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Growth releases of three shade-tolerant species following canopy gap
formation in old-growth forests

Amanda B. Stan & Lori D. Danieils

Abstract .

Questions: Do the number, duration and magnitude of
growth releases following formation of natural, fine-
scale canopy gaps differ among shade-tolerant Thuja
plicata, Tsuga heterophylia and Abies amabilis? What is
the relative importance of tree-level and gap-level vari-
ables in predicting the magnitude and duration of

releases? What does this tell us about mechanisms of

tree species coexistence in such old-growth forests?
Location: Coastal British Columbia, Canada.
Methods: We estimated the timing of formation of
20 gaps using dendroecological techniques and ex-
tracted increment cores from all three species
growing around or wilthin gaps. Using a species-
and ecosystem-specific release-detection method, we
determined the number of trees experiencing a
release following gap formation. We quantified the
duration and magnitude of individual releases and
estimated the influence of tree-level and gap-levei
variables on these release attributes.

Results: Eighty-seven per cent (304 of 348) of ali
trees experienced a release following gap formation.
T. heterophyifa and A. amabilis experienced higher
-magnitude and longer duration rteleases than T.
plicata. The effect of diameter on the duration of
releases varied among species, with T. heterophylia
and A.- amabilis experiencing decreasing, and T,
plicata experiencing increasitg, duration of releases
with increasing diameter. The effect of growth rate
prior Lo a release on the magnitude of releases varied

among trees of different diameters, with the slowest -

growing and smallest individuals of all species ex-
periencing the most intensive releases.

Conclusions: Our results provide detailed information
on the number, duration and magnitude of growth
releases of the abeve three species following gap
formation. Differences in fesponse to canopy gaps
suggest differences in how these species ascend to the
canopy strata. T. plicata may be less dependent on
gaps to reach the canopy. Differing strategies for
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ascending to the canopy strata may be important in

facilitating coexistence- of these three species in old-
growth forests of coastal British Columbia.
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Introduction

Canopy disturbance is a primary process in
forests that influences the growth of new and estab-

“lished trees. In forests where stand-destroying

disturbances are infrequent, canopies are opened
periodically by the death of sifigle trees or small
groups of trees (Wells et al. 1998; Frelich 2002).
Changes in growth brought about by fine-scale ca-

nopy disturbances are often assessed by inspecting

the radial-growth patterns of trees that survive the
disturbances, as they can provide insight into the
compositional and structural development of forest
stands (Lorimer & Frelich 1989: Frelich 2002).

Radial-growth releases have been used to re-
construct the frequency and intensity of past canopy
disturbances in temperate forests worldwide that are
dominated by fine-scale processes of gap dynamics
{e.g. Frelich & Lorimer 199] (US Midwest); Orwig &
Abrams [994 (northeastern US); Lusk & Smith 1998
{New Zealand); Ishikawa et al. 1999 (Russia); Rozas
2003 (Spain); Gutiérrez et al. 2004 (Chile); Taylor et al.
2006 (China)). In general, releases resulting from ca-
nopy disturbances are defined according to three
attributes: abruptness, duration and magnitude (Hen-
ry & Swan 1974; Lorimer & Frelich 1989; Nowacki &
Abrams 1997; Frelich 2002). Various criteria for these
three attributes have been used to identify reieases and
estimate past canopy disturbances in different forest
types (Rubino & McCarthy 2004).

Over the years, research aimed at improving re-
lease-detection methods to better estimate past canopy
disturbances has provided us with a better under-
standing of the factors that influence tree responses
following canopy disturbdances. In particular, prior
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growth (i.e. growth rate prior to a release) and species,
both known to influence the magnitude of releases,
have received considerable attention. Researchers ap-
plying the widely used radial-growth averaging method
(Henry & Swan 1974; Lorimer & Frelich 1989; Now-
acki & Abrams 1997) to estimate past canopy
disturbances have accounted for prior growth by ap-
plying various criteria to individual sections of growth
~ series (Lorimer 1980; Glitzenstein et al. 1986; Dahir &
Lorimer 1996) or individual trees in different canopy
classes (Ruffner & Abrams 1998). More recent ap-
proaches that build on the radial-growth averaging
method explicitly account for ‘the effects of prior
growth and species (Black & Abrams 2003, 2004; Fra-
ver & White 2003). However, much less attention has
been given to the possible influence of additional tree-
level and gap-level variables on the magnitude or dura-
tion of releases. While potentially useful for further
improving release-detection methods, this information
‘may also help improve our understanding of tree spe-
cies coexistence in old-growth forests that are
dominated by fine-scale processes of gap dynamics.

In this study, we examined growth releases of
three shade-tolerant tree species in old-growth, Thuja
phicata-Tsuga heterophylla forests of coastal British
Columbia, Canada, Our study used dendroecological
analyses to assess the number of T. plicata, T. het-
erophylla and Abies amabilis that experienced a
release following the formation of natural, fine-scale
canopy gaps, along with the duration and magnitude
of individual releases. We addressed two specific ob-
jectives: (I} to determine if the number, duration and
magnitude of releases differ among species and (2) to
assess the relative importance of tree-level variables
(i.e. species, diameter, prior growth, distance from
the gap centre and tree position around or within the
gap) and gap-level variables (i.e. area, aspect, canopy
openness and slope) in predicting the magnitude and

.- duration of releases. Our results provide information
for assessing mechanisms of tree species coexistence
in old-growth, 7. plicata-T. heterophylla forests,

Methods

Study area

The study area includes the Capilano, Seymour
and Coquitlam River watersheds in the Coast
Mountains of southwestern British Columbia
(Fig.” 1). Here, we sampled mid-elevation (300-
700 ma.s.l), old-growth forests (age =250 years)

. dominated by shade-tolerant T plicata, T. hetero-
g!gyllawaﬁdggst.,, amabilis, and a small number of

Ty

shade-intoterant Pseudotsuga menziesii (Acres In-
ternational Limited 1999). These forests are in the
Very Wet Maritime subzone of the Coastal Western
Hemlock zone (Biogeoclimatic Ecosystem Classifi-
cation system of British Columbia; Meidinger &
Pojar 1991). Mean annual temperature ranges from -
6°Cto 7.5°C, with a mean of 15°C to 16°C in August
and — 1°C to 1°C in December, Mean annual pre-
cipitation ranges from 3000 to 4000mm; mean
growing season (May to September) precipitation
ranges from 600 to 800 mm. Values for temperature
and precipitation are based on spatially interpolated
monthly climate normals for the period 1961-1990
(Wang et al. 2006). Soils are largely Humo-Ferric
podzols derived from colluvium and glacial till (Va-
lentine et al. 1978).

Stand developmental processes contribute
greatly to the overall openness of mid-elevation, old-
growth forests in the study area. Approximately
74% of the area of old-growth, 7. plicata-T. heitero-
phylla stands (A B. Stan and L.D. Daniels, unpubl.
data) is in canopy and expanded gaps (sensu Runkle
1982} of developmental origin (i.e. those created by
the ‘nortality.of canopy dominants; Lertzman et al.
1996). Another 13% is in canopy and expanded gaps
of edaphic origin (i.e. those associated with physio-

graphic features, such as streams or rock outcrops;

Lertzman et al. 1996). Only 13% of the area of these
stands is in closed canopy (A.B. Stan and L.D. Da-

_niels, unpubl. data}.

Selecting canopy gaps

We used a combination of ecological inventory
data and field reconnaissance to select canopy gaps.
First, using forest cover maps of the study area
(Acres International Limited 1999), we identified
all remnant stands of mid-clevation, old-growth
forest composed of > 20% T. plicata and < 20%
P. menziesii by volume and situated on slopes

< 30°, Approximately 3000 ha of forest stands met

these criteria. Second, we randomly selected a subset
and inspected them to verify old-growth structural
and compositional characteristics and assess site
features and accessibility. Stands that were poorly
drained, difficult to access because of streams or
gullies or too small to contain canopy gaps not in-
fluenced by edge effects from roads or major streams
were omitted. Third, we searched the suitable stands
for canopy gaps that (1) were created by one or two
uprooted canopy dominant(s) and (2) included gap-
makers in decay classes I, II or IIT (Maser et al.
1979) that most likely died within the last 50 years
(Daniels et al. 1997). In total, we located 45 gaps.
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Fi.g.l. Location of the 20 study gaps (A through T) within the Capilano, Seymour and Coquitlam River watersheds,

southwestern British Columbia, Canada.

In an-effort to determine the approximate tim-
ing of formation. of each of the 45 gaps, we
attempted to estimate the year of death and/or the
year of fall of individual gapmakers from each gap
using dendroecological ‘techniques (Dynesius &
Jonsson 1991; Daniels et al. 1997, Storaunet &
Rolstad 2002). We used the outer-ring dates of
mcrement cores to estimate the year of death.
This technique, while common, may produce biased
results. Specifically, rings may erode in arcas
where bark is absent or ring growth may cease prior
to tree death, both resulting in dates that are lower
than the actual year of tree death (Mast & Veblen
1994; Cherubini et al. 2002). We attempted to mini-
mize the bias by (1) assessing multiple increment
cores from the least decayed sections of the gap-
makers arid (2} verifying our results by estimating
the year of fall using scar or reaction wood dates in
trees injured by the gapmakers and establishment
dates of seedling or saplings growing on the gap-
makers. In total, we estimated the year of death
and/or the year of fall of gapmakeérs from 20 gaps
{Table 1; Fig. 1), which we used in all subsequent
sampling.

Sampling and crossdating trees

To assess growth releases of 7' plicata, T. het-
eraphplia and A. amabilis following gap formation,
we extracted two increment cores from all canopy
and subcanopy trees [diameter at breast height {dbh)

> 10 cm] that defined the boundary of, or occurred

within, the 20 gaps (Appendix S1). The boundary of
& gap was delineated using the crown of canopy and
subcanopy trees nearest to the gapmaker(s). All
trees were cored on the side facing the centre of the
gap at a height of approximately 30cm above the
ground. Cores were prepared using standard proce-
dures (Stokes & Smiley 1968). '

We applied a rigorous approach to crossdating
because modest to severe suppressions were com-
mon for T. heterophylla and A. amabilis, which
made crossdatmg difficult. First, we visually cross-
dated (Yamaguchi 1991) the two cores from each
tree to identify locally absent tree rings (Fritts 1976).
Then, we measured ring widths of ali cores to the
nearest 0.001 mm and used the program COFECHA
{Holmes 1983; Grissino-Mayer 2001) to statistically
verify our crossdating, both within individual trees
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Table 1. Summary of data collected to estimate the timing of formation of the 20 study gaps using dendroecological
techniques. Timing of formation was estimated using the year of death and/or the year of fall of gapmakers. "Number of
crossdated ring-width series; values aré underlined to indicate ring-width series that were successfully sampled but not
successfully crossdated. $Mean Pearson’s correlation coefficient between the crossdated ring-width series and the species-
specific chronology (see Stan 2008) caleulated using COFECHA. *Most recent estimate as determined from outer-ring dates
.of the crossdated ring-width series. "Determined using scar or reaction wood dates in trees injured by the gapmakers. Italics
are used Lo Indicate the maximum year of fall (i.e. minimum time since fall) as determined from pith dates of seedlings or
‘saplings that had established on the gapmaker. The number of injured trees, seedlings, and saplings that were sampled and
visually crossdated is given in previous columns. *Gapmakers were on the same root plate. 'Dated using data from gap T,
which was 30 m away and likely formed during the same storm. “*Two scars were located on the same radii. Gapmaker
likely fell in 1993 and shifted its position in 1998. Additional notes: Gaps were sampled during 2003 and 2004, na indicates
that either no data were available to sample, no samples were successfully collected or no information could be obtained
from the sample(s) to determine mean correlation, year of death or year of fall. Empty cells occur for gaps with two
gapmakers to avoid any redundancy in values of year of death and/or fall.

(ap  Species of - dbh Cores [rom Mean Scars or Seedlings or . Year Year of
ID  gapmaker {cm) gapmaker’ cort.y . reaction saplings of falt*
wood ' death?

A Thuja plicara - 110 7 0.64 0 I 1973 1979

B Thuja plicata ) 180 2 0.65 2 1 1991 1992

C Thuja plicata 132 5. 0.61 0 0 1998 na

D Thuja plicata 140 5 0.49 1 0 1998  na

E Thija plicara 108 9 0.42° 1 1 1956 1966

F Thja plicata® 74 3 0.53 3 0 1974 1881
Tsuga heterophylia 53 2 na [t} o

G Abjes amabilis 93 2 0.39 2 ! 1995 1993/1998%7

H Thuja plicata . 99 4 0.52 o 0 1967 1978

[ Thuja plicata 106 4 0.31 0 0 1973 na

1 Tsuga heterophylia 66 3 na 1 0 na 1985

K Truge hererophylla ' 99 3 na I 0 na 1985

L Thuja plicata 172 3 0.40 1 0 na 1963

M Thuja plicaia 160 3 0.56 1 0 1959 1976

N Thuja plicata® 106 7 0.51 1 0 1995 1996
Tsuga heterophyila 30 0 na 0 0

o] Abies amabilis™ 53 3 0.33 1 ¢ 2000 1999
Tsuga heterophyvila 21 3 0.39 0 0

P Thuja plicata 200 3 0.70 0 ¢ 1989  na

Q Thuja plicata 165 2 0.55 1 0 1977 1978

R Thuju plicata 312 3 0.44 1 0 1977 1599

5 Tsuga Ireteraphy.'[a“ ’ 99 0 na 0 0 2000 na

T Thuja plicata 147 3 0.59 ] 0 2000 na
Tsuga heterophylia 84 0 na 0 )]

determine if individual trees experienced a release.
Releases were detected using the formula (Nowacki
& Abrams 1997):

and among all trees of a single species. In general,
cores with the greatest number of suppressions and/
or releases were difficult to statistically crossdate,
and at best, could only be visually crossdated using

narrow and wide marker rings. BGC = (M ~ M}/ M, x 100

where % GC is percentage growth change for a sin-
gle year, M, is the mean basat area increment for the

Identifying growth releases of trees A ¢
5 years preceding that year, and M is the mean ba-

We assessed growth series from all trees
(n = 348) growing around or within the 20 gaps to
determine the number of individuals of different
species that experienced a release following the
death or fall of the gapmaker(s). We converted ring
widths into hasal area increments, averaged the two
series from each tree, and used a species- and
ecosystem-specific version of the radial-growth
averaging method (see Stan 2008 for more detail) to

sal area increment for the 5 years following that
year. We identified a release as the highest peak
growth change value > 25%, within a £ 10-year
window that surrounded the vear of death of the
gapmaker(s) (Fig. 2). The peak percentage growth
change value represented the vear prior to the onset
of a release (Nowacki & Abrams [997). If a peak
> 25% did not occur, we assessed whether the last
caleulated growth change value within the window
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was > 25%. This secondary assessment was pri-
marily useful for identifying growth releases of trees
from the most recently-formed gaps in which too
little time had passed for the percentage growth
change curves to éach form a peak with a descending
limb. For three gaps, we determined only the year of
fall of the gapmakers {Table 1). We assessed growth
releases of trees from these gaps using a — 10/+5-
_year window that surrounded the year of fall (Fig.
2). Examining several years before and after the year
of death and fall reduces the potential for errors
when estimating releases. For example, slow open-
ing of the canopy from cambial and crown dieback
of the gapmaker(s) may cause a tree to experience a
release prior to the estimated year of death. Fur-
thermore, trees may show a lag in response after the
year of death or fall because new resources are allo-
cated to other vital [unctions and structures before
radial growth. Finally, examining several years be-
fore and after the year of death and fall heips
account for any minor errors in these dates. We used’
all the detected releases in later analyses of duration
and magnitude.
We assessed growth series from a subset of trees
{(n = 94) growing around or within six gaps (A, E, F,
H; M and Q; Table 1) to détermine the number of
individuals of different species and canopy classes
(canopy or subcanopy) that experienced a release
following both the death and fall of the gapmakers.
Light availability in and around gaps will increase as

Window for year of death: 1«5«510 i

Window for yesr of fall; 10 yr—sles yﬁ»;
f

gapmakers die and may increase further when they
fall, particularly if the gapmakers are large in size, as
is the case in this study. A small increase in light
availability when a gapmaker falls may allow for a
secondary release (i.e. a secondary peak in the per-
centage growth change curve). For this analysis, we
applied the same techniques used to detect a release
relative to the year of death or fall bul instead used a
+35-year window [or the year of fall. We used a sub-
set- of trees from six gaps because objectively
identifying releases in this analysis required at least
15 years of growth before and after the year of death
and at least 10 years of growth after the year of fall.
The 15 years resulted from the =+ 10-year window,
coupled with the 5-year moving average (i.e. M, and
M), while the 10 years resulted from the +S5-yedr
window, coupled with the 5-year moving average.
Trees of different species and canopy classes were
placed into one of four categories that ‘described
whether individuals experienced a release following
the year of death only, the year of fall only, both the
year of death and fall or if no release was detected.
In the instance that the same refease was detected for
both the year of death and fall it was counted as
being associated with the year of death.

Duration of releases

The duration of a release is the number of years
from the onset to the end of a release. To determine
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Fig. 2. Schematic of how we detectcd growth releases of trees that were growing around or within natural canopy gaps usmg
the radial-growth averaging method. In this example, we identified a peak growth change value > 25% {our minimum
threshold for a release), within a + 10-year window surrounding 1975, the year of death of the gapmaker. The peak per-
cenlage growth change value, which occurred in 1976, represented the year prior to the onset of a release. We assumed the
gap caused the refease because of its proximity to the year of death of the gapmaker. For three gaps, we assessed releases of
trees using a — 10/+5-year window surrounding the year of fall of the gapmakers. See text for more detail. Additional notes:

percentage growth change (% GC) in 1976 is equal to (Mo

M 1)/ M x 100, where M is the mean basal area increment (BAJI)

for the 5 years preceding 1976 (1972-1976), and M- is the mean BAI for the 5 years following 1976 (1977-1981) {Newacki

and Abrams 1997}.
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the duration of a release, we held M, for the year of
the peak percentage growth change constant and
shifted A7, successively 1 year at a time {Fig. 2). We
considered a release to have ended when percentage
growth change decreased below the 25% threshold.
Thus, the end of a release was defined as the last ca-
lendar year in M, when percentage growth change
was still > 25% (Fig. 2). Some releases were sus-
tained, i.e. percentage growth change was > 25% at
the time of sampling and the end of the release was
not observed.

We assessed the duration of releases using non-
parametric and parametric survival functions
{Kalbfleisch & Prentice 1980; Klein & Moeschberger
1997; Fox 2001). The survival function S(¢) is the

probability that a release continues beyond time ¢, -

i.e. Pr(T> 1), where T is a continuous random vari-
able that represents the number of years from the
onset to the end of a release (i.e. duration).

We estimated nonparametric survival functions
(proc LIFETEST, SAS version 9.1.3) to determine
the median duration of releases of individual spe-
. cies. We used the product-limit (Kaplan-Meier)
estimate of the survival function (Kaplan & Meier
1958}, which accounted for censored observations
that resulted when a release continued beyond the
date of sampling. This method éstimates the survival
function S(¢) as a product of ¢ conditional observed
survival probabilities:

SH=pxpax...xp

where 1,2, .. ., 1 are distinct times at which releases
end and p; = (n; — d;)/n; is the proportion of releases
continuing through the ith year after they have con-
tinued for i — 1 years, where #; is the¢ number of
releases at risk of ending at ¢ (i.e. number of un-
censored releases just prior to ¢;) and d; is the number
of releases ending at ;. :

We -used a parametric survival model (proc
LIFEREG, SAS version 9.1.3) to assess the relative
importance of tree-level and gap-level variables in
predicting the duration of releases. The model was
an accelerated failure time model in which the ex-
planatory variables multiplicatively affected the
failure time of a release or linearly affected the nat-
ural logarithm of a failure time, In(7) (Kalbfleisch &
Prentice 1980; Klein & Moeschberger 1997; Fox
2001). The model is of the form:

In{T) = XB + o¢
where X is an nxp matrix of explanatory variables
for n observations and p variables, p is a px1 vector

of unknown parameters, & is a scale parameter and €
is a nx1 vector of random.errors from a specified

survival distribution that is independent of X In this

study, we used a model in which T was defined as a
Weibull distribution. This distribution is commonly
used in survival analysis because it is flexible and
appropriate for a range of monotonic survival func-
tions (Kalbfleisch & Prentice 1980; Klemn &
Moeschberger 1997; Fox 2001).

In the model, we tested explanatory variables
reported to be important in previous studies of tree
growth relative to canopy gaps {e.g. Canham 19884;
Canham et al. 1990). Tree-level variables included
species as a dummy variable, diameter in the year of
a release (cm), prior growth (ecm?), distance from the
centre of the gap (m) and an index of north-south
tree position around or within the gap. Tree dia-
meter in-the year of a release was calculated by
subtracting rings formed after a release to better re-
present diameter at coring height (inside bark) at the
time of the event. Prior growth was mean basal area
increment for the 5 years prior to the year of the
peak percentage growth change value associated
with the onset of the release. This variable was in-
cluded because, in other studies, percentage growth -
change declined exponentially as prior growth in-
creased (Black & Abrams 2003, 2004; Fraver &
White 20035). The gap centre was the location of the

* root mound of the gapmaker. The north-south in-

dex was determined by calculating the cosine of the
tree bearing relative to the gap centre. Gap-level
variables included area of the expanded gap (m?), an
index of north-south hillslope aspect (i.e. cosine of
aspect), percentage canopy openness and percentage
hillstope gradient (Appendix §1). The expanded gap .~
was defined by the boles of trees whose crowns deli-
neated the opening in the canopy (Runkle 1982).
Canopy openness was determined from hemi-
spherical photographs taken with a Nikon F 35-mm
camera equipped with a Nikkor 8-mm {/2.8 fisheye
lens. At each gap, photos were taken 1 m above the
forest floor within quadrats established relative to
the gap centre and analysed using Gap Light Ana-
lyzer version 2.0 (Frazer et al. 1999). Results of the
four photos were averaged to obtain a single value
for canopy openness at each gap.

To determine which variables most influenced
the duration of releases, we started with a model
containing species, added additional tree-level vari-
ables then gap-level variabies one at time, and tested -
for their significance. We tested the interaction of
each continuous variable and species, along with the
interaction of diameter and prior growth, Diameter
and prior growth were transformed using the natur-
al logarithm to improve model fit. All significant
{P<0.05) terms were kept in the model, where the
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dummy variables for species or species by con-
tinuous variables were considered a single term.

Magnitude of releases

_ The magnitude of a release is the peak percen-
tage growth change value associated with the onset
of a release. We determined the mean magnitude of
releases of individual species in different canopy
classes. To assess the relative importance of tree-le-
vel and sgap-level variables in predicting the
magnitude of releases, we used a general linear
" model (proc GLM, SAS version 9.1.3), fitting in the
same manner those variables used to assess the
duration of releases. In addition to diameter and
prior growth, percentage growth change was also
transformed using the natural logarithm to improve
model fit and normality of residuals. '

Results

Number of trees and releases

There were 87 T. plicata, 180 T. heterophyila
and 81 A. amabilis growing around or within the 20
gaps. T. plicata and T. heterophylla occurred in the
greatest numbers in the canopy, while the sub-
canopy was composed mostly of T heterophylla and

A. amabilis. Dbh (mean £ SE) was 141 498,

62 +2.55 and 58 + 3.52¢cm for canopy 7. plicata,
T. heterophylla and A. amabilis, respectively. Dbh
was 41 & 1.45, 23 £ 0.85 and 18 £0.79cm for sub-

canopy 7. plicata, T. heterophylla and A. amabilis,

respectively.

A total of 87% (304 of 348) of all trees from the
20 gaps experienced a release following the death or
fall of the gapmakers. In addition, 39% (37 of 94) of
all trees from the subset of six gaps experienced a
release [ollowing both the death and fall of the gap-
makers. For T. heterophylla, 53% (9 of 17) of

canopy trees and 38% (13 of 34} of subcanopy trees
experienced a release following both the death and
fall of the gapmakers (Table 2). For the other two
species, 45% (13 of 29) of canopy T. plicata and
22% (2 of 9) of subcanopy A. amabilis experienced a
release following both the death and fall of the gap-
makers (Table 2).

Duration of releases

For T. heterophyila, A. amabilis and T. plicata,
the median duration of releases (8{¢f) = 0.5) was ap-
proximately 37, 26 and 23 years, respectively (Fig.
3). There was a significant speciesx/ogdiameter in-
teraction (deviance = 6.11, df=2, P=10.045),
mndicating that the effect of diameter on the duration
of releases varied among species. For T. hetero-

. phyila, increasing diameter resulted in decreasing

duration of releases (slope = — 0.664). A. amabilis
also showed a pattern of decreasing duration of re-
leases with increasing diameter (slope= —0.397).
For T. plicata, the pattern was opposite, as increas-
ing diameter resulted in increasing duration of
releases (slope = (.156). None of the other tree-lével
variables, gap-level variables or interactions tested
were significant and were not retained in the model.
Parameter estimates for the model of duration of
releases are given in Appendix S2.

Magnitude of releases

- All three species had variable growth rates both -
before and after releases (Fig. 4). T plicata grew at
an overall faster.rate compared to I heterophyila
and A. amabilis. The magnitude of releases, when
expressed as a percentage, was greatest for 7. her-
erophylla and 4. amabilis (Fig. 4). For canopy trees,
mean growth change was 136% for T. heterophyila
and 191% for A. amabilis. For subcanopy trees,
mean’ growth change was 191% for 7. heterophylla
and 199% for A. amabilis. Maximum growth change

Table2. Number of trees, by species and canopy class, from six gaps that experienced a release following the year of death
only, the year of fall only or both the year of death and fall. The number of trees that did not experience a release is also

given.
Species Canopy class n Experienced a release lollowing: ) No release
Year of death only Year of [all only Both year of death and fall
Thuja plicata Canopy 29 t4 [ 13 1
Subcanopy 2 2 0 0 0
Tsuga heterophylla Canopy 17 8 9 9 0
Subcanopy 34 20 1 13 0
Ahies amabilis Canopy 3 3 ] 0 0
: Subcanopy 9 3 1 2 1
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Fig. 3. Duration of releases of Thuja plicata, Tsuga het-
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was > 1000% for T. heterophyila and >800% for
A. amabilis. These findings differed from those of
T. plicata, for which mean growth change was 83%
and 98% for canopy and subcanopy trees, respec-
tively, and maximum growth change was > 500%.

Based on the general linear model, the spe-
ciesx/logdiameter (F=3.42, df=2, P=0034),
speciesx/ogpriot growth (F=3.16, df=2, P=
0.044) and logdiameterx/ogprior growth (F=10.81,
df=1, P=0.001) interactions explained a sig-
nificant amount of variation in the magnitude of
releases. None of the other tree-level variables, gap-
level variables or interactions tested were significant
and were not retained in the model.

There was a pattern of decreasing percentage
growth change with increasing diameter and in-
creasing prior growth (Fig. 5). As shown by the
logdiameter x logprior growth interaction, the effect
of prior growth varied significantly among trees of
different diameters. The derived general linear
model indicated that for the largest diameter 7. het-
erophylla trees, prior growth had a minimal effect on
percentage growth change. However, for the largest
diameter- A. amabilis and T. plicata trees, prior
growth had a moderate effect, with higher values of
prior growth resuiting in lower values of percentage
growth change. For the smallest diameter trees of all
species, prior growth had a more substantial effect,
with higher values of prior growth resulting in lower
values of percentage growth change, particularly for
A. amabifis. Parameter estimates for the model of
magnitude of releases are given in Appendix S3.

Discussion

Number, duration and magnitude of releases

Thuja plicata, T. heterophylla and A. amabilis
are responsive to gap formation. A high number of
individuals of all three species experienced a release
following the death or fall of the gapmakers. These
findings are consistent with those of Daniels &
Klinka (1996) who reported similar, positive re-
sponses of canopy and subcanopy T. plicata,
T. heterophylla and A. amabilis following gap for-
mation in old-growth stands within our study area.
Moreover, canopy and subcanopy individuals of sev-
eral other species have been found to exhibit positive
growth responses following gap formation (Poage &
Peart 1993; Pedersen & Howard 2004), with the most
shade-tolerant species experiencing the most intensive
responses (Jones et al. 2009). In the present study,
secondary growth releases of T. plicata, T. hetero-
phylla and A. amabilis after the fall of gapmakers
further demonstrate the strong responses of highly
shade-tolerant species following gap formation. We
suspect these releases are the result of an increase in
light. In gaps of similar size, at similar latitude, Battles
& Fahey (2000) estimated that standing dead trees
blocked as much as 10% of the transmitted radiation
in gaps during the growing season.

The median duration of releases and Lhe effect of
diameter on the duration of refeases differed among T.
plicata, T. heterophylia and A. amabilis. These differ-
ences imply that the composition and structure of trees
growing around and within a gap at the time of its
formation have an important influence on its closure
rate, For example, our findings suggest that a fine-scale
gap with several large T, plicata boundary trees and
many small T. keterophylla and A. amabilis within-gap
trees at the time of formation may close more quickly
than a similar size gap with several large T heterophylla
and A. amabilis boundary trees and many small T, pli-
cata within-gap trees at the time of formation. Of
course, this scenario simplifies the complex interactions
among release durations, release magnitudes and a
suite of other species life-history traits that influence
rates of gap closure. Also, the expansion of gaps fol-
lowing the death of boundary trees and local
topographic and edaphic conditions influence rates of
gap closure. Furthermore, our data do not address
lateral branch extension of boundary trees or height
growth of within-gap trees, both of which are primary
mechanisms by which gaps close (Runkle 1985},

While the mean magnitude of releases varied
among canopy and subcanopy 7. plicata, T. hetero-
phylla and A. amabilis, for all three species, the
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slowest growing and smallest individuals had the
most intensive releases following gap formation.
Prior growth has been shown to have a strong effect
on the magnitude of releases of several species, with
the slowest growing individuals experiencing the
most intensive releases (Black & Abrams 2003, 2004;
Fraver & White 2005). Small trees, particularly those
that are highly shade tolerant, tend to undergo siow
growth because of shading or competition for be-
lowground resources. Consequently, many of these
individuals possess a strong capacity to increase their
growth following canopy disturbances. Similar tothe
present study, greater magnitude growth responses of
slower-growing, smaller-diameter trees versus faster-
growing, larger-diameter trees have been directly ob-
served for several other species following gap

formation (Jones et al. 2009). Furthermore, -other
studies have reported greater magnitude growth re-
sponses of smaller- versus larger-diameter trees
following gap formation (Pedersen & Howard 2004)
or a reduction of competition in general (Canham et
al. 2004). In these studies, prior growth was not as-
sessed, but may have been a factor influencing the
growth responses of trees.

The lack of a statisticalty significant influence of
many of our tree-level and gap-level variables on the
magnitude and duration of releases merits discus-
sion. This finding may reflect low variability among
the characteristics of the study trees and gaps (see
Appendix §1). For example, our data showed a trend
of decreasing duration and magnitude of releases
with increasing tree distance from the gap centre.
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Ongoing research on growth releases of trees grow-
ing along north-south transects that pass through the
study gaps and into the adjacent forest has addressed
this trend in more detail (Stan 2008), However, to
further address gap-level characteristics, future re-
search that incorporates gaps of a broader range of
sizes, shapes and orientations is needed.

Gap dynamics and species coexistence

Various mechanisms, including differences in
life-history traits, environmental heterogeneity fa-
cilitated by recent and ancient disturbances and
competition between neighbours, can act alone or
together to promote the coexistence of tree species
{Chesson 2000; Loechle 2000; Nakashizuka 2001;
Nishimura et al, 2005). Chance events and neutral
processes can also play a role in structuring patterns
of tree diversity (Brokaw & Busing 2000; Hubbell
2001), but might be more important in species-rich
communities (Nakashizuka 2001; Gravel et al: 2006).

In forests where fine-scale tree mortality and
canopy gaps dominate the disturbance regime, dif-
fering strategids amang tree species for ascending to
the canopy strata may be an important coexistence
mechanism. For shade-tolerant trees, Canham
{1988b, 1989, 1990} described two extremes in stra-
tegies for reaching the canopy strata. At one end of
the continuum, trees reach the canopy strata
- through continucus slow growth in more shaded

conditions. These trees can be considered gap -~

dependent because, by definition, they likely do not
rely on gaps to reach the canopy. At the other end of
the continuum, trees reach the canopy strata
throusgh multiple periods of suppressions and re-
leases as a result of canopy gaps. These trees can be
considered gap dependent because they likely re-
quire gaps to reach the canopy.

In previous work on the influences of dis-
turbance in old-growth stands within our study
area, Daniels (2003) concluded that T. plicata was
gap independent and T heterophylla and A. amabilis
were pap dependent. Qur results do not support
T. plicata as entirely gap independent because a si-
milar number of T. plicara, T. heterophylla and
A. amabilis experienced a release following gap for-
mation. However, variation in the duration and
magnitude of releases among T. plicata, T. hetero-
phylia and A. amabilis does indicate subtle, but
biologically relevant, differences in how these spe-
cies respond to gaps, suggesting possible differences
in how they grow into the canopy strata.

Tsuga heterophylla and A. amabilis were often
extremely suppressed both in the canopy and sub-

canopy, which gave them a tremendous capacity to
experience a release following gap formation (Black
& Abrams 2003, 2004; Fraver & White 2005). For
both species, releases were intensive, with magnitudes
> 1000% for T. heterophylla and > 800% for A. am-
abilis. Releases were also persistent, with durations
slightly longer for T. heterophylla than for A. am-
abilis. These observations are consistent = with
independent research on population size structures
and growth histories of the study species in the un-
derstoreys of old-growth stands. Specifically,
7. heterophylla and A. amabilis maintain a seedling

-and sapling bank of individuals available to experi-

ence a release if or when a gap forms (Lertzman 1992;
Antos et al. 2005; Parish & Antos 2006), and both
species are able to undergo multiple suppressions and
releiises before reaching the canopy (Daniels & Klin-
ka 1996; Wright et al. 2000; Passmore 2007). Taken
together, these characteristics distinguish 7. hetero-
phylla and A. amabilis as gap-dependent species.

In contrast, 7. plicata had high absolute growth
rates both in the canopy and subcanopy, and there- -
fore, had less capacity to experience releases as
intensive as those of T. heterophyila and A. amabilis.
Releases of low magnitude and short duration were
most comnmon for 7. plicata, which partly reflected
its large size in the study stands. Low-intensity
growth releases of T. plicata also indicate physiolo-
gical differences in growth rates and responses to
gaps compared to T heterophylla and A. amabilis.
High growth rates of subcanopy T. plicata prior to
gap formation suggest that gaps are less important
for this species to reach the canopy strata. Yet, a
high number of 7. plicata experienced a release
following gap formation, even large canopy domi-
nants. This findirig implies complex tree interactions
mediated by gaps, including competition for light
and other limiting resources. To better understand
the role of gaps for canopy ascendancy and growth
of T. plicata will require additional research that
specifically focuses on subcanopy individuals, which
are lacking because of the population size structures
in the study stands. Until more information is col-
lected, it is difficult to place T plicata along the

continuum of gap-independent to gap-dependent

species.
Differing strategy for ascending to the canopy
strata among T. plicata, T. heterophylla and A. am-

- abilis is one of several mechanisms that may facilitate

the coexistence of these species in old-growth forests
of coastal British Columbia. Given the large dis-
crepancy in potential lifespan among the study
species, hypotheses related to longevity and canopy
residence time also need to be considered. Specifically,
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1. plicata lives much longer than T. heterophylla or
4. amabilis, and this life-history trait might play a
crucial role in mamntaining a seed source for when
conditions are most favourable for T plicata to grow
into the canopy strata (Lertzman 1992; Lusk & Sniith
1998; Parish & Antos 2006; Mori et al. 2007). Com-
petitive interactions among tree species might also be
important. For mature and old-growth forests of
northern, interior British Coiumbia, Canham et al.
(2004) reported that crowding by T. heterophylia had

a strong effect on the radial growth of. T. plicara, but -

crowding by T plicata had a weak effect on the radial
growth of T. heterophylla. Lack of equivalence of
interspecific effects of competition, and any possible

impacts on coexistence, is worth exploring in forests of

coastal British Columbia.

Conclusions

Our research provides detailed information on
the number, duration and magnitude of growth re-
leases of T. plicata, T. heterophylla and A. amabilis
following the formation of fine-scale canopy gaps in
old-growth [orests of coastal British Columbia. In
addition to a better understanding of the tree-level
and gap-level variables that influence the duration
and magnitude of releases, our research offers in-
sight into mechanisms of tree species coexistence in
these forests. Results indicate differences in how
T plicata, T. heterophylla and A. amabilis grow and
respond to canopy gaps, suggesting differences in
how these species ascend to the canopy. strata.
Specifically, gaps may be more important for
T. heterophylla and A. amabilis to reach the canopy
and less important for 7. plicata to reach the cano-
py. Different strategies for ascending to the canopy
strata among T. plicata, T, heterophylla and A. am-
abilis may facilitate the coexistence of these species
in old-growth forests of coastal British Columbia.
Additional research on growth responses to gaps
_-over the lifespan of individual trees, as well as re-
search on other life-history traits, is needed to
further improve our understanding of the coex-
istence of these species through time.
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Additional Supporting Information may be
found in the online version of this article:

Appendix S1. Characteristics of the 20 study
gaps and the number of Thuya plicata, Tsuga het-
erophylla and Abies amabilis growing around or
within the gaps (r = 348).

Appendix S2. Parameter estimates for the Wei-
bull survival model of duration of releases.
Estimates are for levels of a given variable included
in the model. Note: P-values for species or for spe-
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cies by continuous variable interactions should be
interpreted for all species combined and were given
in the text. : '

Appendix 83, Parameter estimates for the general
linear model of magnitude of releases. Estimates are
for tevels of a given.variable included in the model.
Note: P-values for species or for species by con-
tinuous variable interactions should be interpreted for
all species combined and were given in the text.

Figure S1. A natural, fine-scale canopy gap
formed by an uprooted Thuje plicata in an old-
growth, Thuja plicata—Tsuga heterophylla stand,
coastal British Columbia, Canada {photo by A.B.
Stan).

Figure 82. A structurally complex, old-growth
Thuja plicate—Tsuga heterophylle stand commonly
found in unmanaged, mid-elevation forests of coastal
British Columbia, Canada (photo by A.B. Stan).
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