et al. 1992). Pcri-
odic annual incremcnt in unthinned Douglrs-fir
\ PseL!dotsuge tilenzir:jil (Mirbel) Franco) stands
of western OIegon rnd Washingtor responded to
nitrogcn (N) ferti l izatior rvith a 2.9 k) 6.0 mr ha
I yr I increase in growth at 22:l kg ha L of N and
3.8 to 6.2 mr ha L 

1r' 
I incrcase irt 4'18 kg ha ' of N

(Petcrson and Hazard 1990). Enhancemcnt of
grorvth and yielcl is thc most conmon reason to
lcn  t l i l c  fo ts \ l s .  bu l  te l i l iT ;1 t i ,  ' t t  r  l *  '  .h  u  .  p to tn i : r
as a Ineans of anrcliorating the effects of jnsects

such as tlrc \lestern spruce budrvorm (Cftoi'isro-
new'u ott: identulis Freeman) on trcc l igor and
grcwth (lvTason et al. 1992). Wickmanet al. (1992)
tirund that fcrti l ization with 350 kg ha' N as urca
significantl l '  reduced deli)l ial ion. increased bio-
nass ol shoots, and increlsecl radial growth and
height growth ofgrand lir (A,i.s grunr./ls (Doug]..)
Forbcs). Height growth of terti l ized trccs was
almost double that tbr unt'errilizcd. The integrated
response was an improvement of 1,107r in grorvth
etl icicncy as measured b,v wood production per
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unit of leaf area on thinned and ferti l izcd plots
(WaIing et al. l992). By the fifth year aftertreat-
mcnt. radial gro\\,th of grand tir rvith fertilizcd
tleatmelts was sti l l  significantly greater than the
control (Wicknran ct al. 1992), suggesting pro-
tracted enhancement of N availabil it,.

Evel though the importancc of a balanced
supply of nuldeDts for plant growth is u'ell under-
stood, lbrest ferti l ization oticn involves applica
tion ofonly N. Rates sometimes exceed 300 kg
ha' of N. Application of a single nutrient such
as N has the potential to create linritations ofother
nutrients and to aggravate existing nutrient l imi-
r J l i o n 5  ( S r a l l ( l l  l o 7 2 r .  E r e n  i l , ' t h c r  r r u r r i r : n t .
are not l imiting, but in marginal supply, the addi-
tion ofa large amount ofa singlc nutient such as
N may creatc dcficiency (nutdent stress) of one
or more ol the other nutdents (Klemmedson and
Ferguson 1973, Klemmedson and Tiedemann
r995).

The imporLance of adequate soil sultur (S) tirr
ffee nutrition and growth has been documeDted
in studies by Cochran (1978), Edmonds and Hsiang
(1987) and Blake et al. (1990)). ln the interior
Pacitic northwcst, with some soils already shorvn
tobc deficient in S (Klocket al. l9Tl.Tiedemann
and Berndt 1972. Tiedemann and Klock 1977).
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tertilization rvith N has the potential 1o aggravatc
extant S deticiencies. Potassium (K) availabil ity
may also be adversely influenced by N ltrtiliza-
l ion (N,lika cr al. 1992).

The stud"v site esrablished by Mason ct al.
( 1992 ). \\ 'aring et al. ( 1992) ard Wickmar et al.
r  l ' l ' l l r  f r  r i L l . r l  u \ . r n , , f n " n u n i l \  l u  e \ i l m i n e
effects of thinning and lc i l ization with 350 kg
ha' of N as urea on concentr-ations of soil and
forest floor nutlients llve r,ears alier lenilizltion.
Wc also wanted to detelmine if N ferti l ization at
this rate inlluenced ar,ailabilities of phosphorus
(P), S. or K at'ter t ire years.

Methods

Descr ip t  on  o f  the  Study  Area

A detailed descriptioo of the study area and la
lionale for lrcatmcnls arc l irund in Mason et al.
(1992). Bdefl.v, the study- was conducted in a nixed
conifer lirr-est dominated b-v grand tir rvith scat
lered ponderosa pinc (Pittus ponden.r4 Laws..)
and Douglas tir on the Malheur National Forest
nclr Bums. Orcgon. Elcvation is approximatelv
lE50 m. Annual precipitation is approximately
-50 cm uith mosl occurring as snowfall during
the u'inter (Tiedemann and Higgins 1989). Soils
are ol the cJave1. mixed. t i ieid larnily of Andic
Xerochrepl s ancl loam-r,' -skclctal. m i xed. f ri g id
iamily of Lithic Argixerolls (Carlson l97'1). These
t\\o soil tlpcs arc intcnnixcd throughout the study
ar-ea. For both soil types. surface soils are grar,
e111 or silt lolns uilh pH liom 5.6 to 6.5 that
var_"- in depth 1rom l5 to 30 cln with llat and ar
gu la r  rock  f ragments  compr is ing  l0  b  30%.
Subsoils are grlvell l '  or cobbly clay loam nith
pH 5.6 to 6.5. r,arying fioll] l5 to 60 cm in thick
ncss. Bcclrock is harcl basalt and andesite with
tutluceous interflou, material (Carlson 197'1).
Understory vegetation in unthinned slirnds con-
sisted mainly of small herbs ol the Ericaceae and
Olchiciaccac I arl i l ics (Pcrsonal communicrtion,
Dr. Richald Waring. Professor. Forest Science,
Oregon State Universitv. Corvall is). Stald open
ings promoled clcvclopmcnt of bromcgrass
(Ilronuts tulgdri.s (Hook.1 Shear) and shrubs such
as rose (R.)J.l g\'ntnoLdr|.t Nutl.). pachistima
(Pachi.stirnd ntrr.sitt i lp.r (Pursh.) Rrf-) rnd cuffant
(Ribes lutustre (Pers.1 Poir). Elk sedge ((aru:,r
( ,  ' r  r i  R , ' o L t )  r n d  p i n c g r a ' .  t C , r l , r n t , r t t , ' t t i t
i- irbr,.scerr.s Buckl.) were also common in both clis-

turbcd and undisturbed stands. Curadian and bull
thistle (Cinin'? spp.) were abundant in thinned
stands.

Exper  menta l  Des ign  and Treatments

Four square blocks, each 2.6 ha in size. were es-
tablished on the study site. In sunmer 198.1. a
random one-half of erch block was thinned to
average ffee spacing of 5.5 n. wilh cnrphasis on
renoval ()1 lrccs smallcr than 12.7 cm dbb lbr
pr . rnJ  l i r  r rnd  17 .8  cm dhh fo r  pondero . r  p inc .
Trees were felled llnd lcti in place. In the tnll of
198:1, a random half ofeach thinned and unthinncd
plot was f 'erti l ized with 350 kg ha I of N as urea.
Th i .  re .u  l te t l  in  thu  io l l ,  ' u  ing  r r r r r )  , , l  l re i , tmer t .
on each of the fbur blocks:

1. Control (not thinned. not ferti l ized)

2.  ̂ "ot thinncd. fcrti l izcd (NT-F)

3. Thinned, not lenil izcd (T-NF)

4. Thinned, ferLil izcd (T-F)

F eld Samp ng

In late frl l  1989. we collected fbrest f loor aud
soil samples at 3 random locations on cach plot
of cach block. Samples were collected at speci
fied distances on a diagonal l inc across the plot
tr-om a random start with the plot comer as tlrc
randonr choice fi)r strft ing point. At each loca
tion. forest floor sanples rvcrc collected to min-
eral soil in a.100 cmr fiame. No attempt lvas
made to sepamte the forcst floor into organic layeN.
Soils wcrc collccted at depths liom 0- l0 cm. l0 20
cn, and 20 30 cm with a buckel augcr. No rol-
unre/weight measurements were taken. Samples
werc ovcn-dricd to constant weight at 70'C. At
each sample location. a bulk soil sarnple to 20
cm was collected fbr bioassay detennination of
nutrient availabiliq'. These samples u'crc air-driecl
to constant wcight in a well-ventilated gr-eenhouse.

\\'e did not measurc forcsl floor depth or nass
because this was beyond the scope of thc cxpoli-
ment.

Chem ca Ana lyses

Forest tloor and soil samples for the tlxee saDrplc
Iocations \\"ere conposiled by plot tin each depth
and rnalyzed tbr concentratioDs of total carbon
(C). N, P S. and K. Cornpositing sanrples elr
abled us to reduce costs for analvscs. Cirnrplred

Forc \ t  l - luur  rnJ  S  i l  Nut r rcn ls  X9



1() singlc sanrplcs on each plot. compositing en
ablcd us to incorporate point-to-point variabil it,v
and, thus, to pr()vide greater precision in estimate
o I  p lo l  n rcans  (B ink ley  rnd  V i tousek  1989) .
Cherlical anallscs firr f irrest t loor and soils were
as firllows: btal C by dr_"- ccxnbustion usirg a
high-tiequercy induction lurnace (Nelson and
Sommers 1982): total h* by thc Kjcldahl proce-
dure (Bremner and Mulr'anc1 1982); total P on
fbrest floor samples by magncsium nitrate dry
ashing folloued b1' vanadatc-molvbdatc yellou'
colordevelopment (Chapn] r and Prutt I961 ); k)tal
P lbr soils by h1'drotluoric acid digcst f ir l lored
by anrnroniunr molybdate-ascorbic acid color
development (Bo$ man. 1988); total S was by dr1'
combustion in a high fiequency induction fumacc
(Tiedenann and Anderson l97l ); and loti1l K by
perchloric acid digestion followed by ICP spec-
lroscop) (Baroes 1977).

Assessment of Nutr ent Avai ab ity

A bioassay technique described by Jenny et al.
( 1950) was used to detennine arailabil it ics of N.
P S, and K using soil from each field lreatmcnt.
'Mica' barlel' (Hrrrrlr,ror rzlgnn, L.) grown from
certi l ied seed was used as the test plant. Thc 3
lield sanples collected fron each plo1 scrved as
gro$th chamber rcplications. Soils were air-dried
ancl sieved to pass a 2 nrm screen. Each pot coll
tained,l00 g of soil. The fbllowing nutrient treat-
ments $ere applied to the pots:

l. Check no added nutrients

2. N,r no nilrogcn (P.K. and S added)

3. P,, no phosphorus (N.K. and S addcd)
.1. S,,-no sultur (N.P and K added)

5. \;no potassium (N,P and S addcd)

6. Fu]] N.P.S, ancl K adcled

Nitrogen rvas added as anrmonium nitrate
(NHrNO.) at a rate equivalent to 300 kg har of
N: phospholus as calciuln or11'ro-phosphate
(Ca(H.PO.)..H.O) at 200 kg har of P: sulfur as
calciun suliatc (CiaSO,.2H.O) rt 100 kg ha I of S
and polassium as potassium chloride (KCl) at l00
kg hl' ol K;. Barley was grou'n tbr- l6 weeks at
altemating day-night tcnrperatures of2:1/1 E'C with
a l2 hour clal ' length. Lighting was provided by
fu11 spectrum fluorescent bulbs u'ith {,avelength
emission conrparable to that of sunlighl. At thc
end of the trial. plants were harvcsle'ci rt the soil

surtace, ovel dried at 70'C to constant n1ass. and
wcighcd.

we elected 10 use thc bioass|y test fi)r nutri-
cnt a!aihbil ity. rather than chenlical extaction,
because we feel drat it morc accurately portra),s
availabil ity of nutrients than does chemical cx-
traction. Bioassay trials were originally deYel
oped by Mitscherlich. an early pioneer in soils
rescarch, betirre chemical testing rvas available.
This type of test was refined by Jenny ct al. ( 1950)
and is an cstablishcd means of assessing out ent
availabil ity (Binkley and Vitousek 1989, Harrison
and Hell irvcll 1979). Barlel, is not intended as a
.u f iog i i l c  lo  in , - l i c l t c  r ru i i r rh r l i t l  l l l ' nu l r ie l t \  ln
native tree species on the site rather, i l  is a t(x)l
to asscss arailabil i ty of individual nutrients in the
soil. We used barley as a lesl plant bccause of
genetic unifonnil), and l1lpid growth rate whereby
the entirc soil mass is explored by plant roors during
the 6 weeks of thc tcst.

Statist ca Analyses

The ficld dcsign ti)r the study was a split plot
analysis of vuiance in which thinning Lrcatments
were the major plots whilc t'efiilization treatments
wcre the sub-plots. Differcnces anong thinned
and fertilized treatmcnts tin soil nutrient concen
trl lt ions were analyzed using a split-split plot de-
sign \\ ' i th depths as the second split. Design for
the forest floor statistical analysis wlls the same
except there was no split for depth. A similar
design rvas used lbr thc bioassay tr ial except that
the 3 tield collection Iocations that seryed as growth
chambel replicates wcrc considered to be
subsanrples and grorth chamber bioassay treat-
nlcnts were treiited as another split in the analy-
sis. Mean conparisons wcrc nrade with the LSD
test (Carmer and Swanson l97l). Unless other-
wise indicated. significancc level is P<0.05 tbr
muin ctl'ccts and interactions itl the ANOVA and
fbr LSD neans comparisons.

Results and Discussion

Concentr-ations oftotal C. N, and S frorr the con-
trol plots wcrc higher in the forest lloor than D]
soil (Table 1). Difterences among soil dcpLhs were
significant (P<0.001) lbr lotal C, N. and P The
. r ' i l  Jep th  \  len i l i , .e r / lh inn ing  l re : l r rnenr  in lc r -
action was notsignificant for anv constituent. Thus,
depth rclatioDships for soil nuLricnt data presented
lbr thc control plots are comparable 1() thosc fir'
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TABI-Fl  l .  Co cenrr i t ions (percent  hr  r \erghl)  o l  id | t l  nu-
rrienis in ibfen lloof rnd ,ioil fron the conrtul
rreirtment.

Forcsl lloor \alucs \\ cr'c not co pared statisticrll! Io \oil

I  Valucslcn s(r j l  depr l rs\ r i th inanindi \ idual  nntr ient$i Ihthe

sanrc lo\ rcrcase let ter  are not  s igni l icant l )  d i l terent .Lr  P <
0.05.

the treated plots. Total C in soils frorn the con-
trol pltxs declined f 'rom 1.9,1 7r in thc surt'acc 0
to 10 crn 10 0.79% in the 20 to 30 cm depth (Table
l). Total N and total P tbilowed tbis same trend.
Our values tbr total N are near thc lorvcr cnd of
thc range repofied by Geist and Strickler (1978)
fbr volcanic ash soils with Inixcd coniler vegetil-
tion and the depth relationships are sinrilar. To-
tal N and S values arc also comparablc to those
of Tiedenann and Klock (19'71) tor a grand lir
forest developed on recent volcanic ash. In those

studics. it $as concludcd that soil N and S nere
delicient to the point that they would likel)' limit
plant gro*th. That conclusioD \\"as reinfolced by
bioassay studies by Klock et al. (1971). I i isl ikelv.
therelbre. that N and S are both liniting aL thc
present stud"v site.

t r ^ r a a t  t r  ̂ ^ r  N l  t r i a n t  R o a n ^ n < a e

Effects of thinning in the ANOVA were not sig
n i l lL r ,n t  l i ' r . rn r  n re i r \u reJ  Iu l r ien t  ( , 'n \ l i l uen{  i
the forest t'loor. This corrcsponds rvith results of
Edmonds and Hsiang (1987) who comparcd N
conccnlralions in forcst f loor of 35 thinned sitcs
with Lhat in 85 unthinncd silcs and founci no sig-
nificant difference.

Total N conccntration of thc tifcst f']oor wrs
the orly nuffient constituent ilfluenced by fer
ti l ization. and the thinning X tefi i l ization inter-
action *'as signil icant. Signil icantly higher N con-
centration in the NT-F treahnent (0.927.) than in
the other 3 treahnents (0.71 to 0.77%) wlls re-
sponsiblc tbr thc significant thinning X fcrti l izt-
tion inlemction (Table 2). Several interacting lac-
lo r5  cou ld  ac \ 'nunt  lb r  h i lher  N concent r r t in r  in
the fbrest t loor of the NT-F treatment. FoliarN
and littcr N conccntrations havc both bccn slrowrl
to increase after ferdlization (Tumer 1977. Binkle)'
and Rcid 1985). Post-fcrti l ization nccdlc-fall

Fores l  So l l

Con\ l i tuen t  f l (D f  (110 rn l

Soi l  Soi l
10 20 c ln 20 l0 cm

'Iota l  
C

Totrl N

Ibtrl P
'1btal  

S

Toral K

l l . 1

0 .71

0 0 8

{).07

0.t0

1.9.1,1

0.09,

0 . 1  1 .

0.008.

0.27.

1 .03b

0.06

0.09r

0.008,

0.28.

0.79f

0 .05 '

0.0d

0.008.

0.21.

TABLE L Comprtrison ol loresr lloor Itnd loil nurrlcnt colcc.rriltion! (pcrccnlh) $cjghl) among lhin]lcd and lcrlili4d lrcat
rncnr!andlhcco l ro l .  Soi l  nutr ienMlues are ihe alemge of  0-10.  l0- l0.rnd20-30cnldepths.

Const i tucnt
Nol  rh inncd.  Thinncd.

i i r t i l i /cd (NT Fl  nor fcni l jzcd (  1 NF)
T| inncd.

fcrljlizcd (T Fj

T()rrl Cl
Totll \
Tdal P
Totrl S
Torrl K

-t | .:l
0 . 71 .1
0.08
0.07
0.20

3.1.1
0.91f
0.08
0.08
0 1 5

1 2 . l
0.76.
0.07
0.01
0 . 1 6

: l : l . I

0 .11 .
0.07
0.06
0 . t l

To ta lC
Tot.rl N
Toral P
-lbrrl 

S
Tdttl K

L26
0.07
0.0c1
0.008
0 ) 7

1 .56
l).01
0.08
0.008
0.)1

L.10
0.08
0.08
0.00E
0.3:l

| . 11
0.0it
0.08
0.008
0.30

r No compafison .rmong merns ras nLrde where lhe anhsis oi uriancc indicalcd thal th. mrin cIlcct ior dinning .lnd iifililr
t ion t reatnents $.rs not  s i :n i l icant .
I Values $iLh rh. \rmc lo$crcirsc lcrrcr arc nol signiilcantl\ diifer.'nr a! P < 0.05.

F . r u . t  l l , r ' r  r n , l  S , ' r l  N u t r i c n t .  q l



u'ould. thus. be expcctecl to elevitte litter (L or
O ) and. consequentl)', foresl lloor N concentru-
tions. If this was a major t 'actor responsible for
grealer N in the tin-est floor of NT F trcatment.
$ e u'ould have expecled highcr N concentratrons
\\"ith thc T-F h eatment as well. Howe\'er. N con-
ceotrations wilh dris treutment were the same as
the control and the T NF lrcaLments. A mole plau
sible cxplanation mal be that the forest lloor acts
as a sink fbr applied nuLricnts as suggested by
Fenn et irl. ( 199 | ) where C,N ratios are largc (C/
N =.1,1 in the lbrest f loor of our study). Up to
-50% of appJicd N may be retained by the fi)rcst
tloor (Axellson 1985. Nason ald M1'rold 19921.
Disturbrnce during thinning thc T-Ftreatment may
havc rcducecl the eflectiveness of thc forcst t'loor
to retain fertilizer N and mav explain the differ
encc in total N concentration between this trert-
ment and the NT !' treatmcnt. Unfortunately.
because \,! c did not rneasure lbrest floordcpfi or
r l J . . .  \ \ (  c : lnno l  ion f i r 'n r  th i .  \ le \u l i l l i on .

So N utr ient Responses

Tl]ere $'crc no si-qnitlcitnt diffelences among
thinned and leli l ized ffeatmcnts and the conffol
(average ol3 soil dcpths) fbr soil total C, N. P. S.
or K tive years after fenii ization (Table 2). Soil
depths wcle 'eraged because the soil clcpth X
len i l i z . r t  run / t l t i r rn ine  I re . r ln ren(  in t ( r : l (  l i on  \ \  c \  n , \ l
signil icant tbr any nutrient.

Anallsis of varialce for biolssay ol nutrient
ar,ailability sho*cd that dillerences among bio-
assay nutrient treatnents and the interaction of
bioassal' nutrient treatmcnt\ X i'ertilization/thin
ning treatments $,e[e highly signiticant (P<0.001
and P<0.007. respecti\,el,y).

For tl l inning rnd tertj l ization treatmerlts avcr-
aged. barley yields from thc clreck treatment were
significantly (P<0.0i) less than the full nutricnt
treutment. indicating a deficicncy of one or mole
nutrienls (Table 3). Yields lbr N,. S,.. and K| bio-
assa.v nutrient trcrtments were all signilicantly
le . .  r  P<0.0  |  )  lh : l l )  \  ie ld .  o l -  th .  I  u l l  nu t r ie r r r  r le . r r
menl indicating a possible deficiency of cach of
these nutients (Tablc 3). There u'ere no signifi
cant dif l lrcnces betu'een the full nuldelt ncat-
ment lnd P.. indicating that P supply was suffi
crent. The scvcrit l of deficiency of N, S. and K
crn be evaluated usin-s thc 'relative yield" con
ccpt olJenny et al. (l950). Percent rclative yield
(RY) was dctermined bl dir, iding the yicld for

l l  B l -U 3.  Bar le)  ) ie lds(gfaln\)andrcla l i lc) ic lds(pefcenr)
ibr 6 bior\sa! treutnlent\ aleraged am|)lrg thin
ning rnd ferdli/cr trcahents.

\ S Full

0.77,1' 0.836 . 1 . 1 l 7 J  Il . 6 0 r F l. lr+l l . l00r

l 9 l

Rrl i l i \ r  neld (RJl

96 37

rValues $i th the same lo$crcrsc lc t ter  are nor \ igni f icanl l , " -
d i i l c r e n l a t P < 0 . 0 1 .
I Rclru\c Yield lRY) =Yield for llre X, TrcaLnent

y ieta ror  t t re t -ut t  t rcat , r rc 'nr  
X 10( l

individual treatments (i.e.,N0) by the vield trom
the full nutrienl trcatment and multiplving bl 101).
Relativc yield fi)r N (19%.) nas considerably be,
low the level (30?') Lhat Jcnnv et al. (1950) incli-
catc wil l yield a measumble responsc in the tield
to addition of N feftilizer (Table 3). Thc relative
yield 1br S was also low (37%) but probably not
at a lcvel that alleld rcsponse to fcnilization rvould
occur (Jennv et al. 1950). Even though K. yiclds
\ \e rc : iBn i l i . ' . rn l l \  les .1 l1xn  11ra  lu l l  nu l r i cn t  l re r t
ment. relative yield of 85% suggests that avail-
abil ity of this nutrient was not l imited.

T h t r e  u e r e  n o . i e n i f i c r n l  d i l i e r e n . c .  i n . r .
tual balley '-iclds arnonir field treatmcnts fin Nf
P,,, or K,, (Table :t). Thus. it appears that high
levels of urca-N terti l ization did not havc dny ef-
fect on 'ailabilities ofthosc nutrients after 5 years.
The decline of available N in soil fron lcrti l izecl
trcatments to the sane levcl as the coDtrol in 5
)iears supports results of Johnson ct rl. (1980).
They found that within 16l days after urca fer-
ti l ization at 200 kg har, soil nrineral N levels
(mostl) ammonium-N) declined frorr 200 ppm
k) <10 ppm. Binkley (1986) also indicates thal
tnost soil N ltrt i l ization eflects are shorrl ivecl.
However. ouL results presenl a contrast to those
ofBinklcy and Reid i l985) wherc N availabil itv
\\,'as t\\"ice as great in t'ertilized plots than unt'er-
t i l i zeL l  lE  rc r r .  l l t c r  rpp l i ( . r l i , ' n  , r r ' r ln  )on iu rn
nitrate.

Availability of S was influenced b)r N l'crtili-
zation. Diflerences in S,, yielcls among thinning
rnd tefiilizatioD trealmcnts llere respoltsiblc ft)r
thc bioassi,iv treatment X field trcatment interac-
tion. Yield firr S,, from the NT F ficld treatment
rvas significantly lcss rhan yield lbr conlrol and
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lr\BL-E +. Barle) llelds {gra sl lor 6 bioassa} rcruncnts atld ,1 thinnirg md i;ftilizer rield e\Frirnent rfertJnents.

tsioassr\"lieatnrent

ficld Exp€rilnent

Conrfo l
N T I
T N I
1 l -

Chccl

0.597.
0.708.
0  9 l l ,
0.876.

N.

0 .718 "
0 . t 11 .
0.918
0.91i5'

.1. l{) .1

1.039.
.t.07.1.

I 8-ll-
l . l I .
1 . 9 0 0 .
1. .130tr

K

1.756,
3.,19,1'
l . ,1, l l '
3 sl-t"

Ful l

1.058-
.1.265
.1.202

Si.Lri\iic.Llcompxfisons are rbr difierences rmong iicld crpcrimcnr lrcrurcnls lor nldnidu.rl bio.rssa) trearlnents. Valuesrithin
r colLrlnn $ ith dre s.Lme lo$ercrse lettef rre noi si!nificxntlv diftlrent at P < 0.05.

T NF treatnents (Table,1). Barlcyyicld l iom rhc
Sl) bjoassay treatment ibr the lield T F treatment
u as significantly less than yield fbr the T-NF treat-
lnent, but not significantly different fron control
or NT-F trcatmcnts. Ticdenrann and Furniss (19135)
observed a similar reduction in soil S availabil ity
under dcloliatccl curllcaf ccrcocarpus (Cerroccitrrl.r
Icrl/b/iris Nutt.) tlees compared to undefoliated
or-lightl)' detitiated tr.ees. In that stud)'. they specu
latcd that incrcascd N and P in the l itter layer
resulting from deposition ofinsect frass incleased
dcmand lbr soil S by rnicrubial populations. thereby
reducing soil S availabil ity.

Conclusions

Highcr conccntrations oftotal N in the lbrest t loor
of the NT F treatnent conpared 10 the control
lelds us to conclude that there u as a longer--term
efiect of lertilization on the lbrest floor. These
dit'ftrcnccs suggcst that the ti)rest tloor served as
a sink lbr applied N. Results of Heilnan et al.
( 1 91121, Axellson ( I 985) and Nason and Myrold
( 1992) support Lhis conclusion.

Thcrc rvcrc no dctcctablc clitl'crences in soil
total N or available N between thinned and ttrtil
izcd trcalmcnts and thc control trcatment. Dur-
ing the tlrst lear after ferti l ization at this same
study site. Waring ct al. (1992) ncasurcd sub-
siantiall) ele\,ated levels of extracteable ammo-
nium-N ud nitrate-N in the upper l5 cm of soil.
Plols o1 thc NT-F and T-F trcatments hrd 6!.) and
l8.1 ng I I of extracteable N conpared to 1.1 mg
I ' lirr thc control tr catmcnt. Errlv growth responses
of grrnd 1lr to tertilizaiion were attributed to di
recl effecls of increased soil N availabil ity on
numbers ofprimordia of ovet.rl,iDtering buds and
production of new needles (Warine et al. 1992).
BLrt. sincc N availabil itv in fcrti l izcd trcatments

was the same as in the conffol treatment after -5
)'ears, how do wc account lbr increased radial
growth ofgrand fir thlough the 5th r,car afier fer-
ti l ization mcasured by Wickman et al. ( 1992) on
this same study area? E\en loDger tenn tlcc gro$th
responses (up 1o 15 ycars) have been observed jn

other studies (Miller and Tarant l983, Barclay
and Brix 1985. Binkley 19E6. Shoulders and Tiarks
1990). According to Brix (i983.). longer-ter-nr
growth response to lefiilization is a result of inr-
proved grorvth cfficiency (increased stem growth
per unit leafarea) and increased leal area. Turncr
( 1977) observed incrcascd fir l ia-qe mass atter fer-
ti l ization of Douglas-lir in rvesten Washington.
On our srucly site, Wickman et al. (1992) nea
sured increased foliage mass of ncw growth on
trees trom fenilizedplots during the second through
lilih ycars aftcr fenilization. This likely accounts
tbr the pr-otracted radial gro$th response.

Although soil P and K availabil it ies were not
aftected by N fertilization. results clcarll indi-
cate r depression in soil S availabil ity for the NT-
F lrealnlcnt whcn compared to control ald T NF
ffeatments and for the T-F lreatmcnt compared to
the T-NF treatment. The high level of N applied
in the urea feftilization treatmcnt apparently led
to a deticiency ofavailable S. Low inherent avarl
abilit,v of soil S (RY = 37%) was probably a fac-
(n that contributed to the signiircant decline in
bioassay yiclds that we obserled. Results indicate
that both N and S should be used in futurc f'ertiliza-
tion efli)rts fbr sites where soil S concentrations
are similar to those wc obscrvcd rc.008%).
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