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Regener0lion of interi0r m0untoin forests still is nol odequolely wdentood, olthough these forests are subled lo inlensified use over tlre losl detodes. We
exomined foctors influendng the suctess of noturol lree regenerction afler horvesting in $e [ngelmcnn sprute-subolpine fir zone of lhe Monoshee Mounloins,
Sritish ftlumbio, (anodo. Distcnce from lhe fored edge wos on imporlonl fodor for regenerolion; 0l dislonces exceeding 70 m from the forest edge only 50%
of plot showed sufficient noturol regenerolion t0 meet siocking lorgels compored wilh 90% of plols doser lo loresl edges. Seedling density ond growlh were
superior in lhe more protected southern portions of deorcuts. Seedling growlh wos less in plois contoining high rover of downed woody debris. There wos no
relrtionship between understory plo diveßity 0r (omposilion cnd hee seedling regenerolion. However, tover ol ltreweed lEpilobium mgwtifoliunl hd a.
signifi(0ntneg0tiverelcfonshipwilhdensi}butnoigrow1hofheeseedlings,partku|or|yfor|odgepotepine����������������������������������������
dedined substantiolly wilhin the fid l0 yeon cfter rleorculling. We condude fiol nolurol regenerolion of trees hos polen ol to help othieve slocking lorgels
cnd cho to maintoin nolurcl diversily of tree species if spotiol conslroinls, especiolly thresholds in cleorrul size, ore considered.
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ustainable managcmenc offorest ecosystenrs is set as a goal by

trros! nations (Norton 1996), and maintair ing biological di-

versity is one important compooent of this (Hansen et al.

1991, Bri t ish Columbia lBCl Forest Service 1995). Biodiversiry

consewation stracegies that include a variery of individual nranage-

ment straregies for specific spccies are neither feasible nor effeccive

(e.g., Hunter [  993] and Aniwil l  [1994]). Äs an alternative, 
"coarsc-

filter" management strategies focus on maintenance of broad pat-

rerns offorest age ald composition, under the assumption that this

will provide the uecessary habitat to suppor t a wide variery ofnative

spec ies  ( l - r ank l i n  r nd  Fo rmar r  198 - .  F rank l i n  199J ,  La l sen  e t  a l .

1997, BC Forcst Servicc 1995). Narive species arc assumcd ro be

adapted to the natural disrurbance regime of their environment;

thus, management that simulares the natural disturbance regime has

become a popular approach to maintaining species divetsity as well

as ecological integriw (Hunter 1993, Bergeron et al.  2002). Vich

this apploach, natutal processes ate to be protected, which include

forcst regenerarioo aftcr disrurbances such as firc or logging.

A central component of biodiversity consetvation in managed

foresr landscapes is successful regeneration of natural tree species

mixes after logging (Burton et al. 1 992, Bergeron and H awey 1997 ).
This of ien proves to be a substancial chal lenge. Site preparation and

planting of tree seedlings have beer widely adopted as strategies to

cnsure rapid and success€ul postharvest regeneracion. These rcquire

a substanrial silvicultural and frnancial investment, however, and are

not always successful in meeting legal regeneration standards, let

alone achieving a natural species mix. Although natural regeneration

can be much less expensive and lead !o more oatuLal species mixes,

its succcss depends on availability ofsecd sourccs, regcncration mi-

crosites, and microenvironmental and biotic condirions fävoriog

estabiishmenr and early survival of cree seedlings (Feller 1998,

Greene et al.  1999, Nguyen-Xuan et al.  2000).

Compared with other conifer forests, e.g., those in central Eu-

rope or in the true circumboreal regions, forests in the mountainous

rcgions ofwestern Norrh America often have high diversiry of trec

species. For example, l2 coniler species are commonly found in the

subalpine region ofsouthern Blitish Columbia, Canada (the inves-

t igated forest zone; Coup€ et al.  l l99l l) .  High demands for t iorber

and increasing accessibiJity are leading to incrcased expioitation of

thcse high-elevation foresrs. They are characterized by slow growth

rates of postdiscurbance regeneration and established trees; thus,

meLr i ng  ob j<c t i ve ,  I o r  r egene r r t i on  o f  na ru ra l  spec ie r  m ixc r  and

"^ustainabiliry of fiber and othel ecosystem comPonents can Prove
challengir.rg (Selmants and Knight 2003). To läci l i rate natural re-

generation, and where water production and wildlife habicar are

important consideracions, Alexander ( i987) recommcnds chat

clearcuts in tlre Engelmann spruce (Prraa engelmanxi)-subalpioe frr

(Abies lasiocarpa) (ESSF) forest rype in the central and southern

Rocky Mountains should be ilregular in shape *'ith a rraxinrum

width of four co eight t imes dre cree height. The scienti6c or eco-

logical basis for this recommendation, rvhich would result in

clcarcuts less chan 200 m in diameter, is unclear. There arc no other

published studies about clearcut size and its cffect on oatural forest

regeoeration in this region.

We examined the impact of ecologicai factors (e.g, richness,

cover, and composit ion ofunderstorT plaots) and spatial constraints

Received July 29, 2Cr06; accepted February t, 2007.

]*rzlKreyLng(xe|gat'l?r|;ng@u .ba7rlth.t/e)ant/AnbeasSchnicni,ge����������������������������������������������������������������

u'',a",naGti",'''.a2o"oue,i'tl"to.,i),U i,ebitJ,ofA|be/tl,Edlfantn;,Alb.ü/1T6(;2H���d������������������������������������������������������
Ra7reuth,Ba1ruth95410,Gema, l r ' , Ih.a ' thoßthan| l theGemanScior tFondat ion(BL2t92/4 ' ]a id4-3,Biol i t 'a \ i rkFo�h� � � � � � � � � � � � � � � � � � � � � � � �
AiadznbEtchnngesenicefotfnaüat*ppan;Me|anie!ana,UBCokaaagonfotkg*ticnqpatt;alc/B�n�������������������������������������������������
tuo ananytou m'iewasfor helpful mnnatts on the trr't !e/'ion afthi at;ch.

Copyrighr @ 2008 b1. the Sociery ofAmerican lrolesrers.

W r. l .  AIPL. FoR. 23(l) 200846



Tqble I. Properfies of investigoted cleorcufs.

Opening Planted interior \vhite Pine Doughs-fir
(P.rha)

No. of Size Logging
p)ots (ha) (yd

Phnted lodgepole
pine (per ha)

878
554
441
645

7
t 2
22
23

r85
206
t70
230
197
237

B
c
D
E
!

3.3
3 .8
4.4

tt.7
t4.t)

r996
r994
r993
1t)97
r995
1917

1 ,010
560

r,004

542
1,353

444
53626

Allckarcuß had bccn hechanicalll clca,.d.nd piic buned. Snmplnrg $rs conductcd dlrins rhs suDmcr of200j.
" Foß$ cov{ hrp 82 L 008 (BC Fo,e$ Scricc ?001)

(e.g., clearcut size and disrance to rhe nearest foresc edgc) on natural
regeneration oF trees after clearcutting in rhe ESSF forest type in
southern British Columbia, Canada. Our objeccive was co define
Iimiting conditions for natural regeneration in this foresr rype and to
determine conditions favoring success of narural regenerarion.

Mol'eriols ond Me$ods
Study Area

The study area wa"^ located in the Monashee Mcluntains of Brit-
ish Colurnbia, Canada, ar 50'2'N and 118'3'W. Thc clevacional
range extended from 1,400 to 1,650 m above sea level (asl). The
study was conducred in rhe ESSF zone, which is rhc uppermost
forested zone in southern interior British Columbia (Couo6 et al.
l99l t. 

- l 
his zone is characrerized by a mern an,rual temper.rrure ol

. approximately 0'C (Coupö et al. I 991). Mean annual precipitation
is approximately 1,200 mm, 800 mm ofit occurring as snow (Lloyd
er al. 1990). All invesrigated clearcuts and most ofthe surrounding
area were situated on morainal deposits (often more than I m thick),
which overlay plutonic rocks (Lloyd et a1. 1990). According to the
Canadian System of Soil Classificarion, the soils are Dystric
Brunisols (Dystrocryepts in the US Soil Taxonomy and Dystric
Cambisols in the'World Reference Base/Food and Agriculture Or-
ganization System), accompanied by Humic Gleysols (Humic
Cryaquepts or Urnbric Gleysols, respectively) ir, *.t depressions.
Soils havc generally low pH (pHo.1 values, mean : 4.4 and SD =

0.5  ) .
lntcrior spruce (?lcea glauca X engelmannli) and subalpinc fir (1.

lasiocarpa) are rhe dominalt tree species ir mature stands in rhe
ESSF zonc of rhe study arca. Lodgepole pine (Pinus contorhl var,
latiJblia) is a widespread early seral (post6re) species. Other tree
sgecies thatcommonly occur in lowcr-elevation zoncs, but occasiolr-
ally in the ESSF zone as well, are interior Douglas-frr (Pseldotsuga
menziesii ,rar. glauca\, hemlock (Tsuga hetenplrylLt), wesren red,ce-
clar (Thuja plicata), and western white pine (Pinus nontiala), De-
ciduous rrees Are uncommon in che ESSF zonc. Thc disrurbancc
regine of spruce-fir fbrests includes 5res, blowdowns, and insect
outbleaks. Fire usually is considered to be the most imporrant of
these factors (e.g., Aplet et al. l l988l, Johnson et al. I l  !)0], B unnell
I I 9951, Antos and Irarish 120021, and Delong et al. 120031). Char-
coal was found in several soil profiles in the studystands, in horizons
up to 20 cm below the surface, indicating a long history oflire.

Fires in che subalpine zone are characceristically infrequent but
stand replaciog (l}aker and Veblen 1990, Arno 2000). Reported
mean return intervals raoge from 100 co 1,000 years (Arno 12000],
100.'.400 years; Veblen er al. |9941,200 years; l lunnell f l9951,
250 years; BC Forest Service 1199)1,350 years; Aplec et al. 119881,
500-1,000 years). Fires at these subalpine elevations generally are

Fiqure l. Somolinq desiqn in o systemotic hexooonol orid llefil. Sinole
plärs of tOO ml con'toin.J se"en sübplots of 4 rlin *h-ich fiequenry-of
understory species wos obtoined {riglir}.

small (mean size of 275 ha) compared with those io true boreal
regions, where thousands of heccares might be affecced (Hunter
1993). Nevertheless, fires as large rls 10,000 ha may occur in the
ESSF zone and large burned areas rypically include a considerable
arnount ofsurviving trees in a patchy distribution (Bunnell 1995,
'Turncr et al. I997, Franklin et al. 2002). Current clearcut sizes in
the region range between 3 and 25 ha (BC Forest Service 2001).

Sampling Design
Six clearcuts werc chosen wirh rhe consrrainrs rhat all rvcrc lo-

cated in a comparable elevational range (1,400 1,650 m asl), on
similar bedrock (morainal deposits ovcrlaying granite), and pos-
sessed rnean slope smaller than 10'. Three small-sized (3-5 ha)
clearcucs were chosen as well as three mcdium-sized (10-15 ha)
clearcuts to address effects ofclearcut size and distance to the nearest
sccd source. Äll clcarcuts werc 6-10 years old and had bcen har'
vested in summer. All had beea mechanically cleared afier harvest
and slash piles were burned. Thc clearcucs had bcen planccd rvith
interior spruce and lodgepole pine at koou,n densiries. Wescern
white pine and interior Douglas-fir rverc planred in tvo clearcurs ar
k>w densities (see Table 1 for further information abour rhe
clearcuts). No exraordirariJy shaped clearcuts were sanpled; all had
irregular boundaries but were more or less rectangular with minor
variations due to relief. All six clearcuts were located within a
60-km2 area and were surrounded by a more or less uniform matrix
of rypical mature ESSF stands. Sampling was conducted during 3
weeks in August/September 2003,

A systematic sampling scheme was applied on each clearcut (Fig-
ure l, left). Thus, erch sampling plot had six eqLraliy spaced neigh-
bols (except for those located at the edges). l)istance berween plot
centers was 75 m; this resulted in 6ve or more plots in everv clearcut.
Ve rnaintained a minimum distaoce of l0 m from che plot cenrer ro
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the nearesr forest edge to prevent sampling the edge itself. Distance

from the plot center to the nearest foresc edge was ureasured with a

laser-dendrometer (LEDHA-GEO; Jenoptik, Jena, Cermany). In

total, there were 75 plors in cbe 6 clearcuts.

Tree regeneration rvas characterized by determining every indi-

vidual lvi thin the 100-m'plot to species and measuring roral height

and terminal shoot leogth ofeach individual. Each plot was sr.rbdi-

vided ioto seven 4-mz subplors (Figure I,  r ight).  Understory vege-

tation, iacluding mosses and all vascular pl:rnts except tree species
(no lichens were observed on the cleatcurs), was recorded a-s pres-

ence-absence by species in these subplots. Relative abundance for

each species was calcdated as the percentage ofsubplots occupied.

To quantify rhe efläcts of fireweed (Epilobian angastfilixm) more

precisely, its cover was estimared (in 10olo classes) in the same seven

subplors. Thc nomeoclature ofplanr spccies fol lows Douglas ct al.
(  199 fJ -2001). Cover of coarse woody debris was e"^t imated ( in I  070

classes) within the 100-m2 plot.

Data Processing and Statistical Analysis

We estimated abundances of naturally regenerated seedlings by

caking the total couor to species ofall seedlings found in each plot

and then subtracting the average number per clearcut of seedlings

planted per 100 m2 by species (Table l) .  Numbers ofplanted sced-

lings were provided by the BC Forest Service. The result is a con-

servativc estimatc ofdensir ies ofnacural seedlings becatue i t  is un-

likeiy that all planted scedlings survived; indeed, space released by

death of planted individuals migbt have provided spots for germi-

r;rr ion and grorvrh ofnatural regeneration.

Crowth was quantiGed for all seedlirgs and for each species sep-

arately as the mean terminal shoot length of the 16 tallest seedlings

per 100-m2 plot in che data set after subtracting lhe average cumbef

ofplanted seedlings from the tall end (as described previously). We

used the 16 tallest seedlings for growth m€asulements because che

silvicultural targer at the regeneratiotl stage is 1,600 stems ha-'

(which is I  6 per 100 m'; si lvicuhural prescript ions, Hadtian Merler,

BC Forest Service, pemonal communication, Aug. 15,2003; Lloyd

et al- 1990). Presurnably this is out cutrent best estimate ofnaturally

rcgenerated future crop rrees. !?e noted thac sires rvith highcr regen-

eratior densities usually contained high numbers of small seedlings

than sites wirh poorcr regeleration.

To determine whether densities or growth rates of naturally re-

generaced seedlings change bccween 6 and l0 years (the agc of

clearcutswe sampled), we used asimple correlation between clearcut

age and (1) the calculated density of nacural regeneration (for all

species combined) and (2) the average terminal shoot length for the

subser of the 16 tallesr scedlings from cach plot. To exarnine any

possible inlluence ofdistance lrorn li:rest edge on natural regenera-

tion density (all specics combined), wc performcd a regrcssion. All

resressions ,Ä'ere run with several Iinear and nonlinear funclions, and

the one that was significant (1' < 0.05) and resulted in highest

coefficient ofcorrelation was kept. Subsequently, we categorized the

plots by distance fronr nearest foresr edge in 20-m classes and cal-

culated rhe proportion ofplots in rvhich estimated density ofnacural

regereration was 1,600 seedlings ha-'  or more, which represents

the target for sufficient regeneration. We also assessed whether there

was any relationship between distance from edge and growth (cer-

minal shoot length for the subset of 16 seedlings per plot) using

regression. To examine whether there was an effect of location

within the clealcut on regeneratiotl density or glowth, we used a

Mann-Wbitney Utesc to compare plotslvi thin 60 m of a forest edge

48 \x/ isi .  L Au r. FoR. 23(1) 2oo8

in the north vefsus the south end of a clearcut with respect to the

calculated densitl' of narural regeretation and average terminal

shootlength (for thesubsec of16 seedlings per piot) for the two mosr

abundant species ( interior spruce and subalpioe 6r).

We calculated r ichness (S, number of underscory plant species

per p)ot), diversity (F/, Shaonon index, per plot, using flequency o€

occrrrence of a species in the subplots as the measure of relative

abundance), aod evennesi (E : Hl\n $ for rhe understory vegera-

tion community. We rhen used simple correlation of these values

with the calculated densiry of nacural regeneration and seedling

growth (total height and terminal shoot leDgth for the subset of 16

seedlings per plot) to determine whether there was any relat ionship

between understory diversity and tree tegeneracion. Because of the

apparent importance offireweecl in these clearcuts we also exPlored

rhc rclat ionship Lrerwcen j ts covcr (mcan valuc per 100 m' plor

calculated from the values in the subplots) and both the calculated

deosiry ofnaturally rcgcnerated seediings and seedling growth (ter-

minal lea<ler length for the subset of 16 seedlings per plor) The

analysis of dcnsity rvas donc for all tree specics togcther and rhen

separately for rhe nost abundant tree species (lodgepole pine, sub-

alpinc fir, and interior sprucc), We also used rcgression to examine

wherhcr rhe covcl of f i rcwccd vrr ics rrv.r t ime (among thr rangr oi '

clearcut ages we had). Finally, we uscd rcgression to examinc

whether there was a relationship between tree seedling growth

(mcan value Lrased on the l6 secdiings pcr plot) and cover ofdowned

woody debris in the plots. For these regressions, several differcnt

l inear and nonlinear relat ionships were ct ied and tbe one signif icant

modei best fitting the data was chosea based on cocfficient of cor-

relat ioo. Al l  ol  the foregoing analyses were completed using Sig-

maPlot 7.I  (Systat Software, Ioc., Richnond, Cali fornia) and SPSS

10 (SPSS, 1nc., Chicago, I l l inois) programs and an alpha - 0.05.
lVe used a Manrel test (Mantel 1967) to examine whether there

was any relarionship between understoty conrposition and tree re_

generarion (both calculated density of tatural tegeneration and

seedling grorvth). The Sorenseo Index was used as a measure of

similarity, Sig;nificance testing wäs performed by Monte Carlo ran-

dorniz-at ion (1,000 permutations; McCuoe and Grace [20021) The

aralysis was conducced by using PC-ORD version 4 17 (MiM

Sofiware, Gleneden Beach, OR).

Results and Discussion
General

Densities of total seedlings u'ere subsantially greater than

planted densirics, indicating the imporcancc of natural regericra!ion

(overall mean planting densiry, I ,514lha; overall mean densiry ofall

seedlirrgs in lield plots, 9,360lba). This is ftrrther supported by

examining che species composit ior of the tree seediings. AII tree

specics rhat occurred before harvesring (perharvest silviculcural grc-

sc r i p r i t - , n " .  HaJ l i an  M<r ' l e r ,  BC  Fo res t  S ( r v i j c .  P r r s . )nx l  r ( ,mrn r rn i -

carion, Aug. I  5, 2003) regeneraced successlul lv (Figure 2) I lased on

the calculated dcnsieies ofnatural regenerarion, subalpine 6r was the

rnosc abundanr fbl lowed by interior spruce. In general,  tree diversity

in the clearcuts reflected the natural, preharvest condition. This was

encouraging given the fact that only interior spruce and lodgepole

pine lud been planted in four of the six clearcuts and it was only

rhere rwo specie" that were plan(ed 3I lr igh densir ies. Vestern whire

pine was not present in the mature stands but appeared as a small

percentage of the rotal seedling population; tbis was caused by the

Fact that it was planted in low densities on two ofthe six clearcuts. I n

the srudy afea, usually, it is lestricted to lower elevations.
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Lodgepole pine is a shade-iotolerart species that often has been

considered an early seral species in ESSF forests and, therefore,

should thrive stronger than other species in open conditions such as

those after clearcutting. Despite rhe fact that it was planted on four

of the sjx clearcuts, its proportional contribution to total tree com-

position was consider:rbly lower (20% of all seedlings) than in the

ma.ure stands (357o oftotal basal area). Subalpine fir was the most

abundant tree species on the clearcu!s (4070), although irs regener-

ation relied completely on natural recruitment (i e., it n'as not

planted). The other major component of tree regenetation was in-

r.r ior ;pruc<: planring sccm<d to he imp.rrtent to regcnerrt ion deo

siries of riris specics (35% of all seedlings and 24olo of calculated

naturally regenerated seedlings). Interior Dougla.s-är (8%), hem-

lock (570), western redcedar (1%), and western white pine ( 1olo ofal l

seedlings) occurred as miror componerrts.

There rvas no significant correlation ofany type berwecn clearcul

age and either total densiry of natural tree regeneration ot growth,

forallspecies combined. This implies that most natural rcgcneration

establishes shortly after harvesting (within 6 years, the :rge of our

youngest clearcur) and tbat there ate no significant changes in

rcgeneration density or rate of annual growth between 6 to 10 years

aFrer barvesting.

Distance to Nearest Forest Edge

Distance to nearest forest edge is known to inRuence the regen-

eration of- those trees that do not originare f ion the soi l  seed bank

(e.g., Treter 11992j, Greene andJohnson 119961, and Greeoe et al.

[1999]) because dispersal fol lorvs a nonl inear decay funcrioo with

distance. We found a v,eak but significant (P : 0.009) negative

(power) relationship betweel densiry of natural regeneration and

c{istance ro rhe rearest fbrest edge (Figu-re 3). The regression did not

explain much of the total variat ion ( l |  :  0.12) because there was

high variability in regeneration density among plots. However, no

plotwith high legenetation detrsitieswas found far from an edge and

the crend ofdeclining density ofnatural regeneration with distance

from edEe was clear fbr all but tbe two smallest clearcuts.

20 40 60

distance to nearest forest edge lm]

Fiqure 3. Relotionship between density of noturolly regeneroied seedlings
on-d distonce to neoreil forest edqe for 75- to 100'n? plots in six cleorcuts
ß-F). Line shows the power hen-d <omputed for oll plots <ombined (y =

326.5x-o.53; R2 = 0.12; P = 0.009).

The percent of pkrts in which the calculated density of natural

regenerarion would mect the targct fof suffrcicnt rcgei'Ieratiorl varics

from 40 to 94ol0. There was a discoltinuity at distances greater than

70 m. Although approximately 9070 ofplots within 70 m ofa forest

edge had sufficient natural regeneration to meet the targel density

ouly 60-407<., of plots falther than 70 m from an edge met the

scardard (Table 2). This difference rvas highiy signiäcant (Mann-

Vhirney {. /  test; / '  :  0.004). C)nly four plots within 50 rn of tbe

forest edge had less than 1,600 stems ha 
r ofnaturai regeneracion

Their failure can be explained by other en'rironmenral factors: one

had stagnant standing wi:ter and urore than c)\o/o cover by under'

story vegetationj in another, cover of 6re$'eed exceeded 500/o; rhe

other two plots were covered with more than 5tJ7o downed ra'oody

debris. The clear evidence of poorer natural regeneraljon in the

clearculs: clearculs:

all seedlinos nalural.
- regenerallon

Fioure 2. Tree soecies comDosilion betore ond ofier cleoraullinq expressed os meon percentoges by species over oll six cleorculs (n = 75 plok| For the

foimer stonds 19ö-220 veois old) we present percent bosol oreiq ltiodrion Merler, BC Forest Service, personol communicotion, Aug. 15, 2003), tor lhe

cleor(uts Droportions of'number of seidlinqs, ore disployed. "Colculoted noturol regenerolion" wos colculoled by subhoding the overoge number ol

plonted i;dividuols lby species, see Toble from rhe roräl number of seedlings observed in lhe plots.
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Toble 2. The influence of dislonce from the neorest foresl edge
on the oer(eniqoe of olots in which noturql reqenerolion met the
torget iegeneroüon density (1,600 seedlings ho-r; Lloyd et ol.
r9901.

Distlnce from edge SLrffi cienrly regenetated plors
(%)

l0-:9
304t)
50-69
70 89
90 109
> 1 1 0

Bas.d oi r oelolTt plds (100 m2) in six clcxrcußr , = numbü oiPloß in a 8i'or dhtrncc

centers ofthe larger clearcuts suggests that the seed bank is much less

important for natural regeneration than is dispersal. Thus, mceting

legal reforestation reqLrirements by natural regeneration would be

reliable wirh a clearcut design iu which no sites were lärther than

70 m from the nearest forest edge ot another sulficient seed source.

Remnant tree patches could potential ly Funcrion eff iciently as seed

sources, enhancing natural tegenelation wirhin larger clearcuts; this

should be examined fr-rrther.

The niicroclimate at clearcut edges varies with the cardinal direc-

t ion ofcJearcut edge in relat ion to sun angle and i ts effects on l ight,

remperature, and moisture (Palik and Murphy 1990, Chen et al.

1995; Burton 2002). At northern lat i tudes, northern pott ions of

clearcuts will receive higher amounts ofsolar radiatioo and therefore

are lightet, wanner, and drier than the more shaded southern Por-
tions of rhe clearcut. Our results stlggcst thar this has a significant

irnpact on success ofnatural tlee regenelation. Areas within 60 m of

a forest edge in the southern portions of the clcarcuts had highcr

densities ofnaturally regenerated interior spruce (Maln-Vhitney U

rcsr; ? - 0.026) and subalpine frr (P = 0.029) sccdl ings than did

areas within 60 m ofa lirrest edge that were in the nofthern Portion
of the clearcurs. Itr addition to highcr densitics, interior spruce

showed higher terminal growth rates in the soutLern versus the

northern pan of the ciearcuts (P : 0.027). This concurs with che

results of Coates (2002) and could be caused by nrore f:avorable

rnoisture condirions as a rcsult of slrading from che nearby cdge.

Recruitment and growth of the m'o major species ( interior spruce

and subalpine f ir)  might be erhaoced, therefore' i fgroups o€rem-

nant trees were left on ciearclrts to Provide shade and shelter as rvell

as a seed sourc€. There was no felationshjp between distance to edge

and .eedl ing growrh &,r other species excepr irrtcr ior spru.e.

Understory Vegetation

ln rocal, 131 plant species incLuding mosses were idcntified on

the clearcuts. Many (640/o\ oF these species commonly occur in

nlature [olests ofthe ESSF zone and were considered residuals from

the fbrmer stands. This finding corresponds well rvirh results ftom

forcsrs in the Paci{ ic Northwesc u'here a majoriry of lbrest uoder-

story species (over 7070) persisted aftcr logging and slash buroing

(HalpeLn 1989). Five nonnative sPecies were found (bul l  thist le

lCirsi u m uu lgare], orange hawkweed lHieracium duratutitzc u tu),

Timothy grass lPhleum Pratent?), conmon dandelion lTataxacum

off.ciralel, and a\s\ke clover lTrifoliun lry bridunl); how ever ' all had

very lo*. abundance. All other species were natives to !be r€gion bu!

were specics that typically do not occur in closed forests; rve term

these 
"narive invaders."
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Fiqure 4. Relotionship behrveen cover of fireweed lE. ongusfifolium) ond
däsiry of noturolly rägeneroted reedlings of oll tree species for 75- to
100-m2 plots in six cleorculs (A-F). Eoch Point rePresenls totol number ot
noturollv reoeneroled seedlinqs in o 100-m' plot ond rneon (over ol
fi.u*""J lo"-erooe of estimotiois in seven 4'm2 subplots). The line shows
rhe powei trenicomputed for oll plots combined ly = 2681x-o63; R2 =

0.18; P = 0.020).

Ävailable studics do not provide a clcar Picture about the rela-

tionship between understoty vegetation and tree regeneration. Un-

de rs to r y  vegeLa t i on  cou ld  have  a  pos i r i ve  impac r  on  t r ee  ge rm ina -

r i on .  su r r i r a l .  and  g ro * r l r  b l  p rov id i ng  P ro {cc t i on  aga in5L  f r o (L

heaving in saturated soils and from summer drougl-rc due to shading

(Alexander 1987, Fel ler 1998). Alternatively, comPetit ion by her-

baceous vegetation fot nutrients o{ien is considered to aff.eci trcc

seedlings negatively; e.g., seedlings have been shown ro have lower

nitrogen uptake when grown in competit ion (Hangs et al.  2002).

However, fbr the wet and cold ESSF zone, germinatioo as well as

initial grorvrh oftree seedlings was not found to differ signilicandy

between plots conraining natural abundances ofcomPeting vegeta-

c i on  and  p lo r s  i n  wh i ch  comper i ng  vege t i l i on  w t '  r e tno red  com-

p l c t c l y  (Fc l l c r  l 9o8 )

There rvere no significant correlations belween tree regeneralion

(density and growth) and rneasurcs of undctscory diversity (spccies

richness, Shannon Index, and evenness) Thus, understory diversiry

irself does nor affect cree regeneration. In addirion, no significant

relationship was detected between understory composition and den-

sityor grorvth ofnaturally regeneratcd seedlings rvhen all trce species

were p<roled together (results of Mantel test firr density, P: o.l'2:

for gro'vrh. P - 0 30) Thc samc analyt is brokcrr dowtt to cech trcc

specicr srparatel l  revealed no signi6canr rcl.rcions r" unJerstorl

composir ion exccpr for lodgepole pinc For this species, dcnsity

(P = 0.000; R - 0.16) and growth of natr:ral regeneration (/  =

0.000; R = 0,23) were significantly correlated lvith understory com-

position. As shown bcfore, this is no effect of diversiry itself and

rherefore may be caused by singJe understory species

Vith a orean frequency of 97o/o over Ä17 5 plots, fireweed rvas by

far the most abundant undetsrory species on the investigated

clealcuts. Its cover ra r'ged fron 4 to 64'% with a mean of20ol0. The

reJationship between firerveed cover and calculated densiry ofnatu-

rally regenerated seediings followed a ncgative Power fuoction with

ao lP : 0.18 (Figure 4). $?hen tree regeneration \vas seParated^ by

species, this pattern was particularly clear for lodgepole pine (-R' =

0.25) but was not signif icant for subalpine 6re or interior spluce'
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Fiqure 5. Relotionshio between cover of fireweed lE. onoustifoliuml ond
clärcut oqe. Eoch poht is the meon (over for o l0ö-m2 ilot loveroqe of
estimotioni in seven 4"m2 subplotsl; n = 75 plots on six cleärcuti lA-Fl]line
shows lhe power hend <omputed for oll ploh combined (y = 759-3x-t'e7'
R 2 = 0 . 3 4 ;  P < 0 . O O O r ) .

This likely reflects rhe lact that the latter rwo species are more shade

tolerant than pine.

Growth rate ofnacurally regenerated seedlings was not adverscly
affected by competiog 6reweed (no significant regression), a result
that is in accord wirh Fel ler (1998) and Bell  et al.  (2000). This
suggests that tree regeneratio[ is capable ofescaping from the direct

effccts of aboveground competition witfiout release treaunents.

Fireweed responds vigorously to high levels of lesources (light and
nutricnts) imnediarely aftcr clearcutcing, bur this reprcsencs only a
transitional phase; we saw a signiEcant decline in its abundance over

dre 6- to 10-year age range ofclearcuts rvc studied (Figure 5). Thus,
it appears that the competitive influ€nce ofEreweed might be rela-

dvcly shorc-livcd and that it is seedling establishment, radrcr than
growth, thar is reduced. However, if the time period for natural

regeneration of tree seedlings on clearcuts aiso is short-lived, e.g.,
because ofdeteriorating seedbeds (e.g., Peters et al. [2005]), then the

short-term impacr of fireweed on regeneracion density could have
long-term consequences.

On the other hand, rapid reestablishnrent ofherbaceous vegeta-
tion, such as 6reweed, could help maintain site prodrctivity by
preventing nutr ient loss during the t ime period after harvesting
when decomposition is enhanced, soil moisture levels are elevated,
and vegetative cover is relatively sparse. IFopportunisric herbaceous
species, such as fireweed, can rapidly take up available nutrienrs,

they might act as a reservoir or buffer, subsequently releasing these
resources for use by other species, as their cover declines. This cor-
responds to Virousek's (1984) general theory of forest nr-rtrient dy-
namics, which suggests that early successional species immobilize
linriting nutrients quickly after a distulbance event, tbus preventing
chenr from export into groundwarcr and streams.

Woody Debris

Coarse woody debris is known to serve many important ecoloe-
ical roles in foresc ecosystems (Harmon et al.  1986). Thus, there iras
been considerable concern that long-term reducdons in coa$e
woody debris, which inevitably arises from foresr harvesting, will

clearculs;
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o c
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Fioure 6. Relotionshio between orowth of noturollv reoenerobd hee
se-edlinos ond cover of downed woädv debris {or 75 olob in six cleorcuts
(A+). lieorly oll woody debrir wos läying flot on thä ground. Eoch point
reorelents meon orow$ lnecn terminol shoot lenofi for *re 16 loroest
noturolly reqener;'ted individuokl ond cover of dorined wood in the plot.
Line shows ihe lineor relotionship <ompuied for oll plots combined ly =
20.5 - O.22x; R2 = 0.28; P < 0.0001).

have serious conscqucnccs for species diversity during ali stages of

forest development (e.g., Halpern and Spies l l995l and McComb

and Lindenrnayer [ ]  9991). Ve found a negative l inear relarionship

between cover ofdowned rvoody debris and seedling growth (Rz :

0.28; Figute 6). Thus, woody deblis presence is nor intr insical ly

lreneficial to natural tree regenerationi we believe that this is related

to the quality and cbaracterisrics of dowoed wood found in

clearcuts. Most woody debris observed in our study was lying flat on

the floor', pressed down by heary machinery. In this form, it does not

o f f c r  p ro t cc r i on  nga ins t  soL r  i nso la t i on ,  excess i ve  t r ansp i r r t i on .

cranpling, or browsing; rather, ic actual ly l i rnits spors €or germina-

cion by its orvn coverage. Personal observations revealed almost no

seedlings on top of woody debris. Germination on logs probably

docs not occur on the clearcuts, because thc logs are exposed ro full

sunlight and therefore are highly desiccated. ln addition, woody

debris on the clearcuts consists mainly ofsrnall-diameter logs (mear

diameter over all plots was 15 cm). The negative effect ofwoody

dcbris on seedling gfowth also nay bc related ro soil compaccion

below the woody debris. Thus, the potential benefits of rvoody

debris are reduced by silvicultural pracLices; in trrn, rhc lack ofao

appropriate size and condition of downed wood could negatively

affecr rrcc regeneratiorl, ard a variery of other biota, in thc long

term. This call"^ firr impro"ed managemen! of dorvned wood on

clearcucs.

Conclusions
Overall, we can conclude that natural regeneratioD ir the studied

harvested forests was quite successful, supplementing the planting

densities of seedlings and increasing tree diversity. The success of

natural regeneration varied spatially within the clearcuts. Density of

natural regeneration declined (power crend) with increasing dis-

tance to the nearest lbrest edge while boch density (subalpine 6r and

interior spruce) and growth ( interior spruce) wete superio[ in the

southeln portion ofclearcuts. The abiliti, to achieve stocking targets

by means of natural regeneration was greatly reduced at disrances

greater than 70 m fron-r a forest edge. Thus, natural regeneration can

be relicd on only if distance to seed soulce is kept short. However,
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small clearcuts lead to landscape fragmentation, which can l-rave

orber negarive effects on ratural biodiversity ofpr:eviously continu-

ous forests. Hence, aggregating small öpenings or leaving patches of

live trees as seed sources within larger clearclrts are pronrjsing man-

xgemenr oprlons.
The nrain effecr of undersrory vegeLation on tree regenerarion

was the negative effect of fireweed on density of tree seedlings,

partjcularly the shade-intoleran! lodgepole pine. However, growth

of established seedlings was not hampe.ed by competition from

berbaceous vegetatjon. Downed rvood left on clearcuts negatively

impacted grorvth ofseedlings. There can be little doubt, however,

that nrainlenance of rvoody debris in forests can have important

long-term benelits for biodiversity and maintenance of ecoiogical

processes.
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