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Seed abundance versus substrate limitation of
seedling recruitment in northern temperate
forests of British Columbia

Philip T. LePage, Charles D. Canham, K. Dave Coates, and Paula Bartemucci

Abstract: We examine the influence of)(the spatial distribution and abundance of parent trees (as seed sources) and
(ii) the abundance and favourability of seedbed substrates, on seedling recruitment for the major tree species in north
western interior cedar—hemlock forests of British Columbia, under four levels of canopy openness (full canopy, partial
canopy, large gap, and clearcut). Substrate distribution varied with canopy openness, and substrate favourability was a
function of both canopy openness and seedling species. Lack of suitable substrates was the predominant factor limiting
seedling density under full canopies. Partial canopy and gap sites provided a broad range of favourable substrates in
close proximity to parent trees, resulting in the highest observed seedling densities. There was much higher effective
dispersion of seedlings away from parent trees in gaps than in the partially cut stands. Seedling dispersion to clearcut
sites was poor with seedlings being tightly restricted to a narrow band along the forest edge. Thus, seedling recruit
ment in these forests was a reflection of the interaction between the abundance of seed and substrate favourability, and
the relative importance of these factors varied significantly with canopy structure.

Résumé: Les auteurs ont examiné l'influenc® @e la répartition spatiale et de I'abondance d’arbres parentaux-consi
dérés comme sources de semencesi ptlé I'abondance et de la convenance du substrat des lits de germination, sur le
recrutement des semis des principales especes d’arbres dans les foréts de thuya et de pruche de la partie nord-ouest de
I'intérieur de la Colombie-Britannique, en fonction de quatre niveaux d’ouverture du couvert (couvert complet, couvert
partiel, grande ouverture et coupe a blanc). La répartition du substrat variait avec le degré d’ouverture du couvert et la
convenance du substrat était fonction a la fois de I'ouverture du couvert et de I'espéce du semis. Le manque de subs-
trats appropriés était le principal facteur qui limitait la densité des semis sous un couvert complet. Les plus hautes den-
sités de semis ont été observées sous couvert partiel et dans les ouvertures qui procuraient un large éventail de
substrats appropriés dans I'environnement immédiat des arbres parentaux. La dispersion des semis loin des arbres pa-
rentaux était beaucoup plus efficace dans les ouvertures que dans les peuplements partiellement coupés. La dispersion
des semis dans les sites coupés a blanc était faible, les semis étant limités a une bande étroite située le long de la li-
siére de la forét. Ainsi, le recrutement des semis dans ces foréts était le résultat de I'interaction entre I'abondance des
semences et la convenance du substrat, et I'importance relative de ces facteurs variait de fagon significative selon la
structure de la canopée.

[Traduit par la Rédaction]

Introduction seed dispersers and consumers (Schupp 1988, Schupp et al.
. . . . . 1989), variation in climatic and microclimatic conditions
Tree seedling recruitment in forests is often characterize, ¢ aftect seed germination and early seedling survival, and
by dramatic spatial and temporal variation as a result of &piia| variation in substrate (seedbed) favourability and
broad suite of processes. These include synchronous €mpQy¢e jte abundance (Bernsten 1955; Smith and Clark 1960;
ral variation in seed production within populations (e'g"Eis 1967: Amott et al. 1971 Mino;e 1972; Geier-Hayes '
rlngagszt'_ng)orfgfjgaqggg? maﬁlsolnoc]jizgd S;téegi:nedrsgle?li%?; Harmon and Franklin 1989; Anderson and Winterton
man, tree s eci.es (Au, S %ryer 1983 1986- Huphes anl 95). Both theoretical a_nd empir!qal quels t_:)f forest dy
F hey 1038. l?—|oule and %5 efqte 1990). spatial andgtem orLjamics demonstrate that interspecific variation in patterns of
ahey 15og, Y ). sp POTdaedling recruitment can have important, long-term effects
variation in the abundance and foraging patterns of anim n forest dynamics (Ribbens et al. 1994: Clark and Ji 1995;
Pacala et al. 1996). While many early models of forest dy
namics assumed that seedling establishment was ubiquitous
and independent of the local abundance of parent trees (e.g.,
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P.T. LePage; K.D. Coates, and P. BartemucciBritish the JABOWA-FORET class of models), Ribbens et al.
Columbia Forest Service, Research Section, Bag 5000, (1994) have shown that for a suite of tree species in forests
Smithers, BC VOJ 2NO, Canada. of eastern North America, spatial variation in seedling re

K:/Ill?b Ca;‘hsr?'igsstxgteuoé iCOSyStem Studies, P.O. Box AB.  ¢yitment is a predictable function of the spatial distribution
HIarook, P of parent trees in a stand. Eight of the nine species studied
ICorresponding author. e-mail: Phil.LePage@gems8.gov.bc.caby Ribbens et al. (1994) had highly localized patterns of
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seedling dispersion around parent trees. A spatially expliciMarsh.), trembling asperPppulus tremuloide#/ichx.), and black
model of forest dynamics (SORTIE) that incorporates thesé&ottonwood Populus balsamiferasp.trichocarpaTorr. & Gray).
results demonstrates that localized patterns of seedling digubalpine firis commonly replaced by amabilis firt{iks amabilis
persion contribute to the maintenance of tree species dive ougl. ex Forbes) at higher elevations. In the old-growth stands

L : _ - >350 years since fire), western hemlock dominates with minor
zg)éclire]str(llsaiialfgrgtsil, fggg):ularly among late SUCCGSSIOnéclomponents of western redcedar, subalpine fir, and amabilis fir.

T dii . is al itical in f The understories of both mature and old-growth interior cedar—
ree seedling recruitment is also a critical stage In fores g ock forests are typified by sparse shrub and herb development

regeneration following logging. Rates of natural seedlingyith a thick layer of moss, dominated by red-stemmed feather
establishment can be low following intensive harvesting be moss Pleurozium schreber(Brid.) Mitt.), step mossHlylocomium
cause of inadequate local seed sources, harsh microesplendens(Hedw.) Schimp. in BSG), knight's plumePfilium
vironmental conditions, and abundant populations of seedrista-castrensigHedw.) De Not.) and electrified cat’s tail moss
and seedling consumers (Steen et al. 1990; West 1992). As(Rhytidiadelphus triquetrugHedw.) Warnst.) (Banner et al. 1993).
result, in many parts of North America, tree-planting pro Preliminary examinations of these forests indicated that understory
grams are required to achieve adequate rates of regenerati eneration of all tree species appears to be severely limited on
following clear-cutting. In British Columbia, Canada, recent € undisturbed moss layer. - .
changes in forest management practices have placed re The replicated treatments applied in the Date Creek silvicultural

) b . ) Systems study created a range of forest floor disturbance and over
newed emphasis on partial cutting and increased the focus%lory canopy structure that included undisturbed forest, two levels

on the use of natural regeneration. , ~ of partial cutting (light and heavy), and clearcut forests. In the light
We characterize seedling abundance of the nine major CQyartial cutting treatment, approximately 30% of the stand volume
nifer and deciduous tree species of the interior cedar-henwas removed by cutting either single stems or small groups (3-10
lock (ICH) forests of northwestern British Columbia under atrees). In the heavy partial cutting treatment, approximately 60% of
range of canopy conditions from full canopy, to partial can stand volume was removed via large gaps (0.1-0.5 ha in size)
opy, to large canopy gaps, to clearcut. The nine tree speciedyenly distributed across the treatment units and either single tree
represent the dominant species of early to late-succession@l Small gaps in the forest matrix between the large gaps. The
stands throughout the region and have a wide range of sedggatment units were approximately 20 ha in size, and the logging

. . g s conducted in the fall and winter of 1992-1993. A detailed de-
sizes, dispersal abilities, and substrate preferences (Bu”i\giption of stand composition and structure can be found in

and Honkala 1990). This study was designed to answer foUg tes et al. (1997).

main questions regarding natural regeneration in these for-

ests: () what is the relationship between parent (seed ,

source) abundance and proximity and seedling dispersiorfyansect and quadrat establishment _

(i) how is seedling dispersion affected by different substrate Within the experimental framework at Date Creek, seedling data

(seedbed) types:ii() do different species exhibit marked were collected frpm !lne transects establlghed in fou.r types of sﬂgs.

preferences for different substrate types; aw) does har- Si)i)fﬂgrggn?%gis#;i}g;tgg rt'gpga?g gxosgeﬁa(;l.oaqu‘ls,tlgctzg_?]gs),

o e o S o e o Rt St Py 2 gt ooy st e bt
/ th old-growth and mature forests. Transects through these stands

al. (1994) to characterize the relationships between seedlingere cong]posed of adjacent, 12muadrats distributed glong a ran

density and the spatial distribution and sizes of neighbouringlomly oriented transect in each site£ 2 sites for full canopyn =

parent trees. We have also modified the method to incorpcb sites for partial canopy). From one to three transects (oriented

rate variation in the distribution and abundance of differenthorth—south and east—west) were used in each of five large gaps.

seedbed substrates. Our analysis allows us to simultaneous]y2nsects were established at two sites (north and south edges) in

quantify for the nine species, the effects of both seed sourC(%r,e clearcut. On each edge, quadrats were Ia%d OLI‘t In thr?e parhallel

and substrate favourability in determining the spatial distri ansects spadeb m apart and extending into the clearcut from the

buti d Il abund f dli it tin f forest edge. Quadrats were adjacent to one another for the first
ution and overall abundance ot seedling recruitment In 1054 ) from the clearcut edge, and then spacedye¥em out to a

ests subject to different management regimes. distance of 100 m. Across all sites, we sampled 1730 quadrats dis
tributed as follows: 200 quadrats in the two full-canopy sites; 800
Methods in the six partial-canopy sites; 495 in the five gaps; and 235 in the

clearcut (five plots landed on compacted skid roads and were re
moved from the data set). The spatial position of each quadrat was

Study area and species mapped using a Criterion™ Laser 400 survey transit
Our research was conducted in sites used for the Date Creek i 9 y '

Silvicultural Systems Study (Coates et al. 1997), located near )

Hazelton, B.C. (55°2Q, 127°50W; 370—-665 m elevation). The Substrate sampling

study area lies within the Moist Cold subzone of the Interior The area of each quadrat was classified by seedbed substrate
Cedar—Hemlock biogeoclimatic zone (ICHmc) (Pojar et al. 1987;type (described below). The percent cover of each substrate was
Banner at al. 1993). Mature forests at Date Creek (130-140 yeangsually estimated (with a 1% grid used for reference) in each
since fire) are dominated by western hemlod@kuga heterophylla quadrat to the nearest 5% for substrates present with >5% cover
(Raf.) Sarg.) but are intimately mixed with western redcedarand to the nearest 1% for substrates occupying less than 5% of the
(Thuja plicata Donn ex D. Don in Lamb), subalpine firApies  quadrat. The substrate types were as follows.

lasiocarpa (Hook.) Nutt.), lodgepole pineRinus contortavar (1) Mineral soil (MS): exposed mineral soil (created by logging

latifolia Engelm.), hybrid spruce (the complex of white spruce disturbance or windthrow), or with a sparse layer of recently
(Picea glauca (Moench) Voss), Sitka sprucePicea sitchensis colonizing mosses (e.gRolytrichumsp.).

(Bong.) Carr.), and occasionally Engelmann sprudeicda (2) Fresh logs (FL): a solid, intact log or stump from logging
engelmanniiParry ex Engelm.)), paper birciBétula papyrifera (slash) or windthrow.
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(3) Moss-covered logs (ML): partially decomposed logs on thethe primary intent was to examine seedling recruitment (disper
forest floor covered by undisturbed moss. sion) in partially cut forests, not seed dispersal into large openings
(4) Rotten wood (RW): logs or wood considerably decomposede.g., Greene and Johnson 1995, 1996). In undisturbed stands and
and incorporated into the forest floor but recently exposed asinder partially logged canopies, all parent trees within the speci
a result of logging disturbance. fied distance on either side and both ends of the seedling transect
(5) Organic material (OR): moss layer has been removed, and theere recorded. At the gap sites, all parent trees within a 20 or 30 m
humus layer exposed as a result of physical disturbance. wide band (depending on species, as above) around the gap edge
(6) Canopy moss (CM): a well-developed, undisturbed, thickwere mapped. For the two clearcut sites, parent trees were mapped
feathermoss carpet Pleurozium schreberi Hylocomium  within a 70 m wide and 30 m deep section of adjacent forest-(cen
splendens Ptilium crista-castrensis Rhytidiadelphus tri tered on the three parallel transect lines) (hemlock and redcedar
questrus. 20 m x 50 msection). We recorded species, DBH, and location of
(7) Gap moss (GM): same species composition as canopy mossach parent tree. The location of each parent tree was mapped us
but diminished from exposure to higher light levels in gaps;ing a Criterion™ Laser 400 survey transit. Approximately 4100
moss layer is thin and brownish-yellow but still relatively parent trees were stem mapped and measured (Table 1). Detailed
intact. descriptions of our study sites, including density, species composi
(8) Animal disturbance (AD): small patches of mixed organic tion, and basal area, can be found in Coates et al. (1997).
material and mineral soil associated with squirrel middens

and vole dens. Likelihood estimation of seedling dispersion functions

(9) Tree (TR): live tree stems. o and substrate favourability indices

(10) Rock (RK): exposed stones and rocks (individual or groups e ysed the methods of Ribbens et al. (1994) to fit functions
must be>1% of quadrat); may be caused by logging distur {hat predict the density (numberdjnof seedlings R) in quadrati

bance or windthrow. ) ) using an equation of the form:
Trees and rocks were not considered receptive seedbeds but did

occupy space in quadrats and thereby decreased the area available S T 2

for recruitment. In practice, a combination of canopy moss, gag1] R = STRZ G fz @@ le—Dmi
moss, and (or) organic materials (depending on the site type = U 30 n
formed a matrix within which the other substrate types were dis

tributed. The percent cover of the 10 substrates summed to 100%here STR (standardized total recruits) is the potential number of
for each quadrat. seedling recruits produced by a 30 cm DBH parent tee@ndf,
are the cover and favourability, respectively, of fhe 1, 2, ...,S
substrate types, wher8 is the total number of substrate types;
aPBHk is the DBH (in centimetres) of th& = 1, 2, ..., T parent

year's seedling germination and prior to leaf-out of the herb and'©€S: Wherdl is the total number of trees, within the specified ra-
&1_|us of quadrati; n is a normalizer (described below]) is a

shrub communities. To be considered a recruit in our study, a see . AL X ] h .
species-specific dispersion parameter angd is the distance (in

ling must have survived one full year since germination (i.e. one A f theth drat to theth tt Th i
growing season and over winter). Exact age determination orErle res) from theth quadrat to parent tree. The normalizer

: ; A P . 3 of Ribbens et al. (1994)) serves two functions. It reduces
young conifer seedlings can be difficult, but the upper age limit of n) (eq ) :
the seedlings included in the census (i.e., considered to be recruit rameter correlation between STR d@naind scales the distance-

was effectively 3 years old, corresponding to the time since th ependent dispersion term so that STR is in meaningful units, i.e.,

treatment units were logged. To distinguish older seedlings fronfh€ fotal number of seedlings produced in the entire seedling

recruits, the morphological characteristics of advance regeneratioﬁhadow of a 30 cm DBH parent tree. .
The exponent (= 3) on the distanag;] term allows the disper

were compared with those of known recruits. Differences in size . h disti “shoulder” at | ;
(basal caliper), foliage appearance (color and alignment), bark ap'o" CUrve to have a distinct, convex “shoulder” at locations near
e parent tree (see Fig. 2). Clark et al. (1998) set the exponent to a

pearance, and growth characteristics (lateral vs. leader extensio | £ 2 for thei Vsis of d di Li UsS
allowed us to readily differentiate between the two. The number of/@U€ of 2 for their analysis of seed dispersal in an eastern U.S.

recruits (1-3 years old), by species and substrate type, were ré;orest. Values of the_exponeﬁn would produce curves that are _
corded in each quadrat. Individual sprouts from stumps of cut paconcave across all distances away from the parent tree. In a series

per birch were counted as recruits. Aspen suckers were aIst tests with our data from partial-canopy sites, we allowed the ex

counted as recruits, as were cottonwood seedlings that grew fro@nent to vary continuously across the range from 0 to 5. For eight
rooted branch fragments. Not all nine species were present in afff the nine species (all except hybrid spruce), the maximum tikeli

: ; ood values of the exponent were significantly greater than 1 (i.e.,
four site el canony. partal canoy 9ap, a0 CIarcut. AD oSt ower suppor imts were oreater han 1) and for four of e
nine species, the exponents were significantly greater than 3. Our
tests lead us to conclude that there was good empirical support for
Parent tree selection and stem mapping the presence of “shoulders” in the seedling dispersion curves, but
We mapped the distribution of all parent trees with a diameter agllowing the exponent to vary did not produce a significant enough
breast height (DBH) o215 cm that were within a specified dis improvement in the goodness of fit of the models to convince us to
tance of either a transect line or a discrete gap edge. The specifieatld this level of complexity to the model.
distance varied with species, being 30 m for amabilis fir, subalpine Equation 1 is identical to eq. 6 of Ribbens et al. (1994) except
fir, hybrid spruce, lodgepole pine, trembling aspen, black cetton for the addition of the summation term to incorporate the effects of
wood, and paper birch, and 20 m for western hemlock and wester8 different substrate types. The substrate summation term produces
redcedar. The shorter distance for hemlock and redcedar was used effective substrate favourability index for a quadrat that is
because of their high stem densities (Table 1). Although seedweighted by the cover and favourability of each substrate type in
from these species are known to disseminate much greater dishe quadrat (note that both andf; range from 0 to 1). This index
tances than our stem-mapped area (e.g., Burns and Honkala 199@)en acts to reduce seedling density below the potential level set
these distances were deemed appropriate becausiee(majority by STR. Our method calculates substrate favourability indices
of seed falls relatively close to the parent tree aindif our study  (that range from 0 for completely unfavourable to 1 for optimal

Recruit sampling
Seedlings were censused in the spring of 1996 prior to th
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Table 1. Samples sizes of seedlings and parent trees (2BEs cm) in the four canopy types.

Full canopy Partial canopy Gaps Clearcut
Species Seedlings Parents Seedlings Parents Seedlings Parents Seedlings Parents
Western hemlock 313 543 13 664 1328 3252 463 97 61
Western redcedar 2 81 2012 581 1034 193 9 34
Hybrid spruce 0 45 599 120 1028 15 60 22
Lodgepole pine 0 18 7 12 36 17 1 0
Subalpine fir 0 0 7 14 14 68 0 1
Amabilis fir 1 7 967 113 0 0 0 0
Black cottonwood 0 2 61 36 64 49 0 0
Trembling aspen 0 5 386 25 241 5 106 1
Paper birch 0 12 564 172 1300 62 103 0
Total 316 713 18 267 2401 6969 872 376 119

Note: Seedlings were sampled in 200 quadrats in full canopy sites, 800 quadrats in partial canopy sites, 495 quadrats in gaps, and 235 quadrats in
clearcut sizes.

substrates) by fitting models that predict the overall density ofabove and below its best-fit value until the log-likelihood of the
seedlings in a quadrat as a function of the area of each of the sulnodel exceeded the criticaf value (with 1 degree of freedom).
strate types present in a quadrat and the distribution of parent treeShe goodness-of-fit of the models was assessed with product—
One of the benefits of this method is that it estimates substratenoment correlations between the observed and expected seedling
favourability independently of both the potential input of seeds todensities (SAS Institute Inc. 1987).
the quadrat (i.e. it takes the distribution of parent trees into ac
count) and the abundance of specific substrate types.

As in Ribbens et al. (1994), we assume that the mean density Oﬁesults
seedlings in a quadrat follows a Poisson distribution, in which the
mean of the distribution is given by eq. 1. Clark et al. (1998) have ) ) ) o
recommended the use of a negative binomial distribution to fitSeedling dispersion and seed source limitation
similar functions for tree seed dispersal. In contrast to the Poisson
distribution (for which the mean and variance are identical), theFull canopy sites
negative binomial distribution requires estimation of an additional Seedling density under a full canopy was extremely low
parameter that allows the variance to vary as a function of thqaveraging 1.58 seedlingsfinand was essentially restricted
mean. Clark et al. (1998) found that this distribution provided aig western hemlock (313 of the 316 seedlings encountered in
better fit to seed input data, particularly_for heavier, animal_disithe 200 quadrats; Table 1). The seedling dispersion model
persed seeds for which there was very high degree of clumping IEor western hemlock failed to converge. The optimization

the spatial distribution of seed rain. For better dispersed specie d did find inal | . likelihood
however, (i.e., those with lighter, wind dispersed seeds), their datgroce ure did not find a single, clear maximum likelihoo

closely approximated a Poisson distribution, and our species anglution, apparently because of the overwhelming number of
data indicate even better dispersed patterns than their eastern haffemlock parents around all of the quadrats. Given the very
wood species. We had independently considered the use of a ned@w estimated favourability of canopy moss substrate in the
tive binomial distribution and tested models based on thisother site types (see below), and the dominance of this sub
distribution but did not find significant improvements in model fits strate type under full canopies (Fig. 1), substrate limitation
and, thus, have followed Ribbens et al. (1994) use of the simplegppears to be a major factor in the very low rates of seedling
Poisson distribution. o _ establishment. Although there were parents of many other
We used likelihood estimation to fit the model (eq. 1) to our ghacias present, especially western redcedar (Table 1), there

2:&?" Z?ihrgogﬁles tvve;i fétfdndggr?gdenﬂ);rgl ec?nhospeugssangnlg\lere not sufficient numbers of seedlings in the full canopy
yp by P by, 9aps, Sites to attempt model fitting.

clearcuts) for which we had sufficient data. As in Ribbens et al.
(1994), the likelihood I(;) of observingO; seedlings given a den

sity (E;) expected under a Poisson distribution is Partial canopy sites
R Seedling density in the partial canopy sites was the -high
2] L = e~k est of the three site types where we were able to fit the
O! model (Figs. 2—4), averaging 22.8 seedlingsfor all spe

cies combined. Mean dispersion distances (MDD) were gen
The log likelihood for a set of quadrats is the sum of the log of erally low for all species (11.3-23.8 m, Table 2). There was
the likelihoods given by eq. 2. We solved for the parameters STRga slight but nonsignificant positive correlation= 0.56, df =
fi, andD(eq. 1) that maximized the log likelihood of the data setg p = 0.118) between MDD and STR. Lodgepole pine -cot
using simulated annealing with the Metropolis algorithm (Szymura;,n\wood and subalpine fir all had low mean dispersion dis
and Barton 1986). We computed 95% support limits on the param.. o (<15 m) and very low STR (<305 seedlings per

eter estimates using the fact that —2 x log-likelihood is approxi .
mately x? distributed for large sample sizes. Because of the larg 0 cm DBH parent tree) (Table 2). Aspen and hybrid spruce

number of parameters (10), we computed asymptotic confidencB0th had high mean dispersion distances (22 and 24 m, re
limits for individual parameters while holding alil other parametersSpectively) and high STR (2977 and 1721 seedlings per
constant (at their best-fit values). The support limits were then30 cm DBH tree, respectively). The remaining four species
computed by systematically varying the value of a given parametehad relatively low mean dispersion distances (12—-16 m) but
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Fig. 1. Percent cover of substrate types &) full canopy sites, If) partial canopy sites,cf gaps, andd) clearcuts.
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a wide range of seedling production per parent tree (STRf abundance of both parents and seedlings (Table 1). The
663-1932 seedlings per 30 cm DBH parent tree) (Table 2)poorer fits for lodgepole pine and subalpine fir5 0.36 and

The maximum likelihood model produced good to excel 0.27, respectively) were expected given the very small-num
lent fits for five of the nine species £0.6) and fair to poor bers of seedlings of those species in the data set (Table 1).
fits for the remaining four (0.2 « < 0.36) (Table 2). Hem We expect that the models would have produced better fits
lock had the best fitr(= 0.87), as a result of the wide range with more reasonable sample sizes. The fit of the model for
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Fig. 2. Predicted seedling densities {fnper 30 cm DBH parent), as a function of distance from parent tree (m) for partial canopy

sites.
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Fig. 3. Predicted seedling densities {inper 30 cm DBH parent), as a function of distance from parent tree (m) in gaps.
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Fig. 4. Predicted seedling densities {iper 30 cm DBH parent), as a function of distance from parent tree (m) in clearcuts.
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aspen was also only fair € 0.30), but some of the aspen re- an increase in MDD of almost 46 m (from 13 to 59 m)
cruits were root suckers that may have originated from theoupled with a 67% reduction in the number of established
root systems of stems harvested prior to the census andgcruits per parent tree. Paper birch also showed a large in-
therefore, were not represented in the parent tree map. Tteease in MDD (from 12 to 37 m) but only a small reduction
model showed the poorest fit = 0.21) for cottonwood. in STR (Tables 2 and 3). The MDD of hybrid spruce in gaps
This may be a reflection of both the low numbers of seedwas 63% higher than under partial canopies and there was a
lings in the data setn(= 61) and the fact that some of the 31% decrease in STR. Western redcedar had a more modest
cottonwood seedlings may have originated from rooted-frag4.5 m increase in MDD and only a marginal increase in
ments produced during logging. Once again, the parent treeSTR. Black cottonwood showed only a small increase in
were not necessarily all still present to be included in theMDD (1.4 m) and a 1% decrease in STR. Again, many cot

parent tree map. tonwood recruits originated from rooted branch fragments,
and the lack of difference in seedling dispersion between
Gap sites partially cut and gap sites was expected. Thus, in general,

seedlings were more widely dispersed away from individual

€arent trees than in the partial-canopy sites (i.e., greater
MDD), but there were fewer seedlings associated with each
o arent tree in gaps.

Overall, average seedling density in the gap sites (al sp
cies combined, 14.1 seedlinggjnwas 38% lower than in
the partial canopy sites. Seedling dispersion models could
estimated for five species in gaps (Table 3, Fig. 3). Ledg
pole pine and subalpine fir seedling densities were too low _

(n = 36 and 14 seedlings, respectively) for the models tdClearcut sites

converge. Although trembling aspen seedling densities {suck Seedling density in the clearcut was extremely low (1.6
ers) were reasonable, the models failed to converge. In marseedlings/rf) and, interestingly, similar to the density -ob
cases the suckers appeared to have originated from the ros¢rved under a full canopy. Only two of the six species
systems of stems that were harvested within the gap andwestern hemlock and hybrid spruce) found in the clearcut
therefore, were not represented in the parent tree map. Fbiad sufficient numbers of both parents and seedlings-to at
the five species for which models could be fitted, MDDs tempt model fitting (Table 1). There were adequate numbers
were higher in the gaps than partial canopy sites (and foof aspen and birch seedlings, but only one potential parent
three of the five species, much higher), but the total numbergan aspen) was found standing within the 30-m search area.
of recruits per parent tree (STR) were lower (Tables 2 andhis is a limitation of our methodology for predicting reckuit
3). The magnitude of the differences in seedling dispersioment into large clearcuts, especially for trees species whose
between partial-canopy and gap sites varied sharply amongged is know to disseminate widely (i.e., paper birch). We fit
species. Western hemlock showed the largest change, wieparate models for the north- and south-facing clearcut sites
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Table 2. Maximum likelihood estimates of dispersal parameters (STRRnd eq. 1) and substrate favourability for seedling estab
lishment in partial canopy sites.

Hemlock Redcedar Spruce Subalpine fir
No. of quadrats 800 620 402 216
Likelihood —-11 092.96 —-1861.98 —651.07 -16.05
r 0.871 0.675 0.649 0.272
MDD 13.2 131 23.8 14.5
Normalizer 903.9 884.1 2937.3 1092.4
Dispersal parameters
STR 1932.5 1225.7 1720.6 244.2
(1922.8—-2338.3) (1176.7-1293.1) (1626.0-1952.9) (87.9-682.6)
D (x10% 1.757 629 1.817 046 0.300 026 1.323 024

(1.652—1.889)

(1.463-1.999)

(0.249-0.368)

(0.119-4.042)

Substrate favourability

Mineral soil 0.995 0.678 0.946 0.991
(0.975-1) (0.546-0.739) (0.823-1) (0.312-1)
Fresh log 0.353 0.424 0.070 0.028
(0.297-0.383) (0.214-0.475) (0.006-0.175) (0.028-0.028)
Mossy log 0.058 0.024 0.054 0.550
(0.041-0.071) (0-0.074) (0-0.157) (0.547-0.553)
Rotten wood 1.000 1.000 0.994 0.966
(0.995-1) (0.970-1) (0.954-1) (0.961-0.971)
Organic 0.983 0.391 0.778 0.278
(0.978-1) (0.342-0.424) (0.774-0.782) (0.276-0.279)
Canopy moss 0.009 0.010 0.009 0.019
(0.009-0.012) (0.006-0.013) (0.009-0.009) (0.019-0.019)
Gap moss 0.129 0.480 0.391 0.017
(0.124-0.140) (0.422-0.511) (0.389-0.393) (0.016-0.017)
Animal disturbance 0.541 0.689 0.199 0.389
(0-0.544) (0-0.882) (0.198-0.200) (0.387-0.391)
Ccv 0.86 0.73 0.97 1.00

Note: Correlations between observed and expected seedling densithg mean dispersion distance (MDD) for seedlings, the normalizer in eq. 1, and
coefficients of variation (CV) for substrate favourability, both across substrates and across species are also shown. The number of quadragheport
number for which at least one parent tree occurred within the search radius (see Methods). The 95% support limits are given in parentheses for all
parameter estimates.

because of field observations that seedling distribution patThe partial-canopy sites had a more diverse substrate mix
terns differed significantly for the two exposures. Our resultsbut were again dominated by canopy moss (Fig). Gap
confirmed this observation (Table 4, Fig. 4). Hemlock seed moss and organic materials were the next most common
ling dispersion at the north-facing site was characterized bygubstrates, but each occupied less than one third the area of
a greater mean dispersal distance (MDD 19.4 m versusanopy moss. Small amounts of fresh logs, moss-covered
12.4 m for the south-facing site) and much greater totalogs, mineral soil, rotten wood, and animal disturbance sub
seedling production by individual parent trees (STR 1117 vsstrate types were recorded.
180 seedlings in the south-facing site). Hemlock and spruce The gaps also had a diverse mix of substrates; however,
seedling dispersion was much lower at the clearcut sites thagey were dominated by gap moss, while canopy moss was
in the gap sites. We would expect that conditions for seeqjramatically reduced in cover (Figclland restricted to a
dispersal in the clearcut sites were at least as favourable, farrow band along the edge of the gaps. Organic materials
not more favourable, than in the gap sites (i.e., Greene anglere the second most prominent seedbed after gap moss,
Johnson 1996). Our results indicate, however, that seedlingith |esser amounts of fresh logs and mineral soil, and neg
establishment was fairly tightly limited to the edges of thejigiple cover of rotten wood, animal disturbance, or moss-
clearcut site, particularly on the south-facing edge of the;gyered logs (Fig. d). The most common substrates in the
clearcut. clearcut sites were gap moss and organic materials (Ejg. 1
Fresh logs (logging slash) were more numerous in the
Substrate distribution and favourability clearcut than in other types and accounted for 17.3% of the
The distribution of substrates varied significantly amongarea. Rotten wood, mineral soil, moss-covered logs, and
the four site typesp( < 0.05). The full-canopy sites were Canopy moss substrates were found in relatively small
overwhelmingly dominated by canopy moss, with a smallamounts (Fig. d).
amount of moss-covered logs and very minor amounts of In general, the rankings of substrate favourability (aver
fresh logs (due to windthrow) and rotten wood (Figa).l aged across species within a site type) were similar in both
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Table 2 (concluded.

Amabilis fir Pine Cottonwood Aspen Birch CcVv
331 173 324 325 362

—831.41 -13.90 -116.25 -662.23 —683.87

0.642 0.359 0.211 0.301 0.620

16.1 11.3 13.9 22.0 12.0

1352.0 663.1 995.4 2510.0 748.9

Dispersal parameters

662.8 305.7 158.9 2977.2 1600.6

(616.4-702.6) (97.8-739.9) (110.4-220.1) (2887.9-4555.1) (1464.5-1736.6)

0.960 790 2.797 252 1.521 050 0.379 826 2.330910

(0.956-0.966) (0.196-6.406) (1.513-1.529) (0.289-0.467) (1.946-2.914)

Substrate favourability

0.789 0.039 0.013 0.996 0.899 0.567
(0.785-0.793) (0-1) (0.013-0.013) (0.961-1) (0.894-0.903)

0.001 0.566 0.413 0.017 0.381 0.873
(0.001-0.001) (0-1) (0.411-0.415) (0-0.133) (0.238-0.439)

0.305 0.008 0.771 0.180 0.800 1.053
(0.303-0.307) (0-0.687) (0.767-0.775) (0.078-0.861) (0.740-1)

0.217 0.817 0.032 0.016 0.252 0.757
(0.216-0.218) (0-1) (0.032-0.032) (0-0.062) (0-0.655)

0.274 0.155 0.310 0.013 0.001 0.933
(0.273-0.276) (0-0.419) (0.308-0.311) (0.013-0.013) (0.001-0.001)

0.815 0.004 0.315 0.010 0.120 1.859
(0.811-0.819) (0-0.030) (0.314-0.317) (0.010-0.011) (0.119-0.120)

0.064 0.462 0.950 0.781 0.687 0.744
(0.064-0.065) (0.460-0.464) (0.945-0.954) (0.778-0.785) (0.683-0.690)

0.004 0.324 0.175 0.262 0.393 0.617
(0.004-0.004) (0.322-0.325) (0.174-0.176) (0-0.316) (0.391-0.395)

1.06 1.01 0.90 1.37 0.73

partial canopy and gap sites (Tables 2—-4). While exposedstablishment on both substrates (Table 2). Canopy moss
mineral soil was rare in all site types (Fig. 1), it was thewas an unfavourable substrate for both species. In gap sites,
most favourable substrate (>0.6) for the majority of specieshowever, western hemlock showed a strong preference for
Canopy moss and fresh logs were consistently the least fdboth organic and gap moss substrates, while redcedar
vourable substrates (Tables 2—4). The average favourabilitghowed poor establishment on both (Table 3).
of all eight substrate types was higher in gaps than in par ysing the partial canopy sites as a basis for comparison,
tial-canopy sites (Tables 2 and 3). all of the species showed a wide range of preference fer dif
Averaging substrate favourability across species, howeveferent substrate types (CV of substrate favourability across
hides often dramatic variation among the species in theisubstrate, by species, ranged from 0.73 to 1.37; Table 2).
success at becoming established on specific substrat@gnong the conifers, hemlock and hybrid spruce had the
(Tables 2—4). For example, in contrast to the general pattergast selective substrate requirements for seedling establish
mineral soil was unfavourable for establishment of bothment, with three substrate types for which favourability indi
lodgepole pine and cottonwood in partial-canopy sites, whileces were >0.75. Western redcedar and lodgepole pine had
canopy moss appeared to be very favourable for amabilis fithe most restrictive substrate requirements, with only one
establishment (Table 2). Rotten wood was a very unfavoursubstrate each for which favourability was >0.75. Among
able substrate for birch in the partial-canopy sites but-a fathe deciduous species, aspen had the highest variability in
vourable substrate in gaps (Tables 2 and 3). substrate preference (as measured by the coefficient of-varia
The two most common tree species in these forests,-westion of favourability across substrate types; Table 2), with
ern hemlock and western redcedar, showed different patterrenly two substrates (mineral soil and gap moss) for which
of preference for the major substrates in partial canopy anéavourability exceeded 0.3, and four substrate types on
gap sites. In partial canopy sites, western hemlock had verwhich favourability was less than 0.02. Paper birch, in-con
low establishment on gap moss and a strong preference faorast, was one of the least variable of all of the species in
organic substrates, while western redcedar had intermediaterms of substrate preference in partial canopy sites, with
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Table 3. Maximum likelihood estimates of dispersal parameters (STR and D in eq. 1) and substrate favourability for seedling establishment in gap sites.

Birch
499

Spruce Cottonwood
477

499

Redcedar

Hemlock
499

499
—1059.222

0.723
17.6

No. of quadrats

Likelihood

—1652.715

0.541
37.3

-162.658

0.468
15.2

—-957.008

0.687
38.7

—3779.541
0.507
59.4

MDD

1600.2 7801.0 1209.3 7236.0

21 075.7

Normalizer

Dispersal parameters

STR

1916.0 (1887.3-2452.5)

157.1 (122.6-201.9)

1191.4 (1143.8-1328.4)
0.069 281 (0.036-0.096)

1489.4 (1407.5-1601.1)

640.8 (634.4-807.5)

0.077 576 (0.072-0.090)

1.135 853 (0.761-1.653)

0.011 358 (0.010-0.012) 0.746 204 (0.631-0.847)

D (x10%

Substrate favourability

Mineral soil
Fresh log

0.916 (0.820-1) 0.998 (0.908-1) 0.999 (0-1) 0.997 (0.978-1)

0.958 (0.953-1)

0.435 (0.432-0.437)
0.503 (0.501-0.506)

0.029 (0-0.565)

0.867 (0-1)

0.042 (0-0.203)

0.307 (0-1)

0.319 (0.249-0.418)

0.048 (0-0.191)

0.967 (0.963-0.972)
0.700 (0.697-0.704)
0.687 (0.683-0.690)
0.913 (0.908-0.918)

Mossy log

0.786 (0.782-0.790)

0.978 (0.362-1) 0.258 (0-1)

0.574 (0.516-0.640)

0.509 (0.186-0.766)
0.179 (0.149-0.210)

Rotten wood
Organic

0.865 (0.861-1.003)
0.410 (0.408-0.412)

0.998 (0.993-1)

0.616 (0.412-0.822)
0.079 (0-0.404)

0.123 (0-0.155)

0.001 (0-0.012)

0.894 (0.889-0.898)
0.925 (0.920-0.929)
0.830 (0.826-0.834)

Canopy moss
Gap moss

0.666 (0.560-0.786)
0.979 (0.974-0.984)

0.589 (0.586-0.592)
0.986 (0.981-0.991)

0.213 (0.187-0.244)

0.609 (0-1)
Note: Correlations between observed and expected seedling densithd mean dispersion distance (MDD) for seedlings, and the normalizer in eq. 1 are also shown. The number of quadrats

reported is the number for which at least one parent tree occurred within areas mapped along gap margins (see Methods). The 95% support limitsparemfiveses for all parameter estimates.

0.878 (0.874-0.883

Animal disturbance

Can. J. For. Res. Vol. 30, 2000

only one substrate with a favourability index <0.10
(Table 2).

Discussion

Seed abundance versus substrate limitation of seedling
recruitment

Our results indicate that seedling recruitment in these for
ests is a reflection of the interaction between seed source
availability and substrate favourability and that the relative
importance of these two factors varies in forests with differ
ent canopy structure and management histories. The -undis
turbed stands (full canopy) were dominated by a thick
mossy understory (Fig.&) that appears to be highly unfa
vourable for seedling establishment of virtually all tree-spe
cies. Recruitment in the undisturbed stands was virtually
nonexistent for all species except western hemlock, which
established in very low numbers despite a large number of
parent trees (average of 522 stems/ha). Based on our work in
these northern interior forest types, we do not believe light
levels in undisturbed stands, varying from 5 to 15% full-sun
light (Wright et al. 1998, K.D. Coates, unpublished data;
C.D. Canham, unpublished data) are low enough to signifi
cantly inhibit seedling establishment. Since areas with-a di
versity of substrates and similar densities of hemlock parents
(on the edges of gaps) had more than 10 times the number of
recruits, the lack of a suitable substrate appears to be the im-
mediate factor limiting seedling recruitment under undis-
turbed canopies.

The partial-canopy sites had a more diverse mix of sub-
strate types, and substrates that were very favourable for
seedling establishment were present in most quadrats
(Fig. 1b). As a result, overall seedling densities were higher
than in the full-canopy sites. Despite the increase in the
availability of suitable seedbeds, the mean dispersion dis-
tances of seedlings for all nine species were still generally
low (11-24 m). Therefore, seedling densities of any individ
ual species are predicted to be low in portions of stands
where parent trees are not in the immediate neighbourhood
(i.e., within 25 m). There was clearly the potential for seed
source limitation of seedling establishment in the partially
logged sites, particularly for the rarer species (pine, amabilis
and subalpine fir, cottonwood, aspen, and birch). We-con
clude that substrate favourability was primarily responsible
for the high overall seedling density and that seed source
limitation was the primary factor responsible for the high
spatial variation in seedling recruitment observed within
these sites. It is recognized that different substrates may vary
in their ability to capture and hold seed (e.g., Chambers et
al. 1991), and this is implicitly included in our analysis of
seedbed favourability.

The consistently low seedling dispersion distances in the
partial-canopy sites are presumably a reflection of low seed
dispersal distances because of the presence of a forest can
opy that not only alters the flow patterns and speed of the
wind, but also provides abundant physical barriers to seed
dispersal. Although many studies have shown seed (not
seedlings) to disperse long distances, particularly into large
openings (Isaac 1930; Ronco 1970; Bjorkbom 1971; Dobbs
1976; Greene and Johnson 1996), our seedling (not seed)
dispersion patterns covered much shorter distances. Both the
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Table 4. Maximum likelihood estimates of dispersal parameters (STRRnd eq. 1) and substrate
favourability for seedling establishment in clearcut sites.

Hemlock, south facing

Hemlock, north facing

Spruce, north facing

No. of quadrats 117

Likelihood -195.434

r 0.460

MDD 12.4

Normalizer 796.4

Dispersal parameters

STR 180.1 (123.4-188.1)
D (x10% 2.12503 (2.115-2.157)
Substrate favourability

Mineral soil 0.974 (0.263-1)
Fresh log 0.328 (0-0.586)
Mossy log 0.410 (0-1)

Rotten wood 0.693 (0.347-1)
Organic 0.718 (0.147-0.808)
Canopy moss 0.435 (0-1)

Gap moss 0.002 (0—0.068)

118
—86.064
0.520
19.4
1948.0

1116.9 (899.1-1446.4)
0.555 528 (0.553-0.558)

0.689 (0.685-0.692)
0.037 (0.037-0.037)
0.045 (0.045-0.046)
0.200 (0.199-0.201)
0.007 (0.007-0.007)
0.076 (0.075-0.076)
0.100 (0.099-0.100)

118

—259.907
0.266
12.4

791.9

1063.8 (835.1-1111.7)
2.143 364 (2.133-2.165)

0.845 (0.516-1)
0.842 (0-1)
0.718 (0-1)
0.715 (0.06—1)
0.910 (0.692-1)
0.589 (0-0.898)
0.987 (0.750-1)

Animal disturbance 0.973 (0.968-0.978) 0.417 (0.415-0.419) 0.695 (0-1)

Note: Correlations between observed and expected seedling densithg mean dispersion distance (MDD) for seedlings,
and the normalizer in eqg. 1 are also shown. The number of quadrats reported is the number for which at least one parent tree
occurred within the area mapped for potential parent trees (see Methods). The 95% support limits are given in parentheses
for all parameter estimates.

estimated MDD and STR for the six conifers and three delower than in partial-canopy and gap sites (Table 4). Sub-
ciduous species included in our study are generally highestrates favourable for recruitment in both partial canopy and
than those reported by Ribbens et al. (1994) for two conifegap sites were still relatively common in the clearcut sites,
and seven hardwood tree species under closed canopy conget seedling dispersion distances were quite limited. Since
tions in forests of the northeastern United States. We attribseeds of species such as hemlock, redcedar, and spruce have
ute the generally higher dispersion distances for our westerbeen shown to disperse far out into openings (Isaac 1930;
species to several factors, including greater average tre@lark 1970; Coates et al. 1994), it is likely that a harsh mi-
heights and lower mean seed masses. The differences amoclimate was responsible for the very low overall seedling
STR may be a function of many factors, including inherentdensities and the steep declines in seedling densities at dis-
differences in fecundities of the species and variation in theances greater than 20 m from a clearcut edge. This interpre
importance of processes such as seed predation in the-diffeiation is supported by the fact that the dispersion distances
ent forest types. of seedlings from the exposed (south-facing) north edge of

The gap sites also contained a wide diversity of substratéhe clearcut were lower than from the south edge (north fac
types that were favourable for seedling recruitment (Fay. 1 ing) (Fig. 4).
In general, seedling dispersion distances in gaps were higher This study is a component of a larger undertaking te de
(and in some cases, much higher) than in the partial-canopyelop an integrated simulation model (based on SORTIE;
sites (Table 3). Our results, however, indicate that, whilePacala et al. 1996) of the dynamics of these northern tem
seedlings were able to establish at much greater distancgerate forests (Kobe and Coates 1997, Wright et al. 4998
from parents along the gap edge, the available substrate w&snham et al. 1999). Throughout this work, we have tried to
generally less hospitable, and individual seedlings had &eep the model and its subcomponents simple and to use as
lower chance of becoming established (i.e. lower estimatetew parameters as possible. The functional form of the seed
STR). It is likely that the broader range of variation amonging dispersal equation we use is simple and flexible in
species in dispersion distances in gaps is a better reflectioshape. Many other functional forms could potentially be
of the natural variation in potential seed dispersal amongised to predict regeneration abundance based on parent
species (because of factors such as seed size, wing size, amundance and seedbed substrate. The functional forms we
seed weight). In the gap sites, both substrate availability andse to predict seedling dispersion are phenomenological (at
seed dispersal (and perhaps microclimate) combined te regleast in clearcuts) but provide a good fit to the data. The ad
late spatial variation in seedling recruitment. This finding isdition of more parameters did not sufficiently improve the
consistent with that of a companion study that observed goodness of fit to justify the added level of complexity to
strong effect of substrate and microclimate on seedling gerthe model.
mination and survival in study gaps at the Date Creek re
search area (Wright et al. 1998 Summary and management implications

Substrate diversity in the clearcut was similar to the gap The results of this study have important implications for
sites; however, mean seedling dispersion distances and bothanagement of these high-latitude, mixed-species forests. If
the density and diversity of seedlings were dramaticallynatural regeneration is to be a reliable method of reforestation
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after logging, it is important to understand the effects ofAugspurger, C.K. 1983. Offspring recruitment around tropical
management practices on seed tree distribution, substratetrees: changes in cohort distance with time. Oikiis,189-196.
availability, and seedling establishment. Our study hagugspurger, C.K. 1986. Morphology and dispersal potential of
shown that some level of ground cover disturbance is Wwind-dispersed diaspores of neotropical trees. Am. N3
required to break up the thick moss layer that severely re 476-497.

stricts seedling establishment in undisturbed interior cedarBanner, A., MacKenzie, W., Haeussler, S., Thomson, S., Pojar, J.,
hemlock forests. The forest floor disturbance associated with and Trowbridge R. 1993. A field guide to site identification and
partial cutting creates a diversity of favourable substrates for interpretation for the Prince Rupert Forest Region. B.C. Minis
seedling establishment. Effective seedling dispersion dis_ Y of Forests, Victoria. Land Manage. Handb. No. 26.

tances, however, are still relatively limited in partially cut Berntsen, C.M. 1955. Seedling distribution on a spruce—hemlock
stands; therefore, a good distribution of seed trees wili be re__cléarcut. USDA For. Serv. Res. Note No. PNW-119. .
quired to ensure a mix of species in natural seedling regerPiorkbom, J.C. 1971. Production and germination of paper birch
eration. Cutting more trees to form distinct gaps removes seed and its dispersal into a forest opening. USDA For. Serv.
physical barriers to seed dispersal from those trees bordering RS- Pap- No. NE-2(|29|. Hical _

the gap, resulting in higher effective seedling dispersion dis g?l?/’icslc';/fl"l\lﬁ?t?\ Kr%r:eri&::g’ 56:"'1("%;'1?% rsco\c;g?'”zat&')asr jv?/ggds
tances but, at the same time, slightly reducing the favour : e Y s e :
ability of conditions for establishment of individual U'hs' DeCp'DAggC' tAgn& Sar:gdb't No. 6$4|'3 q la S. 1999
seedlings. Clear-cutting appears to shift recruitment contro?an am, C.D,, Coates, K.D., Bartemucci, P., and Quaglia, S. ’

S o Measurement and modeling of spatially explicit variation in
away from seed availability and substrate favourability and light transmission through interior cedar—hemlock forests of

brings microclimate effeqts into play. Our sampling in  giitish Columbia. Can. J. For. Re89: 1775-1783.

clearcuts was done relat_lvely .Close to the_ C!earCUt edgeéhambers, J.C., MacMahon, J.A., and Haefner, J.H. 1991. Seed

(<100 m); however, despite this close proximity to a seed  enirapment in alpine ecosystems: effects of soil particle size and

source and a diverse mix of substrates, seedling densities diaspore morphology. Ecology2: 1668-1677.

were extremely low. . . _Clark, J.S., and Ji, Y. 1995. Fecundity and dispersal in plant popu
The effects of management practices on seedling recruit- |ations: implications for structure and diversity. Am. Na46

ment represent just one facet of a complex suite of factors 72-111.

that need to be considered to predict the effects of manageiark, J.S., Macklin, E., and Wood, L. 1998. Stages and spatial

ment on long-term forest dynamics. The greatest rates and scales of recruitment limitation in southern Appalachian forests.

diversity of seedling recruitment occurred in the partially Ecol. Monogr.68: 213-235.

logged sites, where there were abundant seed sources and @ark, M.B. 1970. Seed production of hemlock and cedar in the in-

vourable substrates as well as moderate seedling dispersionterior wetbelt region of British Columbia related to dispersal

distances for all species (Tables 2 and 3). On the other hand, and regeneration. B.C. For. Serv. Res. Note No. 51.

the nine species studied here differ widely in their shade tolCoates, K.D., Haeussler, S., Lindeburgh, S., Pojar, J., and Stock,

erance (Kobe and Coates 1997), and the eventual success 0fA.J. 1994. Ecology and silviculture of interior spruce in British

canopy recruitment by seedlings will depend on the presence Columbia. B.C. Ministry of Forests, Victoria. Canada — British

of a suitable range of light environments. Thus, a silvicul ~Columbia Forest Resources Development Agreement (FRDA)

tural system that combines partial harvesting with the cre Rep. No. 220.

ation of large (0.1-0.5 ha) gaps appears to hold the greateSpates, K.D., Banner, A., Steventon, J.D., LePage, P., and

promise for maintaining the diversity of both seedling and Bartemucci, P. 1997. The Date Creek silvicultural systems study
canopy recruitment in these forests. in the Interior Cedar—-Hemlock forests of northwestern British

Columbia: overview and treatment summaries. B.C. Ministry of
Forests, Victoria. Land Manage. Handb. No. 38.
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