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Abstract
As a fesult of fire exclu\ion since the mid l9th century. Douglas fir has bccn in\ading |hc grasslands of lhe southern Puget
Lo$ land, $rashinglon. con\efting them to coloniTation forests. \vc nudicd a chronoscqucncc oflhese lbresrs, including some that
received periodic conmercial thrnnings. ai For! l-crvis Nlilitar! Rcscrvalion lo clucidate successional patterns and changes in
ecoststem properties associated wilh trec invasion. In unrrranagcd colonizalion lorens (ages 27 120 )-r). overstory colef and tree
densit,v renrained constant aftcr 27 yr. $hilc basal arca incrca\.d. Shrub cover ircreased with age .rnd. afier an initirl decrease
compffed to grasslands. ground cover also incrcascd. Shrub spccic\ richnc\s iicretbed over rilne. lvhile ground-la)ef fichness
r\as n ch le,is rhan in gfas\lands. and there was a rapid shift lioin grassland !o tircsl lloras. Dcad wood (smgs.rDd loss) accumu-
lated gradually. The onl] chanse in soil propefiies \|as lo\lefA-horizon nitrogen. In nranaged colonizaljon lbrcsls (age! 55 91 yr).
||ee density. o!ernory cover. .rnd total log ]ength decreased o!er tiDe. but shrub colef and A-horiToD cation exchangc capaciiv.
carbon. and niuogen incrcascd o\er lime. Although slruclurrl and llori\tic convefsion of grassland to lbfest requires < 30 yr. soil
changcs arc nuch lnoi: gr,ldu,ll. such thal the soils underlling colonization fbresl\ up to,l00 ! f old are stillclassified as gras\land
soils. Highcr (rce densi(ies in colonization lbrcsls compared to the pre-settlement lbrests ofFofi Lewis mean an incrcascd risk ol
cro$n lires durirg droughts. Even with active managenent, colonization forest\ lvill require man,v decades to pro\idc nor(h.m
spotted owl habiht because lhey lack shade'tolemnt conifers rnd lafge lne trees, \nrgs, and logs.

lntroduction

Grassland ecosl'stems in many regions of the world
were once maintained by natural or anthropogenic
fire in climates that could suppon forcsts or wood-
lands. However, during the 20th century, human
inlluence. hrre. au:eJ rlrr:t iL reLlut t i,rn. in gru.s-
land fire frequency. As a result of fire exclusioll,
trees and shrubs are invading manl' grasslands
(Archer 2003), producing multiple changes in
ecosystem pfoperties. Changes in vegetation in
clude donrinance by u'oody as opposed to herba-
ceous species (Archer l995.Arabas 2000, Millcr
and Tausch 2001, Briggs et al. 2002), decreased
herbaceous species diversity (Archcr 1995, Millcr
and Tausch 2001). and reduced grass. fbrb. and
sometimes shrub biomass (Bailey and Wroe 197,1,
Archcr 1995, Millcr and Tausch 2001, Briggs ct
al. 2002). Dead wood accumulates also, pafiicu
larly once woody plant mo.tality commences.
Changes in soils include greater O-horizon and
mineral soil depth (Barton and Wallenstein 1997),
lower soil pH (Barton and Wallenstein 1997), and

either higher or lower soil carbon, nitrogen, and
other nutrients (Archer 1995, Miller and Wigand
1994, Barron andWallenstein 1997. Cill and Burke
1999). These soil changes suggest the potential
fbr altered site productivity, though no study has
specifically examined this possibil i ty. Nor is it
t lerr hr,u l,.rn! i l  miShr l irke for soil propcrrics ro
change enough for glassland soils to be reclassi-
lled as woodland or tbrest soils.

Woody plant invasion ofgrasslands is usually
a patchy process (Crimm I 983, Archer et al. l988.
Knight et al. 199:[, Barton andWallenstein 1997),
so the resulting changes in vegetation and soil
properties can bc spatially complex (Miller and
Wigand 199,1. Archer I 995, Baton and Wallenstein
1997). In addition, alterations in the distribution
and amount ofl ivc and dead fuels associated with
invasion affect wildfire dsk (Miller and Tausch
2001, Peterson and Hammer 2001).

Trcc invasion of grasslands is ongoing in the
southem Puget Lowland and the San Juan lslands
of westcrn Washington. An estimrted 60,500 ha
ofgrasslands existed in the southem Puget Low
land pdor to settlement by European-Amcricans
(Crawlbrd and Hall J997). and substiurtial ponions
of the San Juan lslands were also grassland then
(Petenon lurd Hrurxner 2001). Fossilpollen records
indicate that these grasslands dcveloped during a
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period of \\ 'anner drier climate 7,000 to I0.000
yr ago (Hibbeft 1979. Whitlock 1992). As the cli-
[rate becan]e coolcr and wcttcr, thc grasslands
persisted because of pedodic fires set by Native
Americans to pelpetuate impo(ant food plants.
such as camas (Carzr ssiu quomus h) (Perdte 7997 ) .
Following settlement in the nid-19th century.
grassland fires largely ceased. and Douglas-fir
(Pseudotsuga men-:icrli.) began invading the gfass-
lands, a process that continues today (Kruckeberg
1991). The early stages ofinvrsion occur in apatchy
fashion. with founder trees serving as nuclei tbr
clumps of fccs that gradually cxpand and coa-
lcscc to form colonization tbrests (Giles 1970).
The result, as Peterson and Hamnrer (2001) ob-
served on Orcas Island, Washington, is mosaics
of uncvenagcd colonization forcst and rcmnant
plairie patches. Compared to adjacent areas that
have been forested for much of the Holocene.
colonization lbrests have few shade tolerant co
nifers. possess less rvell developed shmb layers,
and lack legacy (large live trees. snags. and logs
lefi overtiom previous tbrests occupying the same
s i tes)  (Ahrens  1998a,  1998b) .

Fort Lewis Military Resenation. a U.S. Atmy
installation located between Tacoma and Olym
pia, is a good site to study colonization forests,
1br several reasons. First. forest invasion of prai
ries is well documented there. Large areas of
present day conifer forcst at Fofi Lewis are mapped
by NRCS soil suf/eys as growing on grassland
soils (Anderson et al. 1955, Pringle 1990). In
addition. a comparison ofcurrent Fort Lewis veg-
ctation wilh vcgctation rccordcd by mid-l9th ccn-
tury land survcys indicatcs that 6,600 ha of tbrmer
prairic arc now occupicd by conifer fbrest (Pub-
lic Forestry Foundation 1996). A second reason
is that thc installation possesses most of the ex-
tant grasslands and colonization fbrests in the
southem hlget Lowland. Elsewhere in the region.
grasslands and colonization forests have been
heavily fragmented by agriculture and urban de
velopment. A third reason is that the majodty of
Fort Leuis' colonization forests are subject to a
consistent regime of silvicultural nanipulation.
prirnariJy l ight thinnings (15 20% of basal area
removed ) at roughly lO-yr inten'als, but some have
rccci\.cd no timber harvest. Thus, Fort Lewis of-
fers the opporunity to assess the influcncc ofactive
forest nanagenent on the timing and duration of
ecosystem changes during trcc invasion. For ex-
ample, does periodic logging diffcrcntially aftect
derd  u , 'o t l  rc (u rnu ld l i . )n  o r  : r , i l  p rup( r l ie .  in
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nranaged vs. unmanaged colonization forests? A
final reason is that Fort Lewis' forests are critical
hrbitat tbr the northern spotted owl (St/i.r
o(i(lentqlis ceurina) and must be managed in a
manner that will hasten the development of late-
successional stand structures (e.g., muitiple canopy
levels and large trees, snags, and logs) that ben-
efit the owl (Public Forestry Foundation 1996).
What contdbution. if any, can colonization firr-
ests make to owl habitafl

The purpose ofthis study $,as to descdbe suc
cessional patterns and associated changes in eco-
system propefiies that have occured as a result
of Douglas-fir invasion of Puget Lo*land grass-
lands following tire exclusion. Specifically. we
examined temporal changes in tree size and den-
sit)', vegetation layering. species diversity, dcad
q'ood and litter accumulation. and soil chemical
and physical properties. We comparcd these
changes between lbrcsts that had received com-
mercial timber haryest and forests that had not
been harvested. and we considered the consc-
quences ofthese changes for forest management,
including timber harvcst, spotted owl habitat,
wildllre risk. and site productivity.

Methods

t ' - h r n n n c a n ,  r o n n o  A  n n r n a n  h

Historical records are sketchy, and the oldest aerial
photos of Fort Lewis were taken in 1942. There-
li,re. our primarl lool to as.<ss chanEre\ o\ er l irnc
dur ing  t ree  in r l ' i on  r , r r .  to  e \amrne reget l t ion
structure and soil characteristics in a chrono-
sequence of sites ranging from open grasslands
to 130-yr-old colonization forests. Such space-
for-time substitution assumes that the same eco-
logical processes are at work in the past as in the
presenl. Specifically, we assumed that during the
pasl 130 yr, (1) thl] structure and composition of
grassland vcgetation at the start of colonization
have remained the same, and (2) the direction and
mrgn i tude o lcco '5 . tem changc:  t lu r ing  t ree  in -
lasion havc rcmained the same, regardless of when
invasion began.

Available evidence suggests that neither ofthese
assumptions is correct. The staning point of tree
invasion has changed in recent ycars fiom grass-
lands dominated by the native perennial bunch
grass, Roener's fescue (&r-r/r.i.r roemerii), to
grasslands infested with exotic specics, such as
the legunlinous shrub. Scot's broom (Cl,l isirs



scopttrits y, and sod-foming grasscs. especially
colonial bentgrass (Agro,sti.r te,?iri.r). Scot's broom
lbrms dense, monospccific shrubfields. sJowing
or preventiDg forest invasion by shading conifer
seedlings. Sod-fornring grasses outcompete and
cventually exclude Roemer's lescue.

The proccsses potentially rft'ecting tree inva-
sion have also changed over time. Most of Fofi
Leu,is' grasslands were grazed liom the mid-19th
century until 1975. In addition, military training
has \,aded in type and intensity since Fort Lcwis
was established in 1917. For examplc, tracked-
vchiclc trtrining on grasslands increased substan-
tially between 1995 and 2001, compared to pre-
vious years. The long-temr effect of this tvpe of
training is a shift in grassland plant specres com-
position toward more donrinance bv exotics (U.S.
Army Corps of Engineers 1994). In addition, in
high-use rnilitary areas, such as bivouac sites. much
of the shrub and ground cover is eliminated and
tree establishnent is inhibitcd.

The likely consequence of violations of our
two assumptions is an incrcasc in within- and
between-site variance of cobnization fbrest struc-
ture, makin-e statistical detection of temporal
change more diff icult.

q t  . l \ /  q  i a a , n . l  q r m n l a  D l ^ t <

We used soil and forest data layers from the Fort
Lewis geographic information systens (GIS) lab
to compile a rnap of colonization forests on the
installation. The soil layer was derived tiom de-
tailed soil surveys (Anderscn ct al. 1955, Pringle
1990), which l ist the Spanaway, Fitch. and
Nisqually series as having lbnncd with grassland
vegetatiou. These soils arc gravelly sandy loams
with olganic matter-rich A horizons. 30-,10 cm
thick. The forest layer classiticd stands into age
classes ( 10 yr intervals), which we considered to
be rough estimates.Any forests occuring on grass
land soils u'ere considered to be colonization for-
ests. Using the fbrest GIS layer and timber sale
records tiom the Fort Lewis Forestry Progl.am,
u'e categodzed colonization forests according to
age class and management status (i.e., managed
fbr t inrber harvest vs. unmanaged).

There $'as an insufflcient number of stands
(n < 3) in most of the unnranaged age classes to
use stands as statistical replicates. Instead, indi-
vidual plots, randomly located across the total
mapped area of each age class, sened as repli-
cates for both unmanaged and managed lbrests.

This experinental design pemitted inlcrcnces k)
be made about individual age classes. but not in-
dividual stands. ofcolonization lbrcst at FoftLe$'is.

Managed lbrc.ts < 50 r r rrl 'ule dtr not er irt rt
Fort Lewis bccause they contain too lew com
rnercial-sized trces to justify tinber harvest, so
that the youngest managed agc class in this study
was 51-60 yr Also, for logistical reasons, we chose
to sample fronr only tbur out of the six available
age classes of unmanaged forcsts.

Sample size was l0 plots in each age class/
management status combination ) 50 yr of age
(exccpt n = 8 in 71- to 80-yr-old, nanaged for,
ests). Since our field obsenations indicatcd young
colonization forests havc greater spatial variabif
ity in stand structure than do older colonization
tbrests. wc increased sanrple sizes in age classes
< 50 yr old (Table 1). We rrndomly allocated ad
ditional plots, represeoting year zero of coloni-
zation. across the GIS mapped grasslands at Fon
Lewis.

Each sample plot consisted of of two ncsted.
circular plots ol 1000 mr (17.84-m radius) and
500 mr (12.62 m radius) arca. Four I 00 m': (5.64-
m radius) plots wcre equally spaced around the
cdge of the 1000 nrz plot. and a fifth 100 n.r: plot
was located at the center of the 1000 mr plot. A 20
mr plot and a 2 m: plot were nested within each

TABI,E L Alailrble .rrea on Fon Le\\is. number of repli
calc p lo ls.  and plor  ages (mean 1 I  SE) fof
unnranagcd and managcd lbrest age classes. Age
0 yr fepresents grassland plots.

Age Class Area
(yr) (ha)

Plor  Agc
No. Plots ( ) r )

Unmrnrged lnre.rs

0
I1 ,20
2 l -30
31 .10

5 1 6 0
71 -80
l 0 l  1 1 0
l 2 l - 1 3 0

51  60
71 -80
9 t  t 00
1 I 1- 120

,6.500

85
t99
58
56

l l l
12

0
2 1 + 2
3 l 1  l
, 1 7 1 5

5 6 1 5
6 1 1 5
92 !1

1 1 0 1 5

5 5 t l
6 6 i 5
12 !5
91  : l l

I tJ
25
20,
l 5
ItJ
lr-)
1 0

>:10 ll)
trlanaged Forests
.175 10

1 ,688  8
5 1 0  l 0
,13 10

rn = 24 for  age.  rn= 19 tor  agc.
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100 n.rr plot. Values lbr all variablcs mcasured on
the 2. 20, and 100 m':plots were avemged b yield
a single value for the entire sample plot.

v  s 9 E  r d ! u

Overstory age for each plot was dehrmincd by
cor ing  thc  ner re : l  domincn l  o r  io -Jomin ln r  l ree
to the plot ceDter. We corcd thc trcc at dbh (diam-
eter at breast height; L37 m above ground) using
an increment borer. Age at dbh was estimated by
counting tree rings.

For all overstory trees with dbh > l5 cm in each
1000 m'plot. we recorded species, dbh. and clown
ratio (visual estimate of live crcwn as percent of
total height). Total height was measured directly
u'ith a Spiegel Relaskop on 50 75cl. of the rees
per plot. The heights of the rest of the tuees were
thcn cstimated by visual reference to the trees u,ith
known heights. Crown dcpth was calculated as (live
crown ratio x trcc hcight / 100). Trees lbrked be-
low dbh wcrc measured rs two individual trees.

Percent cover was estimated visualll' for the
overstory and shrub (maximum plant height ) 0.2
m) layers on the 1000 mr and 500m: plots. and
lbr the ground laycr (maxinrum plant height <
0.2 m) on each 20 m: plot. Plant nomcnclature
follows Hitchcock and Cronquist (1973).

Prcscnce of all shrub rnd ground-layer spe-
cics was recorded in each 20 m: plot. ercept lbr
grasslands (agc zero). We used these data to esti-
mate shrub and gloundJayer species richness. For
grasslands, we calculated species richncss t'rom
groundJayer species tallies made in the same year
as our study along 100 m long line transects (n =
8'1) randomly placed in five different Fo Lewis
grasslands (Angela Lombardi. Fort Lewis lntc-
grated TrainingArea Management Program. per-
sonal communication). We assumed that the spe-
cies composition along these tansects was similar
to that in the 10 plots established in our study.

Dead Wood l\,4easurements

Within each 1000 m': plot. we tallicd all snags
with dbh > 15 cm and height > I m. and mea-
sured the length of all logs with a small-cnd cli-
ameter > l0 cm and length ) I m. Bnnches < 5
cm dirmeter at the small end. plus twigs. needles.
and cones (collcctively reterred to as litter) on
the suface ofthc forcst tloor were collected fiom
each 2 nrr plot. oven-dried at 30"C fbr ) 5 d. and
weighcd. Litter biornass (g/mr) was calculated by
dividing l ittcr dry rnass bv the area of the plot.
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So i l  Measurements

We placed a I x 1 m frame at cach 1000 m':plot
center and secured it with metal stakes. Thc O
horizon (fbrest floor) within the frame was re-
moved and weighed in the lield. The sample was
rnixed and a 20-g subsample weighed. oven-dried
at 30' C tbr ) 5 d. and reweighed. We calculated
biomass (g/m') of the O horizon as (total samplc
tresh weight x [subsample dry weight/ subsample
fresh wcightl).

Thc A horizon was sampled by excavating a
hole wiLh dimcnsions 30 x 30 x 25 cn depth, cen
tcrcd within the frame. The soil was sieved to
rcnrove the coarse tiaction (2 2 mm). weighed,
and tr 200-9 subsample of the line fraction (< 2mn I
was ovcn-dried at 30' C fbr ) 5 d.

We placed the dried subsamples of the O and
A horizons in ziploc bags and sent them to the
Analytical Sciences Laboratory at the University
of Idaho. Therc, total nitrogen of the O horizon
and total nitrogen and carbon of the A horizon
were measurcd with a Leco high-temperature
conbustion analyzer; the results are expressed as
percent dry mass ol the fine fiaction. A-horizon
pH was measured in a saturated pastc and A-ho-
rizon cation-exchange capacity (CEC) was dc-
termined with the ammonium acetate test (Page
et  a l .  1982) .

Stat stical Ana ysis

We analyzed the data with one-way analysis of
variance (ANOVA), separatcly tbr managed and
unmanaged forests, to ascertain difftrences be-
tween age-class means for each variablc. The level
of significance was 0.05. lf an ANOVA was sig-
nifrcant. we compared age-class means with the
Bonferonni procedure (Day and Quinn 1989). We
also compared means of managed and unnranaged
tbrests of sirnilar age using r tests. with a signifi-
cance level of 0.05. Prior to statistical analysis,
we transformed data sets that did not meet the
assumptions of normality and homoscedasticity.
All analyses utilized SigmaStat 2.0 software (Fox
ct al. 1995).

Results

P ot Ages

Mean plot ages within each forest age class were
highly variable and did not always correspond
closely to ages indicated on the GIS age-class map
(Trble 1 ). Three pairs ofunmanaged-/managed age
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Figure L O!erstor,"- trcc densjt,v (A) and basal arca (B) in unmanaged and nanaged lor
esls. Dala ffe means (t I SE). wilhin unmanaged and managed firests. means
wilh lhe same lo\ercase letler (normal font for unmanaged lbrcsls. italic font fof
nanaeed forests) arc not significantl], difierenl. Astcrjsks indicate when the
nrean\ ofunmrnaged and managed fofests of sinilar ags are significantly difler

c lasses  (56  vs .  55 ,  63  vs .66 ,  and 92  vs .9 l  y r )
had rnean plotages that did not diff'er significantly;
these $'erc used for comparing unmanaged and
nranaged forests of similar ages.

Vegetation

Virtually all overstory trees wcre Douglas-fir.
Oventory trce density showed no trend over time
in unmanaged forests (Figure lA). In contmst,
tree density decreased by 40 stems,4ta between
56 and 63 yr in managed forests (P < 0.01). and
was lowcr at 92 yr in managed than in unmanaged
lbrests of similar age (P < 0.01) (Figurc 1A).
Overstory basal area increased over time rn
umanaged forests (P < 0.001), more than dou-
bling between 27-32 yr and 120 yr. There was no

trend in basal area ofmanaged fbrests, and it did
not differ significantly from that of unmanaged
forests at any age (Figure lB). Mean crown depth
didnotchange significandy with age in unmanaged
or  manrged fo resr ' .  bu t  wa.25 l  lou  er  in  a  l - )  r -
old unmanaged forests than in managed fbrests
of similar age (P < 0.01) (Table 2).

Overstory cover in unmanaged tbrests mcreased
gradually between 27-32 yr and 92 yr (P < 0.001)
(Figure 2A). In managed fbrests, overstory cover
remained constant over time. and was lower than
in umanaged fbrests at 91 yr (P < 0.001) (Figurc
2A). Shrub cover in ulmanaged lbrests increased
steadily from 37o in grasslands to 4576 at 120 yr
(P < 0.001) (Figure 2B). In contrast. therc was
no trend in shrub cover in managed forests.
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TABLE 2 lvcan (1 1 SE) of se\cral vegetation. dcad \ood. and soil atl bute\ in un anased and managed fbresri. wirhir
columns. means lviIh ihc sane ietter sLrperscripr are not sigDificand) differenr. Ancrisks indicatc signilicantly diil cr
ent nreans lbr unnanaged and mamged forests of similar age. Agc 0 yr represenr\ gri.st,rnd ptnr\

Agc () r l
Cro\rn

Dcplh (m)
Lifter

lg/m-l

O-HoriTon
(kg/mr)
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pH

O-Horizon
Nitrogen
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Fjgufe 2. Ovcrsbry (A). shrub(B) and ground-
layer (C) cover in unmanaged and
nranagcd lbrests. Dala are presenied
m the same manDer as figure 1.
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although it was twice as high at 9l yr as in
unrnanaged forests ofsimilar age (P < 0.05) (Figure
28). Cround cover was generally less in
unmanaged fbrests ( 56-yr-old than in grasslands,
but was similar to grasslands in oldcr unmanaged
fbrests (P < 0.001) (Figure 2C). In managed tbr-
ests, ground cover increased between 72 and 9l
yr (P < 0.00l), but did not differ significantly from
that ofunmanaged forests at any age (Figure 2C).

Species richncss in thc ground layer was 75%
less. but shrub species richness \a'as the same. in
27 yr-old unmanaged forcsts conparcd to gmss-
lands (P < 0.001) (Figure 3): thereafter, both
groundJayer and shrub species richness increased
gradually (to 63 yr in unmanaged forests, 72 yr
in managed tbrests) (P < 0.001), thcn remained
con: ' l i l n t  r  F igure  . t  r .  Wi th  inL  re . r : ing  rge  in  man-
aged forests, ground-layer species richness in-
creased (P < 0.01), but shrub species nchness
remained constant, and neithcr differed between

unmanaged and managed forests of similar age
(Figure 3).A total of 136 species occurred in grass-
lands. Eight of these species were present in thc
oldcst (120 yr) unmanagcd forests and seven in
the oldest (91 yr) managed forests.

Dead Wood

Snag density in 27- to 32-yr-old unnanaged fbr-
ests was 7-11 stems/ha, then increased l0-lbld by
92 yr (P < 0.001) (Figure 4A). In conffast, there
was no trend in snag density in managed forests,
and i t  d id  no t  d i t le r  s ign i l i can t ly  be tueen
unmanaged and managcd forcsts of similar;rge
(Figure 4,A). Total log length in unmanaged for-
ests increased over time (P < 0.001), f iom near
zerc at 27'32 yr to l40 m./ha at 120 yr (Figure
,1B). Log length did not change over timc in man-
rged tbrests, and by 92 yr it was lot!'er than in
unnanaged forests of similar age (P < 0.0-5 ) (Figure
48). Litterbiomass in unmanaged tbrests increased

Figure 3. Species ichness ol grcund (A) and shrub (B) ]alers in unnanagcd and managcd
lbresls. Dala are prcscnlcd in thc sanlc manncr as Figurc L Cround laycr dilcrsjlv
rlage 0 yr (grassland) was mcasurcd by a diffcrcnt mctbod than thc rcn ofthc dala,
and was excluded hom thc sladnical anallsis.
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from near zero in grasslands to 28 g/m: at 32 yr
(P < 0.001). and remained constant thereafter; in
managed fo re . t r .  i t  remaincd consr rn l  o rer  l ime
(Table 2).

So i l s

O-horizon biomass showed no temporal trends
in either unmanaged or managed tbrests, and did
not difTer significantly between unmanaged and
rnanaged fbrests of similar age (Table 2). A'hori
zon pH did not change over time in eithcr
unmanaged or managcd fbrests. and was slightly
lower (0.16 units) in 63-yr-old unmanaged for
ests than in managed forests of similar agc (P <
0.05) (Table 2). In unmanaged forests, A hod
zon CEC varicd over time (P < 0.001). u'ith a
minimum at 27 yr and a maximum at 56-92 yr
(Figure 5A). ln managed fbrests, CEC increased
nearly two-fold between 55 and 9l yr (P < 0.001),
from being less than to more than unmanagcd
forcsts of similar age (P < 0.05) (Figure 5A).

Thc carbon concentration of the A-horizon
in  unmanaged fo res ts  d id  no t  chrnge o \c r  l imc .
u'hile that ofmanaged forests increased 507o be-
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tween 55 and 9l yr (P < 0.05). going frorn lover
than to higher than unmanaged folests of similar
agc  fP  <  0 . { )5 )  (F igure  58) .  O-hor izon  n i r rogcn
concentmtion did not change over time in either
unmanaged or managed forests. but was lo*er in
66-yr-old managcd fbrests than in unmanaged
forests of similar age (P < 0.05) (Table 2). A
horizon nitrogen in unmanaged forests declined
about 406/c between 56 and 120 yr (P < 0.001).
while in managed forests it more than doubled
over time (P < 0.05), liom bei ng less than to nore
than unmanaged forests of similar age (P < 0.01)
(Figure 5C).

Discussion

Ecosystem Changes ln Unmanaged
Forests

The major consequence offire exclusion in south-
ern Puget Lowland grasslands is rapid (< 30 yr)
conversion to fbrest. with a shili from complete
dominance by grasses and forbs to complete domi
nance by woody species. accompanied by a major
lloristic tumover from grassland- to tbrcst-associated
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species. Tn the absencc of fire, tree or shrub inva-
sion of mesic grasslands in other pans ofthe world
can occur with similar rapidity (Kright et al. 199,1,
Bruce et al. 1995. Arabas 2fi)0, Briggs et al. 2002).
A drastic reduction in herbaceous species rich-
ness is also typical of grassland invasions (Ar'-
cher 1995, Bmce et al. 1995, Briggs et al. 2002,
Miller and Tausch 2001).

The wide range of ove$tory tree ages for the
seven age classes ofunnlanagcd lbrests,41 15 yr,
implies that thc trees in Foft Lewis' colonization
fbrests bccame established over periods ofdecades,
as would be expected if tree invasion was patchy.
Peterson and Hammer (2001) also found a wide
r;rnge (50-95 yr) in overstory Douglas lr tree ages
in a colonization fbrest on Orcas lsland. Washington.
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Figufe 6. Time series of aerial photographs of a portjon of Fofl Lewis that has been un-
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At Fofi Lewis, dircct confirmation of the patchy
nature of hee invasion is provided by time series
of aerial photographs, which revcal that young.
unrnanaged colonization forests consist of small
groves of dense young conifers separated by ar-
eas of few or no trees. These groves later mergg
as newly established trees fiIl in the rcmaining
openings between the patches (Figure 6). This is
the same process observed by Giles (1970) on
Mima Prairic. west of Fort Le$ is. In southem Texas
grasslands, initial invasion by mesquite (Prosrpis
glairdirlo.so) takes the form ofscattered shrub clus-
ters. Expansion and coalescence ofexisting clus-
ters and initiation of new clusters eveotually re-
sults in conve$ion to mesquite woodland (Archer
et al. 1988). A patchy pattern was also infered
for Virginia pine (Pinus virginiana) invasion of
serpentine barrens in Pcnnsylvania (Banon and
Wallenstein 1997).

At Fort Lewis. maximum canopv cover of,15-
657.. attained by,12 vr, allows sulficicnt l ight to
reach the tbrest f-loor 1br ground cover to persist
and for the gradual development ofa shrub layer.
In contrast, succession after flre or logging on
moister sites in westem Washington and Oregon
typically passes through a stcm-exclusion phase
characterized by a dense conifer overstory and
almost total absence of ground lnd shrub cover
(Oliver and Larson 1996). Woody plant invasion
of grasslands eJsewhere in North America results
in a decline in herbaceous cover and productiv-
ity, initially undemeath individual trees or shrubs.
and laterforthe plant community as a whole. while
shrub growth is either inhibited or facilitated by
the invading species (Archer 1995. Bruce et al.
1995. Briggs et al. 2002, Miller and Tausch 2001).

Another important change in ecosystem struc-
ture associated with tree invasion at Fod Lewis
is the accumulation of dead wood. However, the
absolute amounts, especially of large snags and
logs, are much less than in mature conifer forests
elsewhere west of the Cascade Mountains. For
example, in the oldest (120-yr-old) colonization
lbrests, snag density () l0 cm dbh) was,16 stems/
ha and log density (> 10 cm diameter) was 222
pieces/ha, compared to 121 stems/ha and 447
pieces/ha for the same size classes of snags and
logs in 80- to 199-yr-oid Douglas-fir tbrcsts in
westem Oregon (Spies et al. 1988).

The primary effect of tree invasion on Fort Ifwis
soils is a substantial deorease in A-horlzon nltro-

gen. This is likely a consequencc ofthe accumu-
lation and decay of woody litter with a highcr
C:N ratio than the almost exclusivelv herbaceous
litter of grasslands. Unlike nitrogen. soil carbon
does not accumulate, nor ffe there long term tends
in soil pH or CEC. Everett soils. which occur on
dr f  i te r  th r t  hd \e  been tu re ' ted  fo r  cenrur ie ' .
and which may represent the end-point of forcst
invasion of Puget Lowland grasslands, have A-
horizon nitrogen concentrations that are halfthosc
of Spanaway soils, but the two soil types do not
dilIer in pH (Ugolini and Schlichte 1973). Previ-
ous .tuLlies huve lbund thrt soil nitrogen incrca.er
when junipers (-furlperr.rs spp.) invade Great Ba-
sin shrub-steppe (Miller and Wigand 1994) and
when creosote bljsh (Larrea tridentuta) invades
New Mexico grasslands (Gill and Burke 1999),
and that both soil carbon and soil nitrogen in-
crease when mesquitc invades Texas grasslands
(Archer l995). These studies examined soils be-
neath individual trees or shrub clumps, and thus
are not directly comparable to our study. Ba(on
and Wallenstein (1997). however, observed that
when Virginia pine invades serpentine barrels.
soil organic matter increases beneath individual
fees, but there is no difference in soil organic
natterbetween entire stands ofpine savlLnna (ear
Iier stage of succession) and closed pine lbrest
(later stage of succession).

How long might it take fbr grassland soils to
be transformed into forest soils as a rcsult of tree
invasion? The answeris certainly centuries. since
even the oldest colonization stand on Fort Lewis,
,100-yr-old Ellsworth Woods, is partially under-
lain by grassland soils (Glenn Ahrens, GBA For-
estry, Astoria. Oregon, personal communication).
In southern Minnesota. fossil pollen reconstruc-
tion of Holoccne vegetation, when cornpared to
the modem distribution of soils, suggests that it
requires several thousand years of oak woodland
invasion of grasslands fbr grassland soils to be-
come woodland soils. and that 300 yr ofinvasion
of woodlands by deciduous fbrest have not yet
converted woodland soils to lorest soils (Grimm
r  983).

Colonization forests are scattercd across Pierce,
Thurston, Lewis. Mason, and eastern Grays Har
bor coulrties in the southem Puget Lowland. These
are underlain by the same (Spanaway, Fitch,
Nisqually) or similar (Carstain) grassland soil
series as Foft Lewis (Crawford and Hall 1997).
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Due to the similarit ies in soils, topography, rnd
clinlatc, we beliele the successional trends in
unmanaged colonization fi)rests observed at Forl
Lovis are typical oftrends in unmanaged coloni-
zation forests across thc rcgion.

Inf uences of T rnber Harvest

Thc tvpical stand age at first thinning onFon Lewis
is 5(i-60 yr and thinnings are relativelv l ight (ar-
erage removal of stems ) 20 cm dbh in 79 thin-
ning sales between l997and200l was l6%).thus
it is llot surprising that dilTcrcnccs in vegetation
structure bclwccn unnranaged and nanaged for
ests are feu'(lower calopy cover, highcr shrub
cor,er) and do not appear unti l 91 yrofage.Tirn-
ber han'es1 also has no ctlect on the species rich
ness of the shrub and ground layers. or on the
persistence ol grassland species in older coloni
zation forcsts.

The lack ofaccunulation ofsnags and logs in
managcd lbrcsts can be attributed to the pre l99l
Fod Lewis policv to rernove sound snags and logs
duri ng timber han'est. Under currcnt policy. sound
snags ald logs remain in thc woods and most se-
nescent tlees, which will cvcntually become snags.
also lenain. Therclbrc. wc expect dead wood
accumulation in the luture in managed folests.

\\'e attribute thc positive etlect of timber har
\cst on CEC. nitfogen. and carbor in the A hori
zon to mixing of the l itter layer and the O hori-
./r 'n \ i lh rhe A horiznn b\ hcr\ ) lolginp cquilm(.nr
during timber han,ests. The rcsulting increased
orFJn ic  r la l le l  con tcn t  o f  the  A hor izon . . ru 'es
A horizon CLC. crrlhon. rntl nitrugen lu incrcr.e.
Mix in -q  a lso  exp la ins  why managed and
unmanaged forests have similar arnounts of l i t-
ter. despite the prcscncc oflogging-generated slash
in mtrnagcd lbrcsts.

Mrnrgenrent ofsouthem Puget Lowland colo-
nization fbrests outside Fot Lervis is usually quite
ditlerent from that on the installation. Clearcut
and shcltcrwood timberhanests are common. sone
fbrests are grazed or managed for fireu,ood. and
none has militalv activity. Thcrctbrc. the intlu-
ences of tin]ber harvcst obscrved in this stud) may
bc unique to Fort Lewis.

N,4anagement  lmp l ica t  ons

Most colonization forests on Foft Lewis arc < I 00
yr old. thus lack large l ive trees, one componett
of spotted orvl habitat. Colonizalion firrests alscr
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have Iittle large dead wood, e.g., ofthe snags () 60
cm dbh and 6 m ta]]) and logs () 50 cm diametcr
and 6 nr long) that are another componcnt ofowl
habitat (USDA Forest Servicc & USDI Bureau
of Land Managemenl 199i1). onl)' one snag and
301ogs occurred across all the plots in this study.
In addition. colonization tbresls have litt le shade
tolemnt westem hcmlock (Tsag.l hetentphylla)
aDd westenr rcdcedar (Thuju plicata), species thtt
conlribule to the development of multiple canopy
layers, a third component of owl habitat. There-
forc. colonization fbrests are not currcntly owl
habitat, and will not become owl habitat fbr morc
than a century. However. continued periodic
thinnings. by increasing the growth ratcs of re-
sidual trees, will hasten the appearance of large
live trees. Deliberate snag and log creation and
underplanting ol shadc-tolerant species could
firrther accelelate developmcnt of owl habitat.

Forcst invasion has decreased the l ikclihood
of wildtires at Fofi Lewis. The majority of igni
tions occur dudng summer droughts. when luel
moisture is low, and in grasslands. where tracer
bullets, pyretechnics, and ati l lery shclls are used
(Joe Rcasoner Fort Le$,is Forestry Program. per-
sonal communication). Because forcst undersloly
luels take longel to dry out afier rai n th?Ln do grass-
land fuels, ignitions arc less l ikely in lbrests than
in grasslands. lnst;i l lation records indicale that
between 1986 and 2000, a much g|eater arca of
grassland than of tbrest or woodland bumed in
wildfires. even though Fon Le$'is has more than
t$ice the area of forests alld $,(x)d]rnds as it has
grasslands. However. duling extendcd droughts,
thc potential tbr crown fires is substanti;il in colo,
nization fbrests because of largc fuel loads, es
pecially midstory fuels (e.9.. shrubs) that can cam'
tire tiorn the ground into the ovcrstofy. The dif
t'erence in wildlire risk during drought between
forests and grasslands is probably greatcr todav
than pdor to settlcment beci,tuse colonization folcsts
have substantially higher tree densities than did
the original forests of Fon Lewis. as indicated by
land sulvey rccords from the mid l9th century
(Public Forestry Foundation 1996). Peterson and
Hammer (2001) reached the same conclusion 1or
the colonization lbrest on Orcas Island. Wash-
ington. Miller and Tausch (2001) found that uhen
scmiarid grasslands are invaded by junipers, the
dccrcase in underutory biomass beneath individual
junipers init ially reduces wildfirc risk. but later.
as juniper woodlands with closcd canopies de
velop. the risk of crown fire incrcases substan



tially. In southern Minnesota, grassland conversion
to oak u'oodland substantially decreased fire fre-
qucncy  (Cr imm 1983) .

Will the trend of decreasing soil nitrogen in
unmanaged forests eventually reduce tree growth'l
There is a twofold difference in soil nitrogen be-
tween Spanavay and Evcrctt soils (Ugolini and
Schlich|c 1973). thc latter being the putative end-
point ofsoil developmcnt when trees invade Puget
Lowland prairies. Howcvcr. stand inventory data
(Lathrop Leonard, Fort Lewis Forcstry/ Program.
personal comnunicalion) indicatc that almost all
Forl Lcwis lbrcsts, on both Spanaway and Everett
soils, are Douglas-tir site-index class II (King
1966). suggesting that the reduced soil nitrogen
does not inlluence site productivity. Conversely.
if soil nitrogen continues to increase in managed
lbrests. wil l trcc groF,th eventually increase?This
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