
B. J. Hawkins,l  R. S. Koppenaal, Centre lor Forest B o ogy, Un vers ty of V ctor a V ctor a, Br t  sh Co umb a. Canada
VBW 3N5

ano

A, K, Mitchel l ,  Pac f c Forestry Centre Canad an Forest Service, V ctor a Brit ish CoLrmba, CanadaVBZ TN45

Proximity to a Stand Edge Influences Growth of Advance and Planted
Pacif ic Silver Fir Seedlings

Abstract
Growth and ph!siology of advance regeneration, present in the undertory before harvest, and planted seedlines ofPacific siher
fir $ere compared in three en\,'ironments creaied by increasing distance from an edge of a montane clearcut on Vancouver lsland,
British Colunrbia. Canada. Thc objective wrs to quantiq, gro\\,th Iimiiations and their underlt ing mechanisms in relalion 1o light
and nutrient amilabiliiy. The site lvas clearcut in 1989. In 1993. plots $,ere established 5-10 n inside the north-east facing stand
edge, and l2-17 m and 60-65 m into the adjoining cle cut. Microclinale data *,ere coliecied, tlnd biomass allocation. specific
leaf area. and net photosynrhesis of rd\ ance and planled seedlirgs in the plol s were measured ir 1993. Height growth and foliaf
nitrogen conceniration of ad\ance and planted seedlings were nersured over a 5 yr period

Light and air temperature increased fron lhe inside edge envifonment into the clearcut. Soil moistufe did not differ grearl,v
anlong cnvironnrents. Seedlings ofboth regeneration t,vpes grew tallest in the clearcut. and specific leafareas \\'ere lorver in thc
clcarcul. ln | 993. roor shool ratios and rates of net photosynthesi s were greater in advance than planted seedli n gs. Pl anicd sccd
lings were signilicanlly lallcr than advancc rcgcneration by 1998.5 yr aticr establishnrcn!. howcvcr. thjs sizc diftcrcncc was due
mainly to thc largcr starling siTc ofplanted seedlings. By 1998, foliar nitrogen conceDtratjons did not differ betwecn regcncration
t!pcs. Foliar nitrogen concentrations were low in all environments, $'hich sLrpports the contention that gro\l,lh check of Paciiic
silver fir in montane clearcuts is as\ociated $,ith nitrogen deficiencv.

Introduction

Pacific silr,er tir (ADies anabilis) grows in cool,
moist. coastal forests from northem California
(,11'N) to southwest Alaska (56'N). In the cen-
tlal and southem part of its range. Pacific silver
flr is resldcted to montane lbrests above 300 m
and 1000 m. but north of 50'N it can bc tbund
liom sea level to the subalpine zone (-1,100 m)
(Pojar and MacKinnon 199,1). In coastal British
Columbia. montane forests containing Pacific silver
fir, westem hemlock (Zsrgzr heterophylla) ar'd
yellow cedar (Chamdecrparis nootkdtensis) are
projected to be the maior source of timber for the
next 40-60 yr (Canadian Forest Service 199,1).

Regeneration requirements of montanefbrests
are significantly different from those of low el
evation coastal forests (Klinka et al. 1992). His-
to.ically, montane fbrest regeneration has been
slow to establish in clearcuts and has olten ex-
hibited growth stagnation (Hetring and Etheridge
1976). These problems may relate to a shoft grow-
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ing season. low soil and air temperatures, nutri-
cnt dclicicncy of montane soils, or vegetative
competit ion (Grier et al. 1981. Amott and Bccsc
1995, Prescotr 1997).

Conccrns over ecosystem integfity and diver-
sity, and aesthetic values have resulted in a move
away from clearcut systems in coastal montane
tbrests of British Columbia (Amott and Beese
lgqT) .  Feu \ luJ ie \  have erarn ined reg :enera l ion
mechanisms under altemative silviculture syslems
in montane lbrests, but it is apparent that the in
creased edge created by partial cutting systems
has implications tbr gro\llh of seedlings. Forest
edges. whether createdby natural or artificial dis-
turbance, moderate microclimatic extremes and
create interactions betwcen light. temperature.
moisture, and nutdent availability that can modify
seedling growth (Chen and Franklin 1992; Chen
et al. 1995;Gray and Spies 1996. 1997; Mitchell
2001). Forest edges, therefore. provide an oppor
tunity to study regenemtion responses to gradi-
ents of resource availabil ity.

Pacific silver fir is highly shade tolerant, and
regenerates abundantly under mature stands
(Klinka et al. 1992). Following standharvest. these
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naturully regenerated seedlings arc rcfcrred to as
advancc rcgeneration. Several studies have ex
amined the response of Pacific silvcr fir advance
regeneration to microclimatic gradients created
by tbrest edges. Leaf morphology and physiol-
ogy changc with gradients of light, temperature.
and moisture created by clearcutting (Tucker et
al. I 987), and growth of advance regeneration of
Paci lic s il ver fi r and s ubalpine fir (Abies ktsioctupa)
increases with irradiance (Klinka et al. 1992).

Pacitlc silver fir advance regenertrtion is often
re l ied  upon lo  reduce the  l i . k r  and c , ' . t r  r r .s , ' r  i -
ated $,ith plantation cstablishment on montane
sites in Brit ish Columbia. Whilc Pacific silver f ir
responds to release even after long periods of
suppression (Klinka ct al. 1992) and advance re-
generation may outpefonn planted stock (Scagcl
et al. 1989), stocking and perfbrmance ofadvance
rcgcncration is often aconcem (Weetman andVyse
1990. Green and Bemardy I 991 ). The shade-tol-
erant attributes that allow sun'ilal in the under-
story may be associated with prolonged acclima
tion pedods and growth dclays in advance
regeneration following clearcutting (Hering and
Etheridge 1976, Wagner 1980). Shade foliage
l.torphology (Tucker et al. 1987) and shallow root
ing habit (Hering and Etherid-qe 1976) nray con-
tdbule to poor initiaJ pefirrmance ofadvance re
generation. Nurscr),-gro\\,n container seedlings
used for regeneration ofmontanc sites dilJ'er from
advance rcgcncration because they have higher
fbliu nitrogen concentations and lower root:shoot
ratios. and may respond difterently to resource
availabil ity.

While many studies have examined growth of
advancc regeneration ofPacitic silverfir. few have
compared the performance ofadvancc and planted
seedlings. In thjs study, growth and physiology
of advance regencration were compared to planted
seedling: ol 'Prcif ic . i l \ er l ir in lhree en\ ironmenls
created by increasing distance from an edgc of a
montane clearcut on Vancouver Island. The ob-
jective was to quantifl, grou,th limitations andtheir
underlying mechanisms in relation to light and
nutrient availobil ity.

Methods

The study sjte is located on eastem Vancouver
lsland (.16'55'N. 125" 25 W, 800 m) in the Coastal
Westem Hemlock (CWH) mm2 biogeoclimatic
variant (Meidinger and Pojar l99l). Site aspcct
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is N20'E on a 4' s1ope. The soil is a coaLrse loamy
ofthic humic podzol with a thickhumus layer ( l4-
40 cm). Mean air tcmperature on the site is 15.OoC
in July and -1.0'C in January (Ross Benton, Pa-
cific Forestry Centre, personal communication),
and mcan annual precipitation is > 1,100 mm (En-
vironment Canada. unpublished report, Campbell
River Airport). Part of the old-growth stand on
the site wils clearcut in midsummer. 1989. West-
ern hemlock, mountain hemlock. Pacific silver
fir, and yellow ccdar were the predominant over-
story species. averaging 28 m in height.

In  Apr i i  lgg . t .  Ih ree  t reu lmen l  env i ronrnenr \
were established: clearcut, 60-65 m liom the nofih-
east facing stlurd edge; outside edge. 12-17 m from
the stand edgc; and inside edge, 5 l0 m inside
the stand edge. Three replicale plots, 25 m x 5 m
were established with their long axes parallel to
the noftheast-facing stand edge in each cnviron-
men l .  The th ree  rcp l i ca te .  in  each enr  i ronmenl
compensated for variation in microtopography
across the site.

Within each treatment environnent, 50 seed-
Iings of Pacific silver fir advance regeneration <
50 cm in height wcrc randomly selected across
all replicates and tagged. An age of 10 I 2 yr was
detemined tbr a sample of six advance seedlings
of similar size in each environmcnt which con-
lirmeJ the) $ere presenl in thc undersrurl prirrr
to hanest. Forty 1-yr-old container seedlings of
Pacitic silver f ir (PSB 3l38 1+0) werc planted at
I m x 1 m spacing in each replicate plot.

From,l June 29 September 1993. airtempera
ture, photosynthelically active radiation (PAR).
and soil water potential were neasured every l0
min in each environment, an hourly average cal-
culated and recorded with an Omnidata Interna-
tional Easylogger 900. Air lemperature was mea
sured at onc location in each environment with
shaded thermocouples 30 cm above thc soil sur-
face. PAR was measured at ground level with four
LI-COR l90SA quantum sensors in both the in
side and outside edge environments, and two sen-
sors in the clearcut. Soil water potential at -10
cm was measured with soil matric potential blocks
at one location in each environment. Over the 5
yr study. the relative rankng of the three treat-
ment envifonments by tcmperature. light. and
moisture conditions was consistent.

Height of the planted and advance sccdlings
was measured at the time ofestablishment inApril



I 993, and in Septcmber 1 99zl and I 998. In September
1993. six seedlings of both planted and advance
rcgeneration \vere excavated in each replicate and
analyzed fbr root and shoot dry mass and spe-
cific leaf area (SLA = leaf area,4eaf dry mass).

Owing to differences in init ial size between
planted and advance seedlings and anrong advance
sccdlings in the three environments (Figure I ). 5
yr height was analyzcd using analysis of covari-
ance. with initial height as the cova ate. Moftal-
lty and browse resulted in uncven sample sizes
$'ithin rcgeneration types, and samplc sizes dif
fered among replicates for advance seedlings, thus
anr l l s is  o l  r r t iance uas  r r r ied  ou t  us ing  I  gen-
cral lineiumodel (SAS Institute Inc. 1988). Means
were conpared with Tukcy's means test. Hcight
relative growth rate (RGR) bctween I994 and 1991i
was also calculated (fln(height'98) ln(height
'94)l/,1 yr) to examine growrh rates independent
ofinit ial seedling size. A 4-yr period was chosen
becausc planted seedlings were considered estab-
lished after two growing seasons. RGR results
were arcsinc square rcot transformed and ana-
lyzed by ANOVA (SAS Institute Inc. 19813). The
level of significance for all statistical analyses was
P<0.05.

Current year needles were sampled 1br nitro
ger concenlntion prior to planting in April 1993,
in late September 1993 and 199.1. and in Novem
ber 1998. In Septcmber 1993. 60 sccdlings per
environment and regeneration type. 20 per repli-
cate, were sanpled and the foliage bulked by repli-
cate and regeneration type. In 1994, 15 seedlings
per replicate of each regeneration typc \vere
sampled individually. 1n 1998, five seedlings per
rcplicate of each regeneration type were sampled.
Foliage was oven dried at 80'C. ground to pass a
I rnm mesh sieve, and analyzed using the H.SO]-
H.O. digestion mcthod aod a Technicon
autoanalyzer (Parkinson and AIlen 1975). Foliar
nutrient conccntration data were arcsine square
root transfolmed, and analyzed using analysis of
variance (SAS lnstitute Inc. 1988).

Net photosvnthesis (Pn) and rranspiration (Er)
rutes $'ere measured with apo ablc Le fCham
ber Analvser Type LCA-3 on 8 June, l9 July, l2
Augu\ | .  : rnJ  I t  Septembcr  l90  t .  p ; r .  o r  . i r  l l n -
don \ .eleclcd \eedlings olerch |cgeneftrl ion tlpe
in brrth the clearcut rnd uulride edge cnr irunmenl5
were measured between 14:00 and l6:00 hr on
the first three dates. and between 9:00 and l0:30

hr in September Six seedlings in the inside edge
envlronnrent were neasured in July and Scptem-
ber only. Xylem pressure potential was measured
\'"'ith a Model 3005 Plant Water Srarus Consolc
immediately following the photosynrhetic luea
surement fbr each seedling. Data \\,ere analyzed
by ANOVA (SAS Instirute Inc. 1988.).

Results

1\,4 croclirnate

The clearcut was exposcd to 10070 of full sun,
and marimum daily PAR ranged between,l00 and
2100 pmol m r s L. PAR in the outside cdge envi
ronment averaged 8,+t L6% ofthat in the clcarcut.
and the maximum ranged fuom 350 ro 1950 pLmol
m':s r. PAR in the inside edge environmenl aver-
agcd 18 t 1.7% of the clearcut. and maximum
PAR was below ,100 pmol m I s 1 on most days.

Mean daily air temperature at 30 cm in the
clcar( ul ranged ftom 5 tu l8'C. Temferarure\ in
the inside and outside edge environments were
gcnerally I ,1"C lower than the clcarcut. Maxi-
muln air tcmperatures were 30.5'C in the clcarcut.
and 26.5'C and 21.5'C on the outside rnd inside
cdges. Minimum tcmperatures aver;iged 0.5 3'C
lowcr in the clearcut and outside edgc environ
ments than the inside edge environment. Soil water
potentials in the three environments diflered by
< 0.005 MPa until mid-September. when a pe
riod of low rainfall resulted in soil water potcn-
tial dropping to a low of-0.0,17 MPa in the inside
edge and -0.028 MPa in the clearcut. During the
Septembcr dry period, soil water potential remained
r l  -0 .U2 MPa in  Ihc  ou l \ i Je  cdge en \  i r ( 'nment .

Surv va Growth, and l\,4orphology

ln I 998. 5 yr after establishment, survival of rhe
advance seedlings selected for measurement was
707c,98Vo. and827c in the clearcut, outside edge.
and inside edge environmenls. Five year sun,ival
ofplanted seedlings was ll47r, 8lo/c. and 866/c on
the clearcut. outside edgc. and inside edge envi-
ronnents.

Analysis of covariance showcd that the
covadate, init ial seedling hcight, had a signifi-
cant (P=0.03) effect on 5-yr height. Both envi
ronment and regeneration type signii icantly
(P<0.00i) aft 'ected 1998 height, with rhe rallesr
seedlings in the clearcut. and the smallest in the
inside edge (Figure 1). Planted scedlings were
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significantly taller than advance seedlings 5 yr
after planting (Figure l). The efTect oI replicate
within environment was not significant in any of
thc analyses.

An;ilysis of 4-yr height RGR showed no sig-
nificant difference between regcneration types.
thus the effect of regeneration type on 1998 height
was due to ditTercnces in initial size. Environ-
mcnt significantly affected height RGR (P<0.001).
Height RGR was 0.1610.02 in the clearcut. 0.1I
t 0.01 in the outside edge, and 0.003 t 0.05 in
the inside edge environment. The negative RGR
in the inside edgc environment was due to the
die-back of shoot t ips in some seedlings.

Analysis of SLA in 1993 showed that planted
scedling. rltered foliar morph,' lug1 in rcsponse
to the different light environments in one grow
ing season. SLA of both regeneration types was
greatest in the edge environments and least in the
cleaLrcut. SLA of advance seedlings was 88.5 t
2.5 cmr g r, 106.4 t .+.I cmr g r. and 10 | .2 1 ,1.6
cmr g ' in the clearcut. outside, and inside edge
environments. SLA ofplantcd seedlings was 81.8
t 9.7 cm: g r. 123.7 t 7.4 cmr g r, and 152.7 t9.1
cm: gt in the same environments. Dry needle
weight of advance seedlings was greater than
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planted seedlings (0.54 t 0.01 g/100 leaves vs.
0.35 t 0.01 g/100leaves). Dry needle weight of
both regeneration types was greaterin the clearcut
rhan in  lhe  ou ts ide  or  in r ide  edFe enr  i ronment '
(0.55 g/100 leaves, 0..11 g/100 lcaves, and 0.38
g/100 leaves).

ln 1993. mean root:shootratio of advance seed-
lings was 0.53 t 0.05, signiticantly greater than
planted seedlings (0.32 t 0.01) (P<0.01). Root:
shoot ratio of plflted seedli ngs d id not dift'er among
environmcnts, and one growing season after plant-
ing still reflected conditions in the nursery rather
than the planting site. By 1993, advance seed-
lings in the outside edge and clearcut had three
growing seasons to respond to changcd condi-
tions created by overstory removal. Root:shoot
ratio of ad\ance .eedling: dif l 'ered rmong <rrr i-
ronments and was 0.77 10.08 in the inside edge,
0.43 t 0.05 on the outside edge. and 0.41 t 0.03
in the clearcut. No further biomass sampling was
conducted afier 1993 due to the difficultics of
seedling excavation.

Fo ar Nutrients

Prior to planting, foliar nitrogen concentration of
five containcr seedlings averaged 1.8 t 0.09o/c.
We assumed that prior to harvest, fbliff nitrogen
concentmtions of advance regeneration were simi-
lar to insidc edge seedlings in l993, about 0.87o.
In September 1993, one growing season afier plant-
ing and lbur growing seasons aftcr harvest, foliar
nitogen concentration of current-year needlcs had
declined to less than 1.2% in all planted seed
lings. but was greater than I .27a in advance seed-
lings in the clcarcut and outside edge (Figure 2).
There was a significant interaction betweel en-
vironment and regeneration type in fbliar nitro-
gen conccntmtion (P<0.05). Foliar nitrogen con
centration q'as greatest in advance scedlings in
the high-light clearcut and outside edge environ
ments, while nitrogcn concenfation in planted
seedlings was highest in the inside edge (Figure
2) .

Tn laa4. the enr ironmenl \ regeneralion I) le
interaction was still significant in the analysis of
nitrogen concantration of current-year needles
(P<0.0001). Foliar nitrogen concentratlon was
greatest in planted seedlings in the clearcut and
in advance seedlings in the outside edge, but not
signifi cantl l dif lerent betu een regeneralion I) pe\
in the in.iJe eLlge r I igure 2 r. On ar crrge. nitro-
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gen concentratlons \r,e19 greatest in the clearcut
and lowest in the inside edge seedlings.

In 1998, environment was the only significant
effect in the analysis of nitrogen colcentrations
olcurrent yearneedles (P<0.005). Nitrogencon
centrations were greatest in needles of seedlings
tiom the outside edge, but were not significantly
different between the clearcut or inside edge en
vironnents (Figure 2).

Net Photosynthesis and Water Fe at ons

Over the first growing season Pn and Et of ad-
vance regeneration inthe clearcut and outside edge
environments wereoonsistently higherthanthose
ofplanted seedlings, except on 8 June which was
a cool. overcast day (Table l). Within each re
gcneratioo type, Pn and Et were not significantly
different between the clearcut and outside edge
environment. except on 8 Scpternber when the
shade from the stand edge eclipsed the outside
edge replicates by the time of measurcment (Table
l). On average, however, Pn was greatest in the

clearcut. In the low light environment of the in-
side edge, Pn u'as very low in advance seedlings.
and negative in planted seedlings (Table t).

Xylem pressule potentials werc not significantly
dillerent among enr ironments ot regcnerddon q pe.
on two ofthe four measurement dates (Table l).
On l9 July and 8 September. xylem pressure po-
tentials were significantly lower in the clearcut
seedlings compared to the outside edge seedlings
(P<0.05). On 8 September, planted seedlings in
the outside edge replicates had significantly lower
xylem pressure potentials than advance seedlings
(Table 1).

Discussion

Biological responses at forcstedges are influenced
not only by distance from the edge. but also by
edge orientation, patch size and shape. and topo
graphical features, among other variables (Chen
and Franklin 1992). We assessed the inreractions
between climatic factors and seedling growth in-
tensively at one site by studying how rhe cdge
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TABL! l .  Nica.  (1S.E.)ratesofnel  pholosynlhcsis (Pn LLmolnl :  s ' )  and t r inspira l ion (Et  mmol n l  I  s  L) .  and xylen pressure
polcnrial (V MP.L) of adunce and planted Pacific \iher lir seedlings in lhrcc environmens on four da)s oler the
growing sea$n. Nleans lblloscd b) the same superscfipted letlcr arc nol significantI,v different within sampling datc.

Inside
Edge

Outside
Cleairul Edge

InsideOu!side
Edgc

8 l u n e

19 Jul)

l l ,A.ug.

8 Scpl .

3.71 (0..11
l . 7 r  ( 0 . r ) "
0.73 (r j .0),

1.92 (0.11
2.411 (0.2f
l . r 0  (0 .0 )

.r.19 (0..1f
l . l 2  ( 0 .11
r .25  (0 .1 )

3., l l10.61'
l .5l  rc.2).
-1.3,1(0.r-J)"

3.19 (0..11
r . s6  (1 . l  ) '
0 . l l  ( 0 .1 ) ,

2.71 (0.1)"
2.,16 0.2).
,0.86 (0.1r

3 . r5  (0 .5 I
1.7,r (0.1)"
-0.96 (0.1)"

0.60 (0.6) '
1.,19 (0.1).
r.00 (0. r )b

{1.56 (0.3) '
0  9 l  ( 0 .1 ) f
0.8-r (n=2)

0.07 (n=2)
0.61 (n=2)
-0.81 (n=2)

.1.s6 (0.31
2.6,t (0.3)'
0 . ] ]  (0 .1 I

I .0,1 (0.5)b
1 .0s  (0 . l ) "
- 1 .01  (0 .1 I

1.82 (0.1) '
1.09 (0.1)"
-1 .05  (0 .1 ) .

2.56 (0.7f
1.11 (0.2).
r .  rE  (0 . l l b

3.87 (0.2),
2.27 t0.2).
-0.69 ( l . l f

1 .03  (0 .1 ) '
0.97 (0.0)b
0 .70  (0 . r1 ,

0.89 (0.,1)"
r. .13 (0..1)f
0.89 rc.rI

0.63 (0.4r
1.16 (0.2)"
-0.68 (0.1).

2.67 (0.9).
1.27 (0.1t'
-0.77 (n=2)

0.71 (n=2)
lJ.11 ln=2)
0.60 (n=2)

Pn
Et

El

Et

EI

environments modif-led photosynthesis, nitrogen
acquisit ion, and growth processes over 5 yr.

A gradient of incrcasing Iight and increasing
temperature existed fiom the inside edge envi-
ronmenl  lo  the  ou l . ide .d8e rnd  c le i l rcu l  en \ i -
ronments. Increrscd lightand temperature cim both
result in grcatcr rates of net photosynthcsis and
growth. The estimated light saturation point for
Pacil ic silver f ir is as low as 650 prnol m']sr
(Mitchcll and Amott 1995) to > 1000 ptmol m r s'
(Teskey cl al. 1984). Under tull sun conditions,
inadiance in both the clcarcut and outside edge
environmcnls exceeded these lintits, however.
average inadiance in thc inside edge environment
was well below thc l ight satuntion point. Seed-
ling growth in the inside edge environment was
rhus lim jted by light. We estimated that in the last
3 mo ofthe growing season thc oulside edge rep-
licates received - l6% less l ight than the clearcut
replicates due to atternoon shade created by the
stand edge. Lower light nlay have limited net car-
bon gain by outside edge seedlings.

Thc optimal temperature for net photosynthe
sis of Pacific silver f ir is 15 I L5"C throughout
the year. but net photosynthesis is usually within
l0'/,-. of rnaximum between l0"C and 18oC (Tcskey
cL al. 198,1). Mid-summer high tenpenture com-
pensation points arc greater than 30'C (Teskey
et al. 1984). The relatively low optimal tempera-
lure for net photosynthesis in Pacific silver fir,
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combined with temperaturcs among the thrcc cn-
vironments that varicd by only a fe\\" degrees. in-
dicatcs that temperature did not limit nct pholo-
\ )  n the \ i \  in  un ;  r ' l ' the  env i lonmenl .

Soil water deficits were minor, thus we did
not consider moisture greatly limiting. The clearcut
seedlings had thc lowest watel potentials on two
occasions in late summer (Table I ). and stomatal
limitations may have rcduced photosynthesis on
those days (Livingston andBlack 1988). Although
soil nutrients were not measured, we believe that
higher daytime soil temperatures in lhe more ex
posed clearcut and outside edge environments led
to grcater rates of niftogen mineralization (Lambers
et al. 1998). In a site located 2 km from our study
at a similar elevalion. Prescott (1997) tbund &-
.rit rates ofnet nitrogen mineralization and concen
trations of nitrate in forest floor and soil werc
greatest in a clearcut and lcast in the forest.

D i f t 'e rcn .e '  rn  l igh t  ava i lab i l i t l  amung enr i -
ronments resulted in advance regeneration and
planted tlees converging in each environment with
respect to physiology (foliar nitrogen concentra-
tion) (Figurc 2) and relative growth rate. ln low
light, nutrient limitcd environments, plants gen-
erally have greater root:shoot ratios and decreased
concentrations of soluble protein and Rubisco
relative to plants ir high light environments (Taiz
and Zeiger 1998). Thus in the inside edge envi-
ronment, advance regeneration, acclimated to low



l ight, maintained root:shoot ratios and foliar ni
trogen concentrations while planted seedlings,
acclimated to high light, allocated more biomass
to roots and less nitrogen to leaves. In the clearcut'
planted seedlings tended to stay the same while
advance regencration allocated more biomass to
shoots and more nitrogen to leavcs. As I result'
relative growth rates converged in each environ-
ment for advonce regenemtion and plantcd trees.

Prior to rclease in 1989, we believe advance
regeneration had high root:shoot ratios similar to
the jnside edge seedlings in l993 Tuckcr et al
(1987) cite sevcral studies of understory Pacific
silver fir and grand tir (Abler gi?rdis) trees with
low root:shoot ratios. The combination of low
nutricnt availability andlow imadiance on our study
site, howevcr, would lead to high initial rcot:shoot
ratios. The high root:shoot ratio of inside edge
.eed l rnp5 \  a .  r l .o  bec lu \e  u l l \ , rnce  reFenera t ion
ofPacific silverfir gro\\, s horizontally as the lower

stem is buricd by organic rnatter. Cuest (2001)

excavated 70 advance seedlings of Pacific silver
fir and found that scedlings < 50 cm tall had 10
70 cm of buried stem. The buried stems produca

adventitious roots. therefore vie included thenl
in root biomass. Shoots oI advance seedlings in
the outside edge and clearcut environments were
larger than inside edge seedlings. which reduced
the proportional contribution of the buried stem
to root:shoot ratios. Acclimation ofrcot:shoot ratio
was not observed in planted scedlings, becausc
one glowing season was not long enoughto change
biomass allocation signiticandy.In a nursery study.
no differences were found among root:shoot ra-

tios of t yr-old Pacjfic silver f ir PSB 313B con-
taincr seedlings grown for a second year in high

and low light environments (Mitchell and Arnott
199s).

Four growing seasons after harvest. signiflcant
differences in lcafmorphology $'ere observed in
advance regeneration anong the three e 'ron-

ments, with high SLA in the inside edge Tucker
et al. (1987) suggest that it may take 7 yr for Pa-
cjfic silver fir to acclimate to ove$tory/ removal,
therefore advance seedlings had acclimated fully
by the end of our study. ln seedlings planted in
1993. foliage cxpanded in the year of plantlng

acclimated rapidly to ditlerences in light among
thc three environments. Leverenz:ud Jan'is (1980)

found that Sitka spruce (Pi(ea sitchenrls) could

change tbliar morphology in the first year if the

tree was exposed to the new light conditions Just
pdor to bud burst.

In thc first growing season atter planting. fo
liar nitrogen conccntmtions in pli lntcd seedlings
in all cnvircnments declinedfrom their pre-planting
condition. ln 1993. nitrogen concentrahons In
planted seedlings \\,ere highest in the inside edge
environment (Figure 2) because shoot expansion
\r'as limited. Low nitrogen concentrations inplanted
seedlings in the high light environments $as sup-
pofied by their chlorotic appearancc. but chloro
sis may havc been due to photooxidation Foli-
age of newly planted seedlings may suffer damage
from ultra-violet light at high elevation (Tucker

et al. 1987). In the sccond growing season. lb)iar
niffogen concentrations of planted seedlings in
thc clearcut increascd, but those in the outside
and inside edge did not increase (Figure 2) We
surmise that seedlings planted in thc clearcut ex
perienced rapid root gro\\,th. allowlng increased
nitrogen uptake. Shoot gro\4'th may not have in-
creased proportionally, allowing accumu]ation of
nitrogen. Five years after planting, tbliar nitro-
gen concentmtions were grcatest in seedlings in
the outside edge, and lower in clearcut and in-
side edge seedlings (Figure 2). Although foliar
nitrogen concentrution was low in clearcut seed-
ling.. lerl weight anll .hoot . i,/e were greater in
these plants (Figure I ), thus total nitrogcn con-
tent was grcater.

Three and four growing seasons alter overstory
removal, advance seedlings in the clearcut and
outside edge environments had higher tbliar nl-
trogen concentrations than inside edge seedlings
(Figure 2). Greater foliar nitrogen in wamer en-
vironments is explained by the erpected increascd
rates of nitrogen mineralization. By 1998, pat-
tems of foliar nitroger concentratlon 1n advance
seedlings in the three environments were similar
to planted seedlings, and fbliar nitrogen ln the
higher light environments had declined due to
growth dilution.

B)  lqqx .  fo l ia r  n i l rogen concen l ra l ions  were
not significantly different between planted and
advance seedlings, but were signiticantly below
the 1 .15clc critical nitrogen concenffation dclined
by Powers (1983) in all environments. ln the
clearcut and inside edge environments. foliar ni
trogen concentrations were also below the avel
age of 0.937. nitrogen for 26 to 37 yr-old trees
sampled in i9 stands in western Washington
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(Rad$'an et al. 1989). Although Radwan et al.
( I 989) suggest that Pacific silver fir may hare a
high nitrogcn uti l ization efficiency, the low fo-
liarnitrogcn concentrations nreasured on our sites
l i ke lS  l i rn i ted  grou th .  suppor t ing  rhc  (onrenr ion
that growth oheck obsen'ed in natural and planted
Prc i f i c  . i l \e r  f i r  s lp l ingr  g rou ing  in  rnunrane
clearcuts is associated with nitrogen deficicncy
(Husted 1982, Arnott and Beese l995).

Despite apparent nitrogcn limitation, growth
rates ofboth planted and advance seedlings were
greatest in the clearcut. followed by outside and
then inside edge environments. RGR of the two
regeneralion typcs were not signiticantly dift-er-
ent, and the pairs ofheight growth curves foreach
cnvironment diverged only slightly (Figure l).
Although height ofplanted secdlings was greater
than advance seedlings in all environments. this
eflect was due to differences in initial size. Other
studies cxamining the response of naturally re-
generated Pacific silver fir sccdlings and saplings
to irradiance or exposure by overstory removal
demonstrate thal both cstablishment (Cray and
Spies 1996, 1997) and growth (Tucker et al. 1987,
Klinka et al. 1992, Gray and Spies 1996) rtrc greater
with increased light. While Pacific silver fir is
shade tolerant (Teskey et al. 198;1, Mitchell and
Arnott 1995) and survives suppressed in the un
derstory for long periods of time (Klinka et al.
l992), when released by ovcrstory removal Pa-
cif ic silvcr f ir increases height increment by the
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