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Abstract 

Mortality of three coast species was modelled from permanent sample plot (PSP) data 

using linked longitudinal and survival analysis models. The addition of frailty terms from 

the longitudinal model improved the fit of the proportional hazard model of individual 

tree mortality.  As expected, mortality was higher on high sites than on low sites.  

Thinning treatments significantly changed the hazard for individuals of all species, and 

the inclusion of basal area and basal area in trees larger than the focus tree improved the 

fit of the model.   

Prediction of snag longevity in PSPs was successfully modelled using an 

accelerated failure time model with a Weibull distribution for Douglas-fir and western 

hemlock and a lognormal distribution for western redcedar.  Snag longevity was 

significantly greater with increasing snag diameter but prior silviculture treatments had 

no significant effect.     

Snags or recently fallen trees comprise from 8 to 23% percent of stems >15 cm 

DBH in old and second growth forests.  The number of dead stems varied among species, 

phase of stand development, and locations along the coast.  The volume of snags or 

recently downed wood was 20.7% of live volume in old-growth stands and 19.2% in 

second growth stands.  The presence of dead veterans in multi-cohort stands or old, high 

stumps from logging 90-100 years ago contributed significantly to the volume of dead 

wood in some mainly second-growth stands. 
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Introduction 

 

On the coast of British Columbia, some low elevation, productive forests stands are being 

retained for non-timber purposes or remaining in the inventory for long periods due to the 

age structure of the management unit.  Over the course of stand development, mortality 

of canopy and subcanopy trees are a critical part of the dynamics, and dead trees, 

especially large ones, are important structural components.  Information on tree mortality 

and snags longevity is applicable to a range of considerations, from the safety hazard 

posed by individual trees to the characteristics of wildlife tree patches.  Snags and 

downed logs provide a variety of ecosystem attributes and functions as part of the carbon 

and nutrient cycles 

The causes of mortality vary greatly and death may result from a combination of 

factors (Maser 1988; Pedersen 1998).  Both mortality and the transition from snag to 

downed wood depend on species and on site factors (Schmid and Hinds 1974; Franklin et 

al. 1987; Raphael and Morrison 1987; Garber et al. 2005).  For example, mortality rates 

are higher in high-productivity sites than in low-productivity sites (Franklin et al. 1987).  

In addition, the agent of mortality can influence snag longevity (Keen 1929; Schmid et al. 

1985), which ranges from instantaneous in the case of wind throw of green trees to over 

270 years for large Thuja plicata snags (Daniels et al. 1997).  

Information on tree mortality and snag longevity has come from two main 

sources: long term monitoring plots and retrospective studies.  Permanent sample plots 

(PSP), in the main, represent young to moderate-aged stands, and much of the early 

mortality is from self-thinning; however, repeated measurements in monitoring plots 

within old stands has been successful at determining mortality rates for mature to old 
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stands (e.g., Monserud and Sterba 1999; Coomes and Allen 2007; Taylor and MacLean 

2007; Das et al. 2008).  Retrospective studies of tree death have been facilitated using 

dendrochronological methods to date time of death and decay classes (e.g., Daniels et al. 

1997; Huggard 1999; Pedersen 1999).  Similarly, studies of snag longevity have used 

repeated measured from permanent sample and long term monitoring plots or 

dendrological dating of time of death (e.g., Morrison and Raphael 1993; Huggard 1999; 

Garber et al. 2005)  

To assess tree mortality and snag dynamics on the coast of British Columbia, we 

combined two approaches.  First, we used PSP data collected over the past 30 years to 

develop a model of tree mortality for three common, coastal tree species: Douglas-fir 

(Pseudotsuga menziesii (Mirb.) Franco var. menziesii), western hemlock (Tsuga 

heterophylla (Raf.) and western redcedar (Thuja plicata Donn ex D. Don in Lamb.).  We 

used the same data to develop a model of snag longevity.  In addition, we used a 

retrospective approach to determine mortality of coastal tree species over a range of site 

conditions.  Using this combination of approaches, we were able to examine snag 

production and dynamics across the full range of stand ages.  The specific objectives are 

1) to determine the rate of mortality of common coastal tree species across a range of site 

conditions; and, 2) to determine the interaction among cause of death, size, and site 

condition on snag longevity. 
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Methods 

 

Permanent sample plot data 

 

The data come from a long term project (EP703) (Stone 1994), which was established 

between 1971 and 1975 to examine the growth response of Douglas-fir and western 

hemlock to nitrogen fertilization and thinning.  In total, 940 permanent sample plots were 

installed at 85 sites on Vancouver Island and the adjoining mainland of British Columbia, 

Canada.  Most sites had been logged, or logged and burned, or burned and either planted 

with Douglas-fir or left for natural regeneration. Hence, most stands were even-aged and 

these ranged in age at establishment from 13 to 81 years old. 

The original experiment was to examined three levels of fertilization (0, 225, 450 

kg N/ha) and three levels of thinning (0, 20, 35% basal area removed) in a fully replicated 

as a 3 x3 factorial design (18 plots per installation).  The design was augmented at some 

installations to include increased levels of treatment (e.g., 50% basal area removal) and at 

others space limited the application of all treatments.  As a result, the number of plots per 

installation ranged from 4 to 43  Tree measurements were made prior to treatment, in the 

first dormant season after treatment, four times at 3-year intervals, and then at 

approximately 5-8-year intervals thereafter (depending on installation average height 

growth rate).  The total number plot measurements per plot ranged from 8-11.  The plot 

response time interval (total age at the most recent measurement minus the total age at 

the plot establishment) ranged from 21 years to 34 years, with an average of 28 years. 

 Plot sizes ranged from 0.05 to 0.1 ha and individual trees >5 cm at diameter breast 

height (DBH) were tagged in each plot.  For all individuals >5 cm DBH, tree species and 

live/dead status was recorded and DBH measured. Total height, height to crown base, and 
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maximum crown width was measured on a subset of trees within each plot and crown 

class was recorded.  The minimum DBH for measurement was 5 cm up to 1990, after 

which the minimum was lowered to 4 cm.  Heights have been estimated from the 

subsampled data for all trees, using a modification of the non-linear Møness function (J. 

Goudie, BC Ministry of Forests and Range, pers. comm.) and a linear equation based on 

individual tree characteristics (height, relative height, and slenderness ratio) and plot 

characteristics (plot basal area, site index, and thinning dummy variable) was developed 

to predict crown ratio.   

Preliminary analysis of tree mortality indicated that the juvenile plots, which had 

no controls introduced high residual variance and hence for mortality modelling we 

decided to use the only the 72 installations in the original experiment.  We also 

eliminated data from fertilized plots because of potentially confounding factors and 

finally, because we wished to test the hypothesis that mortality was strongly related to 

light availability, we also restricted the data set to those plots with mapped coordinates 

(250 plots).   

For modelling snag longevity, we used data from control, thinned and fertilized 

plots.  However, the recording of the vertical status (standing or fallen) of snags began in 

1996 and by this time some installations had been logged or deemed low priority and 

abandoned.  Hence, vertical status of dead trees was recorded on 76 of the original 85 

installations, of which 41 had one measurement, 34 had two measurements, and one had 

three measurements between 1996 and 2008.   
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Statistical methods 

Tree mortality model 

 

Permanent sample plots contain it records of longitudinal measurements of growth and 

time to event data (survival data). There are well-established methods for analyzing such 

data separately, such as linear mixed effects model for longitudinal data and accelerated 

failure time and proportional hazards model for survival data. However, separate models 

may be inappropriate when survival outcome can possible be affected by the longitudinal 

measurements. To account for such dependence, joint modelling of the longitudinal and 

survival process through a latent process is undertaken. Given the linking latent process, 

the longitudinal and survival process are then assumed to be independent. (e.g., Wulfsohn 

and Tsiatis 1997; Henderson et al. 2000; Diggle et al. 2008; Elashoff et al. 2008). 

To construct a longitudinal model of tree growth we choose DBH as the 

dependent variable.  Hence, let Yij be DBH for tree i at measurement j, where i = 1; 2; :::; 

n, and n is the total number of trees, where j = 1; 2:::;mi, and mi is the total number of 

measurements for tree i. and tij is the age of tree i at measurement j. Also, denote Yi = 

[Yi1; : : : ;Yimi ]
T
. Further, let Ti be the survival time for tree i and let Δi be an indicator 

variable that takes a value of 1 if tree i is observed dead and 0 if right censored. 

The joint model is specified in terms of the following two sub-models: 

[1]        Yij = b1ij + b2ijtij + b3ijt2ij + εij  

 

[2]          λi(t) = λ0(t) exp{γ(U1i + U2it + U3it2) + X2i(t)β + Vi} 

 

In the first model, the longitudinal response Yij is modelled using a growth curve model 

with mutually independent measurement error εij ~ N(0; ζ
2

ε ). Furthermore, 

b1ij = X1ijα1 + U1i; 

b2ij = X1ijα2 + U2i; 

b3ij = X1ijα3 + U3i 
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where X1ij is a vector of covariates, α = [α
T

1 α
T

2 α
T

3 ]
T
 is a vector of coefficients and 

Ui = [U1i U2i U3i]
T
 is the vector of tree-level random effects that accounts for stochastic 

variation among trees.  The vector Ui is assumed to be N(0,Σij) and is independent of εij .  

In the second model, survival times are modelled using a Cox hazards model where λi(t) 

is the instantaneous rate of dead at time t given the  random effects from the longitudinal 

model [1], the vector of possibly time-dependent covariates X2i(t) and the random effects 

(frailty) term Vi.  The frailty term is assumed to be N(0; ζ
2

V) and is independent of εij and 

U.i  The term λ0(t)is the nonparametric baseline hazard function. 

The longitudinal model was developed using a hierarchical process which began 

with a simple null model that contains no covariates.  The next model differentiates 

species, the experimental thinning regimes, and includes site index at each location.  Two 

further models were developed; one included a measure of crowding (plot basal area, 

BA) and a measure of individual tree rank (basal area in trees larger than the focus tree, 

BAL) and the second model used a single covariate, percent above crown light (PACL), 

which depends on both crowding and rank for its value.  PACL was calculated using the 

Trayci routine in the Tree and Stand Simulator (TASS) (Brunner 1998). 

In order to incorporate time-dependent covariates (for example, PACL) into the 

survival model, knowledge of the development of these covariates over the lifetime of the 

tree is required but the covariate values are only available at measurement times tij  and 

we assume that the covariate values at measurement time tij  hold for times that are close 

to tij.  
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Snag longevity 

Because the permanent sample plots were sample periodically, the time of tree death was 

known to occur between two successive measurements but the exact time was unknown.  

To simplify subsequent analysis, we assigned the time of death to the end of the 

measurement period.  Thus each tree has a date of death corresponding to the year in 

which the measurement took place.  The first measurement at which information on 

whether trees that had died were standing or fallen was collected was on the seventh 

measurement, approximately 20 years after the plots were installed.  For a snag the lower 

time limit for remaining vertical was from year of death to the year of measurement but 

the upper time limit was unknown. Hence the time interval is right censored.  For a tree 

that had died and fallen before the first recording of vertical status, the lower limit of time 

in which these snags fell was unknown and the upper limit was the time from death to the 

measurement time, and hence the interval was left censored.  For the 35 installations that 

had two or three successive measurements of vertical status, the second or third 

measurement bound a time period during which a snag could fall so that the period was 

interval censored.  There were a number of trees that were observed both dead and fallen 

at same measurement period, and these were considered uncensored.  

The accelerated failure time model is a class of parametric models that handles 

right- left- and interval-censored data.  The models of time to failure (T) provide for a 

linear predictor based on specified covariates and a random disturbance term.   

[3]     Ti = exp{β0 + β1x1 + …+ βkxk + ζεi} 
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Where ε is a random disturbance term and β0 …,βk are estimated parameters of covariate 

xi …xk and ζ is also a parameter to be estimated  The distribution of the random 

disturbance εi can be taken from a number of common distributions.   

Initially, we included in the model a single covariate, DBH, and then examined other 

potential covariates: individual attributes such as height, crown ratio at the measurement 

prior to death, slenderness (height/DBH), and relative height in the stand, and stand 

attributes such as basal area and thinning regime.  Covariates were tested using the 

likelihood ratio tests and all final predictor variables were significant at α=0.05. Models 

for each species were fit independently from each. 

 

Field Methods 

Retrospective study 

Our study focused on productive sites on Vancouver Island and adjacent mainland.  We 

choose 32 plots in seven different areas.  The plots ranged from near sea-level (10 m) to 

over 600m in elevation.  Twenty-five plots were old-growth or mature forest with multi-

aged cohorts and seven were second growth, logged about 70-80 years ago. 

Plots varied in size, depending on stem density.  The aim was to measure 100 live trees, 

>15 cm DBH and to measure 35 to 50 dead trees >15 cm DBH at each location.  Plots 

ranged in area from 1100 to 5100 m
2
.  In some instances, when the density of snags was 

low, the plot size was extended to encompass dead trees only and the stems per hectare 

estimate adjusted by a factor to account for this.  Height and DBH of all standing trees, 

living and dead, was measured.  Species of all trees, where identifiable, and decay class 

were recorded, on a nine class scale of decay (Maser et al. 1979).  If cause of death were 

evident, this was also recorded. 
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To estimate the minimum age of the stand, cores were collected from five of the 

largest live trees.  In each plot, cores were collected from 15 to 20 dead trees with intact 

bark to estimate time since death. Cores were air dried, mounted and prepared using 

standard dendrochronological techniques (Stokes and Smiley 1968).  Scanned images 

were imported into WinDendro (Regent Instruments, Quebec, Canada) for ring width 

measurement.  Date of death was identified by comparing the ring pattern of dead trees to 

those of the same species with a known chronology.  The University of Victoria Tree-

Ring laboratory provided ring-width chronologies for cross-dating.   

The volume of standing live and dead and recently downed trees was calculated 

using equations and coefficients for coastal species developed by A. Kozak (Kozak 

1988).  
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Results 

Tree mortality model 

To select the appropriate longitudinal model of we started with the null model with no 

covariates (Model A in Table 1).  For Model A, the estimates of random effect standard 

deviations are all significant (not shown), indicating the presence of substantial 

variability in growth and mortality among trees. Two indicator variables (species and 

thinning regime) and site index, a variable that indicates productivity at a location and 

their interaction terms were added to the null model (Model B in Table 1).  If we compare 

Model B to Model A, we see the standard deviations for the random effects have dropped 

by 4 - 37%, suggesting that thinning, species and site quality account for a substantial 

amount of the variability in growth and mortality.  In the next stage of model 

development, we added variables that measure crowding and rank of an individual tree 

within a stand.  In addition to the covariates in Model B, Model C1 contains PACLi(t) 

and an interaction between PACL and each species.  Comparing the estimates of 

longitudinal random effect standard deviations from this model to those from Model B, 

the standard deviations have only dropped by 1 - 3%, which suggests that PACL does not 

play a substantial role in explaining tree growth variation. However, the standard 

deviation of the frailty term dropped by 26%, indicating that PACL accounted for a 

substantial amount of the variability in mortality. 

In addition to the covariates in Model B, Model C2 contains BA and BAL and the 

interaction terms each of these and each species.  The estimates of longitudinal random 

effect standard deviations from this model have dropped by 3 - 12%when compared to 

those from Model B. Also, the frailty standard deviation has dropped by 32%, which 

provides evidence that crowding and rank, represented through BA and BAL, play an 
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important role in explaining growth and mortality variation.  The Akaike's information 

criterions (AIC) for the four models are provided in Table 1. For AIC the lowest value 

indicates a best fitting model, which is Model C2. 

For the survival analysis, we used Cox proportional hazard model (see Eq. 2).  

We choose to examine the survival model with both Model C1 and C2 (Table 2).  In 

Model C1, increased PACL reduces mortality for all species.  The results support 

established shade tolerance relationships: extreme shade tolerance for western hemlock 

and shade intolerance for Douglas-fir.  The effect of PACL is large for western redcedar, 

which seems to be inconsistent with the belief that western redcedar is shade-tolerant; 

however, western redcedar are mainly in the subcanopy and only 5% have PACL values 

> 0.75 whereas only 5% of Douglas-fir have PACL values < 0.3. Because of the lack of 

data in the tail values of PACL for these species, caution may be needed when 

interpreting the effect on mortality.  In both models, as expected mortality increase as site 

index increase with the effect being largest on Douglas-fir.  

Survival analysis was carried out with and without the random effects terms from 

the longitudinal model (Table 3).  The conclusions drawn from these two analyses may 

differ; for example, the separate analysis suggests that mortality of western hemlock is 

substantially lower than that of Douglas-fir. In contrast, the joint analysis suggests that 

mortality for western hemlock, regardless of thinning treatment, is comparable to that of 

Douglas-fir without thinning treatment. 
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Snag longevity 

Of the Douglas fir that died during the 30 years of repeated measurements, 72% remained 

standing at the last measurement, whereas for western hemlock, it was 38%  and for 

western redcedar 32%.  The median standing time for Douglas-fir snags was 17 years, 

and 9 and 3 years for western hemlock and western redcedar, respectively.  The most 

abundant height class for Douglas-fir and western hemlock snags was 10 -20 m tall, 

whereas western redcedar snags were most abundant in the <5 m tall and <5 cm diameter 

classes. 

For all species, snag longevity was strongly positively correlated to DBH at time 

of death (Table 4).  As expected, snags with large diameters stood for longer than snags 

with small diameters (Fig. 1); however, data for large Douglas-fir was sparse – few had 

died and fallen which may potentially distort longevity for large diameter snags. For each 

species, the addition of covariates to the model improved the fit (Table 5); however, 

different covariates influenced the longevity of snags of different species.  The 

slenderness coefficient, the ratio of total height to DBH, has been associated with wind 

firmness and stability (e.g., Navratil 1995) and its addition improved the model fit for 

Douglas-fir snags but not for the two other species.  The addition of height also improved 

the fit for the Douglas-fir snag model.  The signs of the parameter estimates indicate that 

at a given DHB, snags with a high slenderness ratio (tall and skinny) fall faster than thick 

ones and that taller snags fell faster than shorter ones 

The relative height of western hemlock snags appears to be the single most 

important factor governing their longevity and taller snags stood longer than short, over-

topped western hemlocks.  The live crown ratio before death also had a positive effect on 
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snag longevity: western hemlock snags that had had long crowns relative to tree height 

stood longer than those that had had short crowns.  Live crown ratio prior to death was 

the only additional variable that improved the fit of the model of western redcedar snag 

longevity, and similar to western hemlock, trees with relatively longer crowns prior to 

death stood longer than those with shorter crowns relative to total height. 

 

Retrospective study 

 

The main species in the seven locations (32 sites) were western redcedar, Douglas-fir, 

western hemlock, and amabilis fir (Abies amabilis Dougl. ex Loud) (Table 1).  There was 

a major component of Sitka spruce (Picea sitchensis (Bong.) Carr.) in one plot in the 

Nimpkish.  Deciduous trees, bigleaf maple (Acer macrophyllum Pursh.), red alder (Alnus 

rubra Bong.), and trembling aspen (Populus tremuloides Michx.), comprised a minor 

component of all five Chilliwack plots, and were scattered in two plots in the Nimpkish 

and one in Squamish.  Western white pine (Pinus monticola Dougl. ex D. Donn), and 

grand fir (Abies grandis (Dougl. ex D. Don) Lindl.) occurred once in sampling and 

mountain hemlock (Tsuga mertensiana (Bong.) Carr.) twice. 

Stand densities of living trees >15 cm DBH varied widely, from 194 to 909 sph, 

and dead tree densities from 20 to 218 sph (Table 6).  The proportion of standing dead 

stems ranged from 0.08 to 0.27 and appeared unrelated to stand age or geographic 

location.  Most dead stems were western hemlock.  If we examine the volume of trees by 

location and species (Fig. 2), Douglas-fir was the predominant species in second growth 

stands.  In the second growth stands in the Sayward Forest, there was almost as much 

standing dead Douglas-fir volume as live, because of the self-thinning of Douglas fir 
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within these stands.  On the other hand, the large volume of dead western hemlock on 

Sechelt Peninsula arose in the main from death of large veterans from the previous stand 

or large stumps left high from previous logging 90-100 years ago.  The volume of each 

species varied greatly among old-growth stands in different areas.  Sites in the Walbran 

carried a large volume of western hemlock and western redcedar but little Douglas-fir, 

whereas the Nahmint sites were predominantly stocked by old large Douglas-fir. 

Old-growth stands in the study, on average, appeared to carry a similar volume of 

live Douglas-fir and western hemlock trees to second growth, but much higher volumes 

of western redcedar (Fig. 3).  There was more volume of dead hemlock and less of dead 

Douglas-fir in old growth stands than in second growth areas.   
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Discussion 

Tree mortality model 

Mortality in a forest stand is believed to follow a U-shaped curve over time. Initial 

mortality is high and slow growing trees are overtopped and die.  This self-thinning phase 

is followed by a period in which the risk of dying is low until the accumulation of 

pathogens, the build-up of insect populations, or stochastic disturbance events increase 

the risk in susceptible populations.  The data from the field experiment cover a period of 

self-thinning and the transition to a period of relatively low risk.  The thinning treatments, 

which remove small, slowing growing trees, accelerate the transition to this low risk 

period.  However, the duration of the experiment and the age of the trees at which 

measurement began preclude observation and modelling of the increased risk of mortality 

in early part of the establishment phase (less than pole size) or in the mature to old late 

phase, when trees are very large. 

Of the many factors that influence tree mortality, the rate of growth has long been 

linked to mortality from competitive interactions (Hamilton 1986, Kobe et al: 1995, Lin 

et al: 2001).  Within a stand, trees that grow slowly either from an intrinsic lack of vigour 

(genetic status) or an unsuitable microsite (environmental factors) are considered at risk. 

Shade tolerant species such as western hemlock are considered more tolerant of low 

growth rates than light demanding species like Douglas-fir. MacFarlane et al. (2002) 

explicitly linked the growth from a longitudinal model to a survival model by 

incorporating growth estimates into the survival function.  Our approach differed and we 

modelled the longitudinal and survival data jointly through an explicit mechanism of 

incorporation of (latent) growth trends in the hazard of mortality. 
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Snag longevity 

For second growth stands, the median longevity of snags that we observed was similar to, 

or somewhat longer than, reported in many other studies (e.g, Garber et al. 2005; Russell 

et al. 2006).  Nevertheless, snag longevity was short compared to old-growth snags in 

western North America (e.g., Spies et al., 1988; Daniels et al., 1997), as would be 

expected for the small snags that typically result from self-thinning in developing stands.  

In some boreal forests, snag persistence times can be substantially longer than we 

observed (Aakala et al. 2008), although most studies report roughly similar median 

longevities (Storaunet and Rolstad 2004; Taylor and MacLean 2007).  Our models 

indicate that some snags are likely to persist for >50 years, which is consistent with 

studies documenting that snags can persist in some coniferous forests for more than 60 

years (Storaunet and Rolstad, 2002; Newberry et al., 2004; Delong et al., 2005), and 

sometimes hundreds of years (Daniels et al., 1997).  In many systems, though, persistence 

of any snags beyond about 40 years seems unlikely (Garber et al., 2005; Russell et al., 

2006).  Maximum snag ages are difficult to ascertain from studies using permanent plot 

data (such as our study), as data sets are rarely of long enough duration; 

dendrochronological examination is usually required to document very old snag ages 

(e.g., Daniels et al., 1997; Storaunet and Rolstad, 2002; Newberry et al., 2004; Delong et 

al., 2005; Aakala et al., 2008).  In general, comparisons of snag survival among studies 

are tenuous because of the large differences in survival related to snag size, species, and 

environment.  Our results indicate pronounced differences among species and size classes 

such that small redcedar snags fell very rapidly, whereas large Douglas-fir snags were 

predicted to have very low rates of fall and persist for long periods. 
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Retrospective study 

 

Mortality of mature trees is considered to be a rare event with less than 2% of trees >30 

cm DBH dying annually (Harcombe 1987; Franklin and Debell 1988).  A census of 

standing dead such as we undertook, represents the cumulative mortality.  The time of 

death of many snags could not be estimated because of erosion of bark or rot underneath 

it; however, most of the cross-dated snags had been standing for less than 30 years.  

Some, however, had been standing for 60 to 80 years.  These lengths of time for large 

snags agree with predictions from the snag longevity analysis from our PSP data and 

from studies at other sites (e.g., Storaunet and Rolstad 2004; Taylor and MacLean 2007).  

The cumulative mortality suggests that in some old-growth stands such as in the Walbran, 

where about 8% of large stems are dead, that annual mortality is very low indeed.   

Overall there was little difference in the volume of live Douglas-fir and western 

hemlock between old-growth and second growth stands.  However, there was a higher 

volume of dead Douglas-fir in second growth stands, probably as a result of self-thinning.  

On the other hand, the average volume of dead western hemlock was higher in old-

growth stands where shade tolerance was less important than resistance to disease.  

Among different locations, the volume of standing dead and recently fallen trees varied 

greatly.  At Sechelt, broken snags of trees from the previous stand contributed a 

substantial proportion of the standing dead tree volume.  Species composition differed 

among sites and was not related whether the site was second or old growth.  Douglas-fir 

was abundant in Nahmint old-growth stands but not in the Walbran.  Age of stands could 

have been a factor; the Walbran stands appeared to be in general older than those in the 

Nahmint.  The lack of large disturbances in which shade intolerant Douglas-fir could 
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regenerate could have contributed to the species composition but another possibility is 

that the Walbran stands were remnants, left by logging companies, in a sea of second 

growth whereas the old-growth at Nahmint was fairly contiguous.  Selection of areas of 

the preferred species, Douglas-fir, could have resulted in a different composition for 

remnant stands.  The old-growth stands in the Squamish area, where logging was not yet 

as ubiquitous as the Walbran, were characterized by a fairly equitable distribution of the 

three main coastal species. 

 

Conclusion and Management Implications 

The abundance of dead wood in a stand is a function of both tree mortality and snag 

persistence.  Clearly mortality rates vary greatly through time and death of large trees is 

considered a rare event, which can be highly episodic and related to disturbance (e.g., 

Spies et al. 1988; Clark et al. 1998; Hély et al. 2000).  However, snag persistence is also a 

major determinant of dead wood abundance at any given time.  Snags in the second-

growth stands could reach high densities because of high input rates from self-thinning of 

dense stands; these snags are mostly small and have rather low persistence compared to 

old-growth forests.   

To obtain substantial numbers of large snags in second growth stands will require 

deliberate attention during subsequent harvesting or silvicultural activities; some of the 

largest trees will need to be retained and possibly killed.  However, large snags, 

especially of Douglas-fir, have high persistence in these stands.  Thus viable options 

appear to exist for maintaining some fairly large snags in managed systems.   



 21 

 

Literature Cited 

Aakala, T., Kuuluvainen, T., Gauthier, S., De Grandpré, L.  2008.  Standing dead trees 

and their decay-class dynamics in the northeastern boreal old-growth forests of 

Quebec.  For. Ecol Manage. 255: 410-420. 

Brunner, A.  1998.  A light model for spatially explicit forest stand models. For. Ecol. 

Manage. 107: 19-46. 

Clark, D.F., Kneeshaw, D.D., Burton, P.J., Antos, J.A.  1998.  Coarse woody debris in 

sub-boreal spruce forests of west-central British Columbia.  Can. J. For. Res. 28:  

284-290. 

Coomes, D.A. and Allen, R.B.  2007. Mortality and tree-size distributions in natural 

mixed-age forests. J. Ecol. 95: 27-40. 

Daniels, L.D., Dobry, J., Klinka, K., and Feller, M.C.  1997.  Determining year of death 

of logs and snags of Thuja plicata in southwestern coastal British Columbia.  Can. 

J. For. Res. 27: 1132-1141. 

Das, A., Battles, J., van Mantgem, P.J., Stephenson, N.L.  2007. Spatial elements of 

mortality risk in old-growth forests. Ecology 89: 1744-1756. 

Diggle, P.J., Sousa, I., and Chetwynd, A.G.  2008.  Joint modelling of repeated 

measurements and time-to-event outcomes: the fourth Armitage lecture.  Stat. 

Med. 27: 2981-2998. 

Delong, S.C., Daniels, L.D., Heemskerk, B., Storaunet, K.O.  2005.  Temporal 

development of decaying log habitats in wet spruce-fir stands in east-central 

British Columbia.  Can. J. For. Res. 35: 2841-2850.  



 22 

Elashoff, R.M., Li, G., and Li, N.  2008. A joint model for longitudinal measurements 

and survival data in the presence of multiple failure types. Biometrics 64: 762-

771. 

Forest Productivity Council of British Columbia  1999.  Pilot study for dead tree 

information on growth and yield permanent sample plots. Unpublished report. 

Franklin, J.F., and Debell, D.S.  1988.  Thirty-six years of tree population change in old-

growth Pseudotsuga-Tsuga forest.  Can. J. For. Res. 18: 633-639. 

Franklin, J.F., Shugart, H.H., and Harmon, M.E.  1987  Tree death as an ecological 

process.  BioScience 37: 550-556. 

Garber, S.M., Brown, J.P., Wilson, D.S., Maguire, D.A., and Heath, L.S.  2005.  Snag 

longevity under alternative regimes in mixed-species forests of central Maine. 

Can J For Res 35: 787-796. 

Harcombe, P.A.  1987.  Tree life tables. Bioscience 37: 557-568. 

Harmon, M.E., Franklin, J.F., Swanson, F.J., Sollins, Gregory, S.V., Lattin, J.D., 

Anderson, N.H., Cline, S.P., Aumen, N.G., Sedell, J.R., Lienkaemper, G.W., 

Cromack, K. Jr, and Cummins, K.W.  1986.  Ecology of coarse woody debris in 

temperate ecosystems.  Adv. Ecol. Res. 15: 133-302. 

Hély, C., Bergeron, Y., Flannigan, M.D.  2000.  Coarse woody debris in the southeastern 

Canadian boreal forest: composition and load variations in relation to stand 

replacement.  Can. J. For. Res. 30: 674-687. 

Henderson, R., Diggle, P. and Dobson, A.  2000. Joint modelling of longitudinal 

measurements and event time data.  Biostatistics 1: 465-480. 



 23 

Huggard, D.J.  1999.  Static life-table analysis of fall rates of subalpine fir snags.  Ecol 

Appl 9: 1009-1016. 

Keen, F.P.  1929.  How soon do yellow pine snags fall.  J. For. 27: 735-737. 

Kozak, A.  1988.  A variable-exponent taper equation. Can. J. For. Res. 18: 1363-1368. 

Maser, C.  1988.  The Redesigned Forest.  R & E Miles, San Pedro, CA. 234p. 

Mitchell, KJ, Stone, M, Grout, SE, Di Lucca, CM, Nigh, GD, Goudie, JW, Stone, JN, 

Nussbaum, AJ, Yanchuk, A, Stearns-Smith, S, and Brockley, R  2000  TIPSY 

version 3.0.  BC Min For, Res Branch, Victoria BC. Website: URL: 

http://www.for.gov.bc.ca/research/gymodels/tipsy/. 

Monserud, R.A., and Sterba, H. 1999. Modeling individual tree mortality for Austrian 

forest species.  For. Ecol. Manage. 113: 109-123. 

Navratil, S. 1995. Minimizing wind damage in alternative silviculture systems in boreal 

mixedwoods.  Publ. No. Fo42-91/124/1995E. CFS and ALFS, Edmonton Alberta. 

Newberry, J.E., Lewis, K.J., Walters, M.B.  2004.  Estimating time since death of Picea 

glauca x P. engelmannii and Abies lasiocarpa in wet cool sub-boreal spruce 

forest in east-central British Columbia.  Can. J. For. Res. 34: 931-938. 

Pedersen, B.S.  1998.  The role of stress in the mortality of midwestern oaks as indicated 

by growth prior to death. Ecology 79: 79–93 

Raphael, M.G., and Morrison, M.L.  1987.  Decay and dynamics of snags in the Sierra 

Nevada, California.  For Sci 33: 774-783. 

Russell, R.E., Saab, V.A., Dudley, J.G., Rotella, J.J.  2006.  Snag longevity in relation to 

wildfire and postfire salvage logging.  For. Ecol. Manage. 232: 179-187. 

http://www.for.gov.bc.ca/research/gymodels/tipsy/


 24 

Schmid, J.M., and Hinds, T.E.  1974.  Development of spruce-fir stands following spruce 

beetle outbreaks.  USDA For Serv Res Pap RM-RP-131. 

Schmid, J.M., Mata, S.A., McCambridge, W.F.  1985.  Natural falling of beetle-killed 

ponderosa pine.  USDA For. Serv. Res. Pap. RM-RN-454. 

Spies, T.A., Franklin, J.F., Thomas, T.B.  1988.  Coarse woody debris in Douglas-fir 

forests of Western Oregon and Washington.  Ecology 69: 1689-1702. 

Stone, J.  1997.  Recommendations of dead tree data needs to be collected on growth and 

yield permanent samples plots.  Unpublished report presented to Forest 

Productivity Council and MoF Resource Inventory Branch, 6 August 1997.   

Stone, J., Parminter, J. and Braz, J.  2002.  Standing dead tree dynamics extracted from 

growth and yield permanent sample plots in British Columbia. USDA For. Serv. 

Gen .Tech. Rep. PSW-GTR-181. 

Storaunet, K.O., Rolstad, J.  2002.  Time since death and fall of Norway spruce logs in 

old-growth and selectively cut boreal forest.  Can. J. For. Res. 32: 1801-1812. 

Storaunet, K.O., Rolstad, J.  2004.  How long do Norway spruce snags stand?  Evaluating 

four methods.  Can. J. For. Res.34: 376-383. 

Taylor, S.L., and MacLean, D.A.  2007. Spatiotemporal patterns of mortality in declining 

fir and spruce stands.  For. Ecol. Manage. 253: 188-201. 

Wulfsohn, M.S., and Tsiatis, A.A.  1997.  A joint model for survival and longitudinal 

data measured with error.  Biometrics 53: 330-339. 



 25 

Table 1. Estimated values of the random effect standard deviations and Akaike’s 

information criterion (AIC) for fitted models.  ζUkk represent the square root of the k
th 

diagonal element of ΣU 

 Model A  Model B  Model C1  Model C2 

ζU11 6.533 6.291 6.217 5.564 

ζU22 0.344 0.301 0.291 0.29 

ζU33 0.0028 0.0026 0.0025 0.0023 

ζV 2.323 1.472 1.095 1.004 

Log-likelihood -207286 -196481 -195566 -184314 

AIC 414871 393372 391566 369086 
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Table 2.  The multiplicative effects on the hazard associated with different covariates in 

Model C1 and C2. Boldface values are significantly different from 1. 

 Exponential of estimated coefficient (95% CI) 

 Model C1 Model C2 

Longitudinal random 

effects 0.779 (0.774, 0.784) 0.780 (0.773, 0.786) 

Thinning treatment (relative to Douglas-fir) 

Douglas-fir  

T0 1   1   

T1 0.38 (0.33 ,0.43) 0.49 (0.43, 0.57) 

T2 0.23 (0.20, 0.27) 0.35 (0.30, 0.41) 

T3 0.07 (0.04, 0.11) 0.08 (0.05, 0.13) 

Western hemlock  

T0 22.46 (16.4, 30.7) 7.40 (5.01, 10.9) 

T1 13.51 (9.53, 19.2) 4.77 (3.16, 7.19) 

T2 12.2 (8.69, 17.1) 5.53 (3.76, 8.13) 

T3 2.91 (1.84, 4.60) 1.29 (0.79, 2.09) 

Western redcedar  

T0 11.7 (2.43, 56.39) 2.19 (0.44, 10.9) 

T1 2.36 (0.47, 11.96) 0.72 (0.14, 3.73) 

T2 3.64 (0.75, 17.75) 1.24 (0.25, 6.02) 

T3 14.65 (1.08, 198.8) 5.95 (0.44, 80.9) 

Site index  

Douglas-fir 1.27 (1.26, 1.28) 1.18 (1.17, 1.19) 

Western hemlock 1.14 (1.13, 1.16) 1.08 (1.09, 1.07) 

Western redcedar 1.13 (1.08, 1.18) 1.09 (1.04, 1.14) 

PACL  

Douglas-fir 0.239 (0.12, 0.29) 

 

Western hemlock 0.131 (0.11, 0.16) 

Western redcedar 0.085 (0.05, 0.17) 

BA  

Douglas-fir   0.966 (0.960, 0.97) 

Western hemlock   1.002 (0.995, 1.01) 

Western redcedar   1.048 (0.986, 1.11) 

BAL  

Douglas-fir   1.075 (1.07, 1.08) 

Western hemlock   1.039 (1.03, 1.04) 

Western redcedar   0.993 (0.94, 1.05) 

 



 27 

Table 3.  The multiplicative effects on the hazard associated with different covariates 

under two different analyses: i) simple survival analysis and ii) joint analysis using 

Model C2.  Boldface values are significantly different from 1. 

 Exponential of estimated coefficient (95% CI) 

Thinning treatment (relative to Douglas-fir) 

Douglas-fir  Simple  Joint 

T0 1  1  

T1 0.51 (0.47, 0.56) 0.49 (0.43, 0.57) 

T2 0.04 (0.36, 0.45) 0.35 (0.30, 0.41) 

T3 0.16 (0.11, 0.23) 0.08 (0.05, 0.13) 

Western hemlock     

T0 2.45 (1.70, 3.53) 7.40 (5.01,10.9) 

T1 2.09 (1.43, 3.05) 4.77 (3.16, 7.19) 

T2 1.97 (1.37, 2.83) 5.53 (3.76, 8.13) 

T3 0.91 (0.61, 1.37) 1.29 (0.79, 2.09) 

Western redcedar     

T0 0.05 (0.01, 0.18) 2.19 (0.44, 10.9) 

T1 0.02 (0.006, 0.09) 0.72 (0.14, 3.73) 

T2 0.03 (0.008, 0.11) 1.24 (0.25, 6.02) 

T3 0.10 (0.02, 0.47) 5.95 (0.44, 80.9) 

Site index     

Douglas-fir 1.07 (1.06, 1.08) 1.18 (1.17, 1.19) 

Western hemlock 1.02 (1.01, 1.03) 1.08 (1.09, 1.07) 

Western redcedar 1.07 (1.03, 1.10) 1.09 (1.04, 1.14) 

Plot basal area     

Douglas-fir 0.838 (0.83, 0.84) 0.966 (0.96, 0.97) 

Western hemlock 0.882 (0.88, 0.89) 1.002 (0.99, 1.01) 

Western redcedar 0.773 (0.72, 0.83)  1.048 (0..99, 1.11) 

Basal area for larger trees    

Douglas-fir 1.203 (1.19, 1.21) 1.075 (1.07, 1.08) 

Western hemlock 1.146 (1.14, 1.15) 1.039 (1.03, 1.05) 

Western redcedar 1.326 (1.23, 1.43) 0.993 (0.94, 1.05) 
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Table 4. Parameters of the AFT model for snag longevity of Douglas-fir, western 

hemlock, and western redcedar in permanent sample plots from 1974 to 2008. 

  Parameter Wald statistics 

Species Parameter Estimate SE χ
2
 p-value 

Douglas-fir 

(n=8418) 

Intercept 2.244 0.053 1799.8 <0.0001 

DBH 0.076 0.004 264.8 <0.0001 

Scale (ζ) 0.960 0.024   

Shape (δ) 1.041 0.025   

Western 

  hemlock 

(n=10908) 

Intercept 2.153 0.034 4122.4 <0.0001 

DBHh 0.035 0.003 125.1 <0.0001 

Scale (ζ) 0.859 0.013   

Shape (δ) 1.164 0.018   

Western 

  redcedar 

(n-579) 

Intercept 0.600 0.174 11.9 0.0006 

DBH 0.078 0.019 17.5 <0.0001 

Scale (ζ) 1.394 0.071   
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Table 5.  Fit statistics time to falldown model for three species, Douglas fir, western 

hemlock and western redcedar in permanent sample plots.  Covariates are diameter at 

breast height (DBH), height (HT), relative height in the plot (HTREL), slenderness 

coefficient (DBH/HT), and live crown ratio prior to death (LCR).  The null model 

contains no covariates. 

 

Species Model  Log 

likelihood 

Likelihood-

ratio 

p-value 

Douglas-fir null -4770.3   

DBH -4575.7 389.1 <0.0001 

DBH, HT/DBH -4544.4 62.6 <0.0001 

DBH, HT/DBH, HT -4419.6 249.7 <0.0001 

Western 

hemlock 

null -8848.6   

DBH 8768.5 160.2 <0.0001 

DBH, HTREL -8662.2 212.3 <0.0001 

DBH, HTREL, LCR -8580.3 164.0 <0.0001 

Western 

redcedar 

null -463.8   

DBH -454.7 18.3 <0.0001 

DBH, LCR -448.3 12.8 0.0016 
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Table: 6 

Area Code msl Stand 

Class 

Western 

redcedar 

(%) 

Douglas

-fir 

(%) 

Western 

hemlock 

(%) 

Amabilis 

fir 

(%) 

Sitka 

spruce 

(%) 

SPH 

Alive 

SPH 

Alive 

+ 

Dead 

Standing 

dead 

(%) 

Walbran WL1 215 OG 15 1 84 0 0 194 227 14.7 

 WL2 310 OG 1 0 90 9 0 421 509 17.4 

 WL3 295 OG 32 0 65 1 2 332 368 9.9 

 WL4 302 OG 10 1 89 0 0 333 363 8.3 

 WL5 274 OG 21 0 63 16 0 238 260 8.3 

Nahmint GL 411 OG 22 4 47 28 0 455 549 18.9 

 NA1 214 OG 17 31 52 0 0 355 443 20.0 

 NA2 154 OG 2 46 51 0 0 330 400 17.5 

Nimpkish NM1 218 OG 8 33 61 0 0 582 800 27.1 

 NM6 256 OG 2 20 79 0 0 400 482 17.0 

 NM7 85 SG 0 77 55 0 0 434 497 12.8 

 NM9 55 SG 0 0 56 5 40 439 535 18.0 

 WO1 114 OG 11 40 49 0 0 408 523 23.3 

 WO4 190 OG 0 4 88 0 0 556 678 18.0 

Sayward SL 140 SG 0 27 73 0 0 439 498 11.9 

 EB 180 SG 10 27 64 0 0 789 945 16.5 

 RB 10 SG 16 9 75 0 0 347 463 25.0 

Chilliwack CH3 233 OG 12 9 76 0 0 577 683 15.5 

 CH4 181 OG 43 39 14 0 0 417 626 33.3 

 CH6 447 SG 0 91 4 0 0 465 605 23.1 

 CH8 575 SG 0 97 2 0 0 444 560 20.6 

 CH9 642 OG 43 33 20 0 0 408 486 16.0 

Squamish SQ1 160 OG 36 27 25 0 0 200 264 24.2 

 SQ2 306 OG 55 33 11 1 0 408 494 17.4 

 SQ3 447 OG 20 0 64 16 0 360 407 11.4 

 SQ4 285 OG 27 19 54 15 0 444 542 18.0 

 SQ5 997 OG 12 7 66 0 0 260 326 20.0 
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Sechelt CC1 215 OG 48 11 42 0 0 443 544 18.5 

 CC2 360 OG 16 38 46 0 0 909 1091 16.7 

 CC3 300 OG 2 59 38 0 0 550 728 24.4 

 HB1 434 OG 16 0 75 9 0 417 458 9.1 

 HB2 451 SG 16 24 60 0 0 758 818 7.4 
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Figure Legends 

Fig.1  The median probability of a snag longevity of three different species in different diameter 

classes, predicted for  a period of 50 years.  

Fig. 2.  Average volume of live and stand dead or recently fallen trees of different species 

at seven locations on Vancouver Island and adjacent mainland. 

Fig. 3. Average volume of live and stand dead or recently fallen trees of different species 

in old-growth and second growth stands. 
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