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Abstract
\\'e compared soi] cafbon (C) and soil chenrical characrcris(ics ber$een late-nrccessional \ubalpine ibrcsts and adircent regeneF
atirg clearcuis (20-'10 yr posr harvest) rharrcccivcd dilcrenr logging residue treannent\ (burned vs. unbumcd) al1bur srtes in rhe
Noflh Cascade Range of \\ashingron. Carbon sloragc in the O horizon and mineral soil. C conccntralion. and soi] chenicrl
propcrlies in the mireral soil and spodic horizons werc comparcd bet\leen fbrests and cleafcuts. and be!$ccn buncd and un,
bumcdclcarcuts. Nletrn c.rrbon storage \\'as 131.3 Mg hr in clearcurs and 95.,1 \{s ha r iD lbrests. Vean C concenrration wa\ 55.3
g kg r in unburncd clcarculs and,l5.1 g kg in burned cle cuts. Seleral soil chcmical Drcpeflies \iere correlated lvirh C concc.
oations. although causalion ofpallcms $as dillicull to infer. Calciunl (Ca) concentration was signiicarll] highef in mineral soils
of cleafcuis than in uncut forcsls. \ilh unbumed cle.rcuts ha\'ing the highest Ca conccnraliol1. This is a potentiall) imporrant
change in chemical cvcling. bccausc subrlpine soils have lou cation content. Clcarcul logging ma! aftect po\t-harlest soil C
\torage and othcr soil propcrties on tt temporary basis. but $ith the exceprion ofCa. no long tern ellects \\ere eparent it lhcsc
sites. Post harlest bLrming appeared lC) hate a lninim:rl effect 20-.10 yr follo$ing logging.

lntroduction

Soils underlying subalpine fbrests are impofiant
reservoirs ofcarbon (C) in the Pacific Northwest
region of North Arnerica (Grier et al. l98l, Johnson
et al. 1982, Prichard et al. 2000). Low tempera-
tures slow the microbial breakdown of organic
matter rcsulting in long residcnce times and rela-
tively largc quantit ies of belowground C. espe
cially in Spodosols (Edmonds 1980, Powers and
Van Cleve 1991, Kirschbaum 1995). Addition-
ally, a consistent supply of soil water. from rain-
fall and snownrelt, may leach C into deeper hori-
zons where it persists in morc stable fbrms and is
less subject to mineralization (Kuramoto and Bliss
1970. Vogt et al. 1989. Stone et al. 1993, Richter
et al. 1995, Christenscn et al. 1999).

Forest han'est can alter site conditions that
influence decomposition rates and C stabilization
mechanisms so that soils are converted fiom sinks
to souroes of atmospheric C (Powers 1980, Johnson
et al. 1995, Rustad and Fernandez 1998,
MacDonald et al. 1999). Even iftotal soil C quan-
tities are not affected by tree harvcst. redistribu-
tion of C within the soil protile is likely because
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of leaching and mechanical disturbance by log-
ging equipnent (Johnson et al. 1991. Ryan et al.
1992). Because soil organic matter provides mosl
of the carion exchange capacity (CEC) of
Spodosols (Federer and Hombeck 1985). cssen-
tial nutrients may be transponed along with C
deepcr into the soil profile. Nutdents &cn may
be init ially less available for regrowing plants
(Snyder and Harler 19u4, Johnson et al. 1995.
Johnson et al. 1997), thereby affecting forcst pro-
ductivity.

Little infomraLion exists on the effects of tim-
ber harvest on soil C in subalpine forest systems.
The el'fects ofharvest activities on temperate and
tropical fbrest soils are extremely varied (Johnson
1992. Johnson and Cufiis 200l). Most effects on
soil C storage and distribution appear to bc asso-
ciated with one or morc variables related to spe-
cif ic characteristics of (l) site (e.g., dominant
vegetation, soils. climate) (Borchers and Perry
1992. Knoepp and Swank 1997), (2) harvest prac-
tices (Kraemer and Hermann 1979, Edwards and
Ross-Todd 1 983. Burger and Pdtchett 1984. Miller
and Sirois 1986, Mattson and Swank 1989,Johnson
and Todd 1998, Piatek andAllen 1999, Bock and
Van Rees 2002). ald (3) study design (e.g., t ime
since harvest, sampling depth) (Covington 1913l,
Black and Hardcn 1995. Johnson et al. 1995.
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Knoepp and Swank 1997). Cenerally. there is a
posl-harvest pulsc of C and nutrients to the soil.
This pulse may be immediate vhen residues are
bumed (Adams and Boyle l980), or occur more
slowly whcn on-sitc rcsiducs arc allorvcd to dc-
cornpose (Entry and Emmingham 1998). The lon
gevity of the period of higher C depends on envi-
Ionmental conditions thatcontrol decomposition,
hou,ever, soil C content generally decreases over
time after timber harvest (Alban and Perala 1992,
Johnson 1992. Knocpp rnd Swank 1997, Johnson
and Todd 1998).

Be.au .e  Je .omprx i t ion  ru tes  ure  e \cept iun-
ally slow in subalpine tbrest systems, the pres-
ence orabsence oflogging residues may affect soil
C :ind chemical characteristics over a longer tem-
poral scale thur in low-elevation forcsts. In this stud)',
we quantilied soil C and otherphysical and cheni
cal characteristics ofthe soil protile in late-succes-
sional subalpine forests and adjacent stands clearcut
20-40 yr ago in the North Cascade Range. Wash-
ingLon. Clcarcut sitcs with and without post-har-
vest buming treatunents werc includedin the analy
sis to evaluate the combined efl 'ects of logging
and slash burning on subalpine soils

Methods

Study Area

The study is in subalpine fbrests in a portion of
the Mt. Baker-Snoqualmie National Forest thal
is northwest of Mt. Baker, the northernmost of
the Cascade Range volcanoes (Figure 1). This
portion of the Nofih Cascades is stccp. rugged,
and composed ol scdimentary and metamorphic
tbrmations that have been glacially modified. The
resulting landscape is a mosaic of broad valleys,
cirques. ardtes. and morainal and outwash deposits
that is heavily dissected by many streams.

The North Cascades create an erographic bar-
rier to weather systems moving inland from the
Pacific Ocean, resulting in cool, wet winters (with
high snowfall at higher elevations) and mild sum-
mers characterized b1 r period of lou prc. ipitu-
tion on the western slopes. Meaur annual tempera
ture is 5" C within the study area: January and July
mern \  J re  -2  rnJ  l4  C.  Meun u  in te rprec ip i ta
tion (November February) at Wells Creek. thc
nea[est Snotel weather station (elcvation ]561 m)
is 278 cm, thc majority fall ing as snow and
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Figur. I. Location ol thc lbur slud] sircs in thc No h Clascadc Range.
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accumulating in deep, persistent snowpacks.
Mean summcr prccipitation (June September)
is  89  cm.

Spodosols, often skeletal, arc common in the
high-elevatioD forests ofthe study area. Soils have
developed in hillslope sediments and tephra over
sedimentary rock. Cun"ed ffee trunks and absence
ofA horizons are manif'estations of soil creep on
the steep slopes of the study area. Buried hori-
zons in forests and clearcuts are evidence of mass
wasting events. Soils are well-drained Typic
Haplocryods and Typic Humicryods (Soil Sur
vey Staff 1999).

Pacific silver tir (ADle.r a/r?aDill-r) and nroun-
tain hcmlock (Tsuga merte sion0) dominate
tbrest overstorics, while moss, woody debris.
rustyleaf (Mer:le.rlaf?rraglirea). Alaska huck-
lebetty (.Vtt t: c i n i uru a I a.s ka e rts e 1. and Pac i fic
silver f ir seedlings afe common in the urder-
stories. Subalpine fir (Ahies lasiocarpa) and
A I a . k J  5 c l l o u  c e d a r  ( C h , t n t a e c ) p a t  i r
nootkateusi.\) {e occasionally present in smaller
numbers .  Dominant  vggeta t ion  in  c lcarcu ts
includes mountain hemlock. Pacitlc silver f ir
and Alaska vellow cedar as regeneration, and
bi g huckf eberry (.Vac c iniun rne mbranttc e um),
Alaska huckleberry. alpine ladyt'ern (Allr-r,r/rm

lil i.r-J e nirn). stink currant (RiDer b rut t e o sutn),
and salmonberry ( RLtbLts s pe. tab il i s).

TABLE 1. Sumlnar,"- ol sile characrcrisrics.

Sampl ing  Des ig  n

Soils were studied at four sites where undisturbed.
latc-successional forest stands abut clearcuts. A11
sites were selected to maintain similar topogra-
phy. slope, and tree age class (Table l). Post har
vest logging residues were previously yarded. piled.
and bumed at Sitcs I and 2, and only yarded and
piled at Sites 3 and 4.

Within each tbrest and clearcut, three soil pits
were excavated to allow sampling and descrip-
tion ofthc cntire soil profi le. Soil pits were at 50-
m interyals at the same elevation across the slope.
Soil pits in clearcuts were at least 50 m tiom thc
edge ofthe adjacent forest canopy. Soil pits were
excavated to bedrock or to where rock tiagments
prohibited further digging. Within each soil pro-
tile, one sample was taken liom each mineral
hor izon ,  und lhe  Oi ,  Oe,  anJ  Ou h , ' r i z , rns  uere
composited as one sample, although depths were
measured for each O sub-horizon. Additionally,
l0 samples of the O horizon were collected at
1 0-m inten'als along the sampling tansect to obtain
a Iarger spatial sample than the l imited sampling
at the soil pits allowed. Litter <2 cm in diameter
was collccted within a quadmt at each sanple point.

Soi Analys s

Soil chemical analysis included 7cC, c/r nitrogen
(N). pH, exchangeable cations, CEC. available

Sitc I Si te 2 Srte 3 Si te, l

Elevati0n 0n)

L,rrdibm
Slope (%)

Understory

Clearcut !cgclation
Rcgeneradon

Undcrnory

Forest a:e (yr)

Clcarcut ycar

Rcsidue lreatment
Soil sLrbgroup

t120
S ESE
Val lev s ideral l
3',7

Paci f ic  \ iher f i f
Moss
Rusr l lcaf

Alaska yellolv cedar
Pacilic sil!.r lir
Big huckleben-t

148
t911
Yard. pile. and bunr
Tlpic Haplocryod

r 5 5 3
N
Glacia lmofaine

Pacific silver 1-rr
Strawbcrry lcaf
hucklebern
Alaska huckleben}

Mounlain hemlock
Pacific silver fir
Salmonber|y

2230
1964
Yard. pile. and bum
Typic Humicryod
Typic Haplocryod

r355
E-ESE
Valle] sidewall
,15

Pacilic silver lir

Pacific silver fil

Pacilic silvcr fir
Alaska )ello\\' cedar

Ladylem
>223
1960
Yard and pilc

T],pic Humlcryod
T) pic Haflocryod

12,10
N-),1\w
Valley sidewall

NIounlain hcmlock

NIoss

Mounlain hcmlock
Prcific siher fir
M|,ss
Lad,vtern
>201
1962
Yard and pilc

Tvpic Humicrlod
Typic Haplocryod
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phosphorus (P). and extractablc iron (F) and alu
minum (Al). Prior to analysis. all soil samples
wele air dried and weighed, and mineral soil was
sieved through a 2-mm screen.

Organic horizon sanples were ground in a Wiley
mili u,ith a 20 mesh scrccn. then subsequently
finely ground with a moftirr and pestle to ensure
homogenization tbrC and N analysis. Subsamples
u'ere analyzed for %C and 7oN with a CHN ana-
lyzer at the Forest Soils Laboratory. University
of Washington.

Soluble extractions tiom the soil subsamples
were rcquired tbr the detemination of both ex-
changeable cations and CEC. Extractions were
prepared by saturating 2.5 g of air-dried, < 2 mm
mineral soil subsamples with 60 ml of l.0 M
NH.,OAc. Samples were then placed in a mechani
cal extractor overnight to remove NH]OAc fion
saturated exohange sites. The resulting solutions
wcre collected and analyzed tbr exchangeable
cation concentmtion by atomic absorption (Car*
and Mg:-) or atomic emission (Na* and K*) flame
spectrophotometry at the Soil Characterization
Laboratory, University of Missouri. Steam dis-
tillation and titration wcrc then used to measure
the adsorbed NHr* anddetcrmineCEC (Soil Surrrey
Staff 1992). Base saturation (BS) was calculated
as the percent ofCEC occupied by exchangeable
cations.

Availabie P was extracted using the Bray I
absorbed P method (Olsen and Sommers 1982,
Soil Suney StalT 1992).

Samples from prospcctive Bs and Bhs hori-
zons were analyzed for c/rFe and %Al to verily
spodic criteria (Soil Survey Staff 1992). Two grams
ofair-dried, < 2-mm soil werc saturated with 200
ml of 0.2 M arrmoniunr oxalate. These solutions
were mixed on I mechanical shaker fbr 4 hr in
the dark. The solutions were then tiltered through
aWhatman #,12 filter. The resulting filtrates were
an lhzed lo t  Fe  and A l  , r rn , .en t r r l ions  u . ing  in -
duc t i rc l l  L , rup led  argon p l r rml  cmi . : iun  'pec-
troscopy.

Soil pH for each horizon was determined with
a pH meter. Dcionized water was mixed with <2-
lnm mineral soil samples (2:1) prior to determi
nation of pH.

Bulk density was dctermined by extracting an
intact soil aggregate ftom each mineral horizon
and measuring its velume displacement in water.
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Oven dry mass ofeach sample soil aggregate was
latcr measured in the laboratory. Bulk density of
each horizon was calculated after accounting for
the mass and volurne of the >2-mm fiaction.

So i l  C  mrs .  lg  Lg  )  lo r  o rean ic  hor izonr  u . r .
calculated by multiplying C concentration (g kg
r) by organic layer rnass (kg m r). Soil C mass for'
mineral soil was calculated as:
C (kg m:) =: Lorganic C concenffations of<2 mm nareri:rl

t8 xg ,l
x bulk deDsity of<2 innr malc al
x ho.iron depth (m)

x( l  rock \o lume f i l l100%)
x  1 0 ' c m r m r ) <  l 0 ' k g :  g  I

wherc the summation is across the horizons within
the soil profi le (after Homann et al. 1995). AII
soil C is organic because carbonates (source of
inorganic C) are not ibund in the parent materi
als ofthe study area. and soils are strongly acidic.

Statist cal Analys s

Data were analyzed using an unbalanced, crossed
two-factor mixed-effects ANOVA model with
replication to detect differences between forests
and bumed and unbumed clearcuts for thc firl-
lowing variables: C storage (O hodzon ilnd min
eral soil), soil chemical propeties [pH. CEC, 7oBS.
C, N ar';r i lable P, calcium (Ca), sodium (Na),
magnesium (Mg), potassiun (K) and CiNl, depths
in thc mineral soil and specifictrlly in spodic ho-
rizons, and mineral soil bulk density. Trcatment
is  l  f i xed  c f l ' ec t ,  r rnd  r i te  and in tc rae t i , rn  a re  ran
dorr effects. Correlation analyses were perfomcd
between C and all other soil chemical character
istics (N, pH. 7.8.S.. CEC. N. available P and
exchangeable cations) in forests, burned clearcuts.
and unbumed clearcuts. Because horizons varied
among soil profiles. comparisons were made be-
tween means weighted fbr differences in horizon
mass. Treatmcnt effgct differences were consid
ercd significant at P < 0.05.

Results

So Prof ile Characterist cs

The cool, moist climate. dominance of conifer-
ous vegetation, and glacial history were the pri-
mary influences on pedogenesis in the study area.
Relatively shallow soils that have developed since
glaciers car.,'ed and scoured the study area are on
steep slopes prone to movement of hil lslope



sediments. Soils at Sites l,2, and'l were prima
rily sandy loams, while soils at Site 3 were prt-
marily coarse sandy loams (Table 2). An A hon-

zon was absent in all but one clearcut soll pro-
file. Spodosols with strongly exprcssed E hod-
zons (detemined by color) overone or nore spodic

TABLE 2. Reprcscntarive descriptions of lbrcst and clerrcu! soil proliles at each sile. Tcxtures zre r\ lollo$s: C {rLtmb: CSL-

coarsc sandy loam: Cs|--gravelly sandy loani LS bam] sand;SBK subangular blockv: Sl-s'rndy loanr'

Depth Color

l{orizon (cm) 0nolsil

Rock Vohme

Texture Structufe ("/a Roots

Site I Foresr Profile a Typic Haplocry'od

o
E
B s l
Bs2
C B

E
Bs l
Bs2
CB

l-u
0 l l
1 l  2 9
29 46
,16-63

S L
SL
SL
SL

sl-
CSL
SL
SL

s B K
SBK
SBK
SBK

SBK
SI] K
SBK
SBK

C 63+

Srte 1 Clearcui, Prdilc h-Typic Haplocryod

Connnon nediu and fine

Common medium and fire

Common nediunr and fine

Fe$, fine and coarse

Common fine

Connron fine: icrv nredium

Comnlon lery flne; fe\l line

10YR,l/2.5
7.5YR 3/'1
7.5YR 3/,1

7.5YR 2.5/2

1OYR 5/l
l .5YR,l/6
7.5YR.l/6
roYR 3/6

7.5YR 3/2
5YR 3/l

7.5 YR 1.5/5
7.5YR 3/4
5YR l/3

7.5YR.t/.1
7.5YR 3/2.5
7.5YR 3.5/5

l0YR 3/l
l 0Y R 2/2

10YR 4/2
loYR3/8

7.5 YR,t.5/6
1OYR 3.5/6

IOYR 2/2
7.5YR 3/.1
5YR 3/,t

5YR 3.5/5
7.5YR 3/,1

t0
1 0
25
,10

0,7
1 t 9
19 39
19 62

2,0
0 l l
1t -L',7
t1-3',7
31  5 t
5210
llJ+

0 8
8-23
23-.15
,15 70

SL
SL
SL
SL
SL

SL
CSL
st-

CSL

stsK
SBK
SBK
stsK
c

]t)
2t)
l 0
50

C 6l+

Site 2 Forcs!. Profile c Typic Haplocryod
o  1 3  0
E h  0 5
Bhsl 5-9
Bs l  9  21
Bsl 21 3:
BC  32  5 l
CB 52+

Site 2 Clearcul. Profile c Typic Haplocryod

t ( l
I u
20
30
80

Fcw very frne and fine

Few linc and mediun

Fc$ fine rnd medium

Common f ine and medium

o
1Bs
2E
2Bs
28C
2CB
2C

stsK
SBK
SBK
SBK
SBK

SBK
SBK
SBK
c

Site I Foresl. Profile a Typic Humicryod

o  2 0

Conrmon very fine and fire

Common fine; few medium

Common fine; felr medium and coarse

Few very fine and ilne

Fc\ very fire

Fc\l'fine ard coarte

Few linct common nediunr

Few tine and mediurn

SL
SL
SL

GSL
GSL

S L
SL

CSL
cst-
C]SL

IU
5
10
20
lt l

Eh
Bhs l
Bs2
BC

l0
50
80
6U

CB 10+

Sirc 3 Clearcur Profile a-Typic Haplocryod
o 3-0
E O-1
lBs 

'7 16
2Bsl .{6-63
2Bs2 63-11
2BC 11 91
2CB 9,1+

Common ver], fine and fine

Common ver] finc and finel le\| inedium

Few fine
Few linc

SBK
C
C

SBK
SBK

l

.r0
20
,10
90

Continued on ncxt page
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TABLE 2. (Continued)

Depth Colo' Rock Volumc
Tcxlurc Structufe (+) Root!

Site ,l Forcrl. Proiile c T)pic Humicryod
o
Eh
Bhs l
B!2
B\l
Bs'1

I U s l

lBs l
2E
zBs
2BC
2C

E 0
0  r l
l3-20
20-36
36 6,1

1OYR 2/l
5YR 3/'1
10YR l / 3
1OYR ,l/5
l0YR , l /6

SBK
SI] K
SBK
SBK
stsK

C

S B K
S B K
S B K
S B K

Sire l  CleJr(uL Pfnf i le c Tlp ic UumicL), , (L
1 0
0 1 0

I 0  t 9
t9-22
22 39
39-61
61+

Common finc. mediun and co se
Common fine and mediun
Fe\' hne and mediunr
Fer hnc and nedium
Few fine and medium

Comnon !erv flnel many fine; ter
mediunr
Many fine: fcll medium
Conmon fine
Common line: it$ nedium
Ferv fine and medium

lOYR .t/6

luYR 3/6
l0YR l/3

7.5YR 3.5/5
roYR t/6

LS
SL
LS
LS
LS

SL

SL
LS

GSL
GSL

1 0
t{J

ItJ
20

20

l0

30
50

C {rumb; Csl-coarse sandy loami CSL gra!ellys.rnd} loam;LS loamv sand: SBK \ubangular blocky I SL sand} bam

horizons (determined by color andAl and Fe con-
tent) were a dominant feature. Thick spodic ho
dzons (up to 30 cm) fiequently developed im-
mcdiately above parent materials.

Thc O horizon was generally thicker in for-
ests than in clearcuts (Table 3), although this dif-
f'erence $as not statistically significant due to high
vadance among soil protiles. Mean propofiion of
the  s , r i l  p ro l t le  compr i . ing  spod ic  hor iz , rn .  ua .
highest for forested sites, fbliowed by clearcuts
and burncd clearcuts (Table 3), although these
dillerences were not statistically signiticant. Rock
contcnt generally increased from l07c in upper
horizons to 50-80% in deeper horizons. Excep-
tions occuned where movement ofhil lslope sedi-
ments had mixed the soil prolile components. There
u'crc more buried horizons in clearcuts than fbr-
ests, which suggests that forest hrvest may have

encouraged movement of hil lslope sediments,
although there were no data to confimr this.

So Carbon

Mean C storagc in the O horizon was higher for
forests than for clearclrts (Table 4), and mean C
storage in the mineral soil was less fbr forests
than lbr cleercuts. Neither difference was statis-
tically significant due to high variance among soil
profiles. Carbon storage and concentration in
spodic horizons appeared mostly unaffected by
bee harvest and buming. Although bumed clearcuts
had less C than unburned clearcuts. the differ-
enca was not significant.

As expectcd, C concentrations in the mineral
soil generally wcre high (Table ,1). Carbon con-
centations werc typically Iowest in BC. CB, and

TABLE 3. \,lean (1 SE) hulk densi!],. and hoizon and soil pfofile deplhs tbr forens and clearcuis.

Hodzon depth
E Bs/Bhs

Bulk density
(g crn l

(proportion
oftotal)

Total depth
(cm)

O (proporlion
(cm) of lo la l )

Bumcd clcarcut

Unburned clearcut

0 .5210 .07

u.,15 10.02

0 . . 1610 .01

0.,11t 0.01

10.2 t,1.6

5.5 r 0.8

5 . 6 1 5 . 9

5 . 3 1  1 . 2

0 . l 5  r  0 .01

0 .1010 .02

0 .0910 .01

0 . 1 1 i 0 . 0 0

0 . 6 7 1 0 . 1 0

0 .53  10 .13

0..1310.09

0 .6210 .01

63 .81  16 .8

7 5 . 5 1  r 1 . l

67.0 t 8.0

81 .01  3 .8
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TABLE.I. N,lean (1 SE) al storape and conccnration lirr lbrests and cleafcuts.

Mineral soil

Si lc
O hori/on
( N { g  h a L )

{ l l  hnr izon.
(NIs haL) (g r.g ')

Bs,tshs horiTonr
l g  K g ' )

Al lc lcarculs

Bumed cle rcut

Lrnburned clearcul

, t8.8::  16.1

30 .01  11 .2

29 .5136 .5

30 .61 .1 .5

95 . , 1 t  51 .7
l31 .3  t , l 6 . t )

I1.1.2 r 29.8

1,18.1 165.5

5 1 . 0 1 1 9 . 3

50 .217 .0
,15 .1  t  11 .0

55 .3  12 .6

19 .51  r5 .0
,+5 .318 .7

39 .91  5 .2

50 .7  19 .0

C horizons when those horizons were prcscnt.
however. there was no consistent pattem in the
spatial distribution ofC in the ovcrlying horizons.

So i l  Chem ca Charac ter  s t i cs

Post-harvcst changes in so;l chemical character-
istics rppeared to be at least partially controlled
by logging residue trcatmcnt and were often cor-
related u,ith C concentrations (Tables 5, 6). Cal-
cium conccntration was significantly higher in
mineral soils of clearcuts than in uncut forests.
with unburned clearcuts having the highest Ca
concentration (Table 5). Howevcr, most other
cations and soil chemical properties were similar

between clearcuts and tbrests and between bumed
rnd unbumed ,.leurr ul.. Nitrogen concentralion'
in thc mineral soil were mostly unaffccted by
cutting and buming treatments.

Seyeral soil chemical propefiies were colTe-
lated with C concentrations in this study (Table
6). although conelations were notconsistent among
forest vs. clearcut and burned vs. unburned
clearcuts. One of the sffongest correlations we
d i \co \ered  be tueen C and N Ion .en l ra t ions  u ls
significant for burncd clearcuts only. There was
also a significant corre]ation between C and CEC
and between C and BS, butonly tbr the twoclearcut
treatments.

TABLE 5. Nlean (1SE) chcrnicalDroDcrdes oflnineml soil fbr forests and clearcuts.

pH CEC B S. N Avxil P Cr Vg Na K
Srte (H.O) (cmolkg )  (7.)  (skc,)  (mgkg )  (mgkgL) (mgkg )  (mgkg )  ( lngkgLl

All cicarcuts

Bumed clearcul

Unbumcd clcarcut

Unbumed cle.Lrcut

t 5 .1110 .7  2 .010 .7

3 1 . 6 1 6 . 2  5 . 1 1 3 . 0

t0 .6+5 .9  2 .6 i 0 .7

32 . ' 118  9  7 .610 .1

1 .110 .1  l 9 . l  i  7 .3  1 .910 .8

1 .910 .2  33 .211 .1  5 .113 .1

1 .110 .6  33 .119 .1  3 .5  11 . :

1 .610 . :  l 3 . l 1 t . t  7 .3  r  2 .8

ALI horizons
r .710 .6  , 1 .  I  r  1 .0  61 i37  1 .110 .6
1 .510 .6  6 .01 ,1 .1  2711177  1 .111 .0

L I  10 .6  6 .6164  118157  0 .5 r0 .3
I  910 .3  5 .5 r2 .7  , 115 r91  1 .911 .1

Bs,tshs horizons

L710 .6  1 .91  2 .7  . 15  121  0 .910 .7
1 . . 110 .5  2 .610 .7  r8 l  t  i 02  1 .811 .8
0 .910 .  |  : . 310 .9  t 08191  2 .113 .0

L E  1 0 . 0  1 . 0 t 0 . 1  2 5 7 1 2 5  1 . 6 1 1 . 1

19.112.0 :9.5 I : .7 30 1 I .1.9

17 .712 .1  28 . . 117 .9  37 .51  13 .1

16 .21  1 .8  2 .1 .716 .5  16 .1 r  16 .0

19.510..1 32.2 r9.1 :9.015.5

18 .512 .1  : 9 .616 .8  30 .6 i  7 .9
19 .113 .2  28 .1 r  7 .1  16 . l  I  12 .7
18.2!4.1 29.1): t2.t  41.9 ! 12.2
l0.r i  t : .1 27.1 I 3.7 27.716.1

TABLE 6. Signilicant coffelatim coeffic ients (r])berween C conccnralioD and soil chemical propenies in forests. bumed clerrcuts,
and unbumed clearcuts. No coffelations were signiiicant for DH. Na. and K.

CEC
(cmol kgr)

N
( g  k g  ' )

Available P
(mg l ig ' l

Ca
(mg kg l

B . S ,
("n)

Bumed clcarcul 0.80

0.21

0. l l

0.25

0.80

0.20

0.27

0.t I

0.1'1
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Discussion

We identified a possible trend toward decreased
O-horizon depth aftcr timber harvest (Table 3).
Previous studies have att buted decreases in O
horizon accunulations al'tcr harvest (without bum-
ing) to: (l) redistribution ofresidues into the min-
eral soil at the time of clearcutting, (2) ensuing
decomposition (Johnson et al. 1991, Ryan et al.
1992, Black and Harden 1995.Parkeretal.200l)
and (3) the post-harvest dominance ofherbaceous
and deciduous litter that deconposes more cas-
ily than coniterous Iitter (Edmonds 1980).

The amountofthe soil prolile comprising spodic
horizons was not significantly diflcrcnt in clearcuts
than in uncut forests (Table 3). In a study of
Spodosols in deciduous hardwood clearcuts in New
Htrmpshire. thicker Bsl horizons observed 3 yr
atier timber haryest were due to increased solu-
bility and mobility ofsoil organic matter (Johnson
et al. l99l). However, it is also possible that in
coniferous fbrests spodic charactedstics break
do$'n after tlee harvest due to the loss of organic
acids from overstory trces (R. David Hammer,
University of Missouri, personal communication).

Although firrests nray be more productive and
have slower decomposition rates than young re-
generation in clearcuts (Covington 1981). logging
residues in cool coniferous ecosystems persist fbr
long periods of time (HiLnnon et al. 1990, Johnson
and Curtis 2001) and probably contribute to the
similar quantit ies of O-horizon C in forests and
clearcuts in this study. A large portion of the soil
C in late-successional forests is stored as l ignin
(Entry and Ernmingham 1998), which reduces
organic matter decomposition end C tumover rutes
and facilitates high C concentrations. Much of
the primary source rlf soil C (surhcial organic
matter and logging residues) was oxidized when
burning was conductcd tbllowing clearcut log-
ging. Consequently, easily decornposed herbaceous
litter (relative to the forest) has been the primary
source ofsoil C since han'est in bumed clearcuts.

Immediately after hanest, C storage in the O
hoizon may changc dcpending upon how the
severity of the disturbance at the time of harvest
a f fec t .  the  qua l i t l  and  qurn t i r )  o f  logg ing  rc . i -
dues  (Johnson 1992.  P ia tek  and A l len  1999.
Harmon and Marks 2002). Eventually a period is
rcachcd when organic matter degrades as wood
and leaflittedall are reduced by trce rcmoval. and
residues lett on site deconpose (Covington 1981,
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Parker et al. 2001). The degradation phase may
be augmcnted by higher decomposition rates
(Mana and Edmonds 1996, MacDonald et al. 1999)
and the prevalence ofherbaceous and shrub litter
that decomposes relatively quickly. The degra
dation phase gradually shifis to an aggradation
phase as vegetation recovers and the quantity and
size of wood litterfall increases (Covington 1981).

The clearcuts in this study appear to be in the
degr;rdation phase. O-horizon C storage was likcly
greater in clearcuts than in lbrests immediately
after harvest due to logging inputs (Johnson et
al. 1991, Simard et al.2001, Bock and Van Rees
2002). Although there may be some release of C
from decomposing logging residues, the similar-
ity in O-horizon C between fbrests and clearcuts
indicates that C inputs from decomposing log-
ging residues are probably decreasing. The trans-
location ofC from decomposing logging residues
and accelerated decomposition of litter from early
successional plants can increase soil C pools in
unbumed clearcuts (Covington 1981, Johnson et
al. 199I, Entry and Emmingham 1998, Bock and
Van Rees 2002).

The similar C concentrations between forests
and clearcuts in this study. however, indicate an-
other mechanism may be at work. For example,
total C storage can be affected simply by differ-
ences in soil volume among soil profiles. ln ad-
dition. movement ofhillslope sediments can fans-
pofi C deeper into the soil profile and result in
large reserves of long-telm C storage (Richter et
al. 1995, Christensen et l l . 1999), especially in
mountain landscapes.

811'ects of timber harvest on mineral-soil C pool s
tend to be relatively small in most forests, \a,ith
net gains or losses affected mostly by the type of
residue management (Johnson 1992). No differ-
ence was fbund in the top l0 cm of bumed and
unburned mineral soils 32-36 yr after broadcast
bum in the western Cascade Range in Oregon and
Washington (Kraemer and Hermann 1979). In a
s tud)  e \a lua l ing  the  e f fec ts  o f  pos t -hurvesr  res i
due removal, no detectable differences were found
in mineral soil C storage 5 mo atier tree harr"ests
in a southem mixed deciduous forest (Edwards
and Ross-Todd l983). No change in mineral soil
C pools were found in northern hardwood for-
e r l .  3  ) r  r f te r  harver t .  l l though there  ua5 e \ i
dence of redistribution of organic matter in the
solum (Johnson et al. 1991).



With the notable cxception of Ca, we tbund
minimal changes in other soil chemical proper-
tles that mi-ght have been aflected by cutting and
buming. At 20 ,10 yr afier harvest and burning,
any nutrients that were initiallv rcleased har,e likc1y
becn removed through leaching in this high-pre-
cipitation environment. A variety ofeffects on soil
chemistry have been observed at diflerent tem-
poral scales in other fbrests. Soil pH. N. CEC,
Ca. and Mg increased. and K decreased after
clearcutting a boreal mixcd-wood forest (Bock
and Van Rees 2002). Large post harycst (\i'ithout
burning) changes in exchangcable cations in for-
cst soils in the southeastem U.S. have been at-
tributed to plant uptakc and leaching (Johnson
and Todd 1990, Knoepp and Swank 1994, Rich-
ter et al. | 995). Studies of mineral soils in fbrests
within 2 yr after burning found incrcases in soil
nutrielts. which. except for N. were largely re-
taincd in the soil (Adams and Boyle 1980).

High post-haNest Ca concentrations in the
mineral component of subalpine soils may havc
bccn related to the stabil ity of Ca cations. Soil
organic matter typically selects for divalent over
monovalent cations, and Ca moves through the
soil with anions relcased as organic matter min
eralizes (Snyder and Harter 198:l). This is a po-
tentiallv impofiant change in chemical cycling.
because these subalpinc soils have very low cat-
ion content. lncreased residencc time of Ca lnay
be pafi icularly impoflant in Spodosols in which
Ca tends to accumulate in spodic horizons after
tree harvcst (Snyder and Harter 1984: Johnson et
al. 199I . t995, 1997). Calcium in the nrineral soil
may eventually retum to prc-harvest levels as it
i '  i rLcumula te t l  h )  recorer ing  fo rc . l  reFeta t ion
(Knocpp and Swank 199;1, Richter et al. 1995).
Positive correlations between C and CEC and
betwecn C and exchangeable cations found in this
study rre typical in Spodosols with low clay con
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