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Abstract 1 

In this research, individual tree distance-independent mortality models were developed to 2 

estimate regular mortality, where single or few trees die at one time, for western hemlock 3 

(Tsuga heterophylla (Raf.) Sarg.), Douglas-fir (Pseudotsuga menziesii var. menziesii 4 

(Mirb.) Franco), and western redcedar (Thuja plicata Donn) in coastal temperate rain forests 5 

of Vancouver Island, Canada.   In these mixed-species forests, gap dynamics define the 6 

forest structure and successional processes.  Regular mortality can occur as a result of 7 

competition with other trees and plants (i.e., competition-based), as a result of endemic 8 

pests or diseases, or as a result of changes in microsite conditions.  Permanent plot 9 

measures used to estimate mortality were remeasured at irregular intervals.  Therefore, a 10 

survival model was modelled using a generalized logistic model and then mortality was 11 

calculated by subtraction.  The nonspatial competition measure of basal area of trees 12 

larger than the subject tree provided reasonably accurate mortality estimates for larger 13 

trees.  However, poor results were obtained for trees less than 7.5cm in diameter at breast 14 

height (dbh).  These small trees tended to have higher mortality rates as they were under 15 

more competition for resources than their larger neighbors.  Further research on 16 

modelling survival and mortality, perhaps using a process-modelling approach, is needed.  17 

Since the implementation of a mortality (or survival) model with a growth and yield 18 

model environment can affect prediction accuracy, three methods of implementing the 19 

model were also evaluated.    Using a probability multiplier approach is recommended, 20 

where the stems per ha surviving to the next period is estimated by the probability of 21 

survival times the stems per ha at the beginning of the time period.  This is equivalent to 22 

repetitions of a stochastic approach, but with much less processing time.   23 
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1. Introduction 1 

The mixed-species coastal temperate rain forest of Vancouver Island is noted for its lack 2 

of recent fire history (Lertzman et al. 1996).  The successional processes of the Pacific 3 

Northwest forests are defined by small-scale disturbances mainly brought on through 4 

windthrow (Gavin et al. 2003).  Hence, gap dynamics define the forest structure and 5 

successional processes on Vancouver Island (Lertzman et al. 1996), with Douglas-fir 6 

being the dominating, pioneer species and western hemlock and western redcedar being 7 

the late-successional species aggregated within gaps (Getzin et al. 2006).  While 8 

mortality in younger stands is typically due to self-thinning processes, as a stand becomes 9 

mature, gaps formed from single tree mortality drive the structural and compositional 10 

characteristics significant in stand development (Lertzman et al. 1996).  An individual 11 

distance-independent tree-level mortality model was developed for Vancouver Island.   12 

 13 

A survival model is an important component within growth and yield models (Avila and 14 

Burkhart 1992).  Tree mortality is a complex process resulting from interactions among 15 

biotic and abiotic factors and many of the ecological processes and systems which 16 

contribute to tree mortality are not easily understood (Franklin et al. 1987).  Different 17 

factors affect tree mortality including but not limited to: microsite conditions, stand level 18 

and site conditions, climate, nutrient competition, age, insect and/or disease, and fire.  19 

Mortality has classically been divided into catastrophic mortality, resulting in the death of 20 

many trees at one time (e.g., fire, epidemic insect/disease attacks, wind damage, etc.), 21 

versus regular mortality, where single or few trees die at one time (Lee 1971).  Regular 22 

mortality can occur as a result of competition with other trees and plants (i.e., 23 



 

 5 

competition-based), as a result of endemic pests or diseases, or as a result of changes in 1 

microsite conditions. Generally, the mortality component of a growth and yield model 2 

only considers regular mortality but it should be noted that regular and catastrophic 3 

mortality may not always be independent of each other (Dobbertin and Biging 1998).   4 

 5 

The specific status of a tree can be defined as a binary response variable: alive or dead. 6 

Individual tree mortality, or more commonly survival, can be modeled using any 7 

cumulative probability distribution function bounded by 0 and 1, such as the logistic, the 8 

Weibull, the exponential, or the gamma.  The advantage of predicting tree survival rather 9 

than mortality is that tree survival over an q-year period is the annual probability to the 10 

q
th

 power, requiring no interpolation of data with varied measurement intervals (Hamilton 11 

and Edwards 1976).  Individual tree survival has commonly been modeled using a 12 

logistic model (Zhao et al. 2004).   13 

 14 

Once the probability of survival has been estimated, a deterministic or a stochastic 15 

approach can be implemented to predict the status of each tree at the end of a growth 16 

period. The deterministic approach can be applied using two methods: through a 17 

probability multiplier, or through the use of a threshold value.  The probability multiplier 18 

approach applies the predicted probability of survival directly to the expansion factor for 19 

an individual tree directly reducing the surviving number of trees which that tree 20 

represents. Using threshold values, if a predicted probability of survival is greater than a 21 

specified threshold, a tree is predicted as live else it is predicted as dead (Monserud 22 

1976).   Threshold values can be subjective, where a logical balance appears to be met 23 
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between the percent correctly predicted for live trees versus the percent correctly 1 

predicted for dead trees, or objective where the threshold is mathematically optimized.  2 

For the stochastic approach, the predicted probability of survival is compared to a 3 

uniform random number from the open interval 0 to 1.  If the random number is greater 4 

than the predicted probability of survival the tree is predicted dead, otherwise it is 5 

predicted live.  The stochastic approach is generally applied to an individual tree multiple 6 

times, called trials, and the average predicted value is calculated as the number of 1’s 7 

divided by the number of trials.   8 

 9 

Weber et al. (1986) expanding on the work of Ek (1980) found that for a small sample 10 

(10 plots containing 280 trees) a long-run stochastic approach and the probability 11 

multiplier approach yield similar predicted number of stems per unit area. Studies such as 12 

this have only investigated values aggregated to a stand level; few have included 13 

threshold values as a comparison to long-run stochastic and probability multiplier 14 

approaches.   15 

 16 

The first objective of this study was to develop mortality models for second-growth 17 

western hemlock (Tsuga heterophylla (Raf.) Sarg.), Douglas-fir (Pseudotsuga menziesii 18 

var. menziesii (Mirb.) Franco), and western redcedar (Thuja plicata Donn) in coastal 19 

British Columbia.  Our hypothesis were: 1) a model developed solely for this area would 20 

outperform existing models developed for similar species in other areas and applied here; 21 

2) the inclusion of inter-tree competition variables such as basal area of larger trees, 22 

would greatly define the probability of mortality for trees located in mixed-species stands 23 
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with structural diversity.  A second objective was to evaluate the developed mortality 1 

models with regards to three alternative implementation methods. Our hypotheses were: 2 

1) little differences between approaches will be seen when results are aggregated to the 3 

stand level. However, differences will become more evident when analyzed within 4 

diameter classes; 2) differences will be more apparent for plots with higher mortality 5 

rates; and 3) of the threshold probabilities, the optimum threshold value will return the 6 

best results and should be determined individually for each species within a mixed-7 

species stand. 8 

2. Materials and Methods 9 

2.1. Study Area 10 

The study area is located on Vancouver Island within the Coastal Western Hemlock   11 

(CWH) Biogeoclimatic Ecological Classification (BEC) zone of British Columbia.  This  12 

BEC zone is divided into multiple subzones: a very dry maritime subzone in the east, a 13 

moist maritime subzone in the central area, and a very wet maritime and hypermaritime 14 

subzone in the west (Brown and Hebda 2002).  The temperatures in the CWH BEC zone 15 

range from 5.2 to 10.5˚ C, with a mean annual temperature of 8˚ C (Meidinger and Pojar 16 

1991).  Study plots were located within latitudes ranging 48.37 to 53.53˚N and longitudes 17 

ranging 132.59 to 122.35˚W.  This area is comprised of second growth uneven- and even-18 

aged multi-species stands regenerated naturally and from plantings.  The common species 19 

include: western hemlock, Douglas-fir, western redcedar, red alder (Alnus rubra Bong.), 20 

Sitka spruce (Pinus sitchensis), and yellow cedar (Chamaecyparis nootkatensis (D.Don) 21 

Spach).   22 
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2.2. Data 1 

Permanent Sample Plot (PSP) data were provided by Island Timberland, Ltd. The 2 

database contained 2 285 untreated plots, ranging in size from 0.008 to 0.806 ha (Table 3 

1).  Measurements spanned the years 1932 to 2002, with measurement intervals varying 4 

from 1 to 17 years for an average of 4.8 years.  At plot establishment 485 plots were 5 

comprised solely of western hemlock, 355 plots were comprised solely of Douglas-fir, 6 

and 21 plots were comprised solely of western redcedar.  Across the remaining mixed-7 

species stands, plot composition contained an average of 40.7, 45.5, and 13.7% western 8 

hemlock, Douglas-fir, and western redcedar respectively.  Densities at plot establishment 9 

ranged from 19 to 11 750 live trees per hectare and site index ranged from 6.2 to 52.8m.  10 

At each measurement and for each tree within the plot boundaries, species, tree status 11 

(i.e., live or dead), and diameter outside bark at breast height (1.3 m above ground, dbh) 12 

was recorded.   Height (ht, m) was measured for a subset of trees, and remaining heights 13 

were estimated using height-diameter functions.  At the time of plot establishment, the 14 

average diameters were 12.5, 13.1, and 11.9cm (Table 2) for western hemlock, Douglas-15 

fir and western redcedar, respectively, with corresponding maximum values of 241.0, 16 

149.9, and 217.1cm.  The average heights for western hemlock, Douglas-fir and western 17 

redcedar are 12.6, 12.6, and 10.7m, respectively.  Average annual plot mortality for the 18 

first measurement period following plot establishment ranged from 0 to 12% with an 19 

average of 1.12%.  The average annual mortality increased slightly for the second 20 

measurement period to 1.27%, with a wider range of 0 to 25.0% (Table 1).   21 
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2.3. Model Selection  1 

To model individual tree survival at a specific time, the status of a tree was defined as 1 2 

for live and 0 for dead.  A logistic model was used to predict the annual probability of 3 

survival. To allow for a variety of measurement periods, the logistic equation was 4 

extended for a variable number of years, q, to obtain the following equation for the 5 

predicted probability of survival (Zhao et al. 2006): 6 

[1]     q
Xfp(s)


 exp1  7 

Where f(X)  is a linear function of the predictor variables, X, and q is the number of years 8 

between measurement periods.   9 

 10 

When selecting predictor variables, it is important to include the biological processes 11 

which increase the probability of mortality.  As a result, predictor variables representing 12 

tree size and stage of development, site productivity, and inter-tree competition were 13 

considered.  Tree size and stage of development were represented by dbh (cm) and height 14 

(m). To represent site productivity, coastal Douglas-fir site index (SI, m) at a base age 50 15 

and Growth Effective Age (GEA, years) were included to distinguish between differences 16 

in site quality found across plots. GEA is the age of a dominant tree with the same height 17 

and having the same site index as the tree of interest (Hann and Ritchie 1988).  GEA was 18 

developed from site index equations for the dominant tree species of a stand.  A number 19 

of stand level competition measures were considered.  Curtis’ Relative Density, an index 20 

measure of density, was calculated as: 21 

qd

G
CurtisRD  22 
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Where dbhi(cm) is the dbh for tree i, dq (cm) is the quadratic mean diameter for the plot, 2 

G (m
2
/ha) is the stand basal area, and n is the number of all live trees across all species 3 

within a plot. Stand basal area has been commonly used to measure competition for 4 

below ground resources (Fan et al. 2006).  In addition, tree-level competition measures 5 

such as the basal area of larger trees (BAL, m
2
/ha), relative dbh (RDBH), and crown 6 

competition factor of larger trees (CCFL) were evaluated for the model.  BAL was 7 

calculated as:     8 





n

i

iBAtreeδ 
1

x BAL  9 

Where δ is an indicator variable (1 if tree i has a dbh greater than the tree of interest, 0 10 

otherwise), BAtreei (m
2
/ha) is the basal area per hectare value for tree i, and n is the 11 

number of all live trees across all species within a plot. RDBH is a ratio of the diameter 12 

of the tree of interest to the average diameter within a plot and was calculated as: 13 

dbh

dbhiRDBH  14 

Where dbhi is the dbh of tree i and dbh is the average dbh for the plot. CCFL (expressed 15 

as a percent) was calculated as: 16 
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Where: MCAi is the maximum crown area for tree i expressed as a percentage of a 1 

hectare that can be occupied by the maximum crown of tree i with dbhi in cm (Avery and 2 

Burkhart 2002), iWĈ  (m) is the crown width of tree i, and the parameters a and b are 3 

species-specific constants for imperial units found in Smith (1966).  All other constants 4 

are used for unit conversion.   5 

 6 

Using these possible predictor variables, survival models were developed for each of the 7 

three species separately.  Twelve candidate models were fitted using PROC NLIN of 8 

SAS, version 9.1.3.  Initial parameters were varied in order to ensure a global minimum. 9 

The data for each species were divided into three subsets.  For each subset, Akaike’s 10 

Information Criteria (AIC) values were calculated using PROC NLMIXED of SAS, 11 

version 9.1.3 as: 12 

p22logL(AIC  )̂  13 

Where: )logL(̂ is the log likelihood function and p is the number of parameters in the 14 

model.  Model selection was based upon AIC values.   15 

 16 

To validate the selected model, the subsets for each species were combined into model 17 

(2/3) versus test (1/3) datasets.  For all three models using each test dataset for each 18 

species, AIC values, percent concordance and percent correctly classified using a 19 

threshold value were calculated.  Concordance compares the predicted probabilities of 20 

two trees, each with a different status (one live and one dead) to determine whether the 21 

order of the predicted probabilities corresponds with the order of the actual status.  Each 22 

individual dead tree was paired with each live tree; if the predicted probability of survival 23 
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for the live tree was greater than that for the dead tree, it was counted as a concordant 1 

pair.  The number of concordant pairs was compared to the total number of pairs to 2 

obtain percent concordance.  Using different probability threshold values, sensitivity and 3 

specificity values were calculated for all three test datasets combined.   4 

 5 

The selected model was also compared to two models from the literature, developed for 6 

mixed-conifer stands comprised of similar species, using the existing model datasets.  7 

The first model was developed by Temesgen (2002) for cedar-hemlock, and Douglas-fir 8 

found in the interior of British Columbia.  The Temesgen model is: 9 

[2] SPHbGbBALbRDBHbdbhbdbhb
dbh

1
bbf(X) 7654

2

3210   10 

Where all variables were previously defined.  The second model was developed by 11 

Hamilton (1986) for mixed conifer stands in Idaho: 12 

[3] 
dbh

dinc
bRDBHb

dbh

1
bdincbGbdbhbbf(X) 6543210   13 

Where dinc is the incremental diameter growth in the previous measurement period and 14 

all other variables were previously defined.   15 

2.4. Model Implementation 16 

Measures at the beginning of the first measurement period were used with the selected 17 

model to predict the probability of survival at the end of the first measurement period.  18 

Once the probability of survival was estimated, three implementation approaches were 19 

used to predict tree status at the second measurement period: 20 

1. For probability multiplier approach, the probability of survival was used to reduce 21 

the per-hectare expansion factor for each tree directly. 22 
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SpH = p(s)*e.f.i 1 

Where SpH is the the stems per hectare surviving to end of the first measurement 2 

period, p(s) is the predicted probability of survival, and e.f.i is the expansion 3 

factor for plot i.   4 

2. For the threshold approach, two subjective threshold values were chosen, and an 5 

optimum threshold value was calculated.  Many different methods for 6 

determining optimum threshold values exist.  Cohen’s (1960) optimal 7 

threshold, k , was used and calculated as: 8 

c

c0

p

pp






1
k  9 

Where: po is the proportion of units in which the predicted and actual outcomes 10 

agree and pc is the proportion of units for which agreement is expected by chance 11 

(Fleiss 1975). 12 

3. For the stochastic approach, a varying number of trials were used for each tree: 1, 13 

5, 20, and 1,000 times. 14 

 15 

For each of combination of species and approach, mean bias, and root mean-squared 16 

error (RMSE) values were calculated for stems ha
-1

 that survived, for all trees. Mean bias 17 

was calculated as: 18 
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BiasMean  19 
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Where jy  is the actual number of trees ha
-1

 that died within the q period for plot j, jŷ  is 1 

the predicted number of trees ha
-1

 that died within the q period for plot j, and m is the 2 

number of plots. Root mean-squared error was calculated for each species as: 3 
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ˆ

RMSE  4 

Where p is the number of predictor variables in the model and all other variables were 5 

previously defined. 6 

 7 

Mean bias and RMSE values were also calculated by 5cm dbh classes (listed at the 8 

midpoint) and incidence of mortality classes.  Four incidence of mortality classes were 9 

defined based upon the actual annual percent mortality which occurred at the second 10 

measurement period: 0 defined as plots where no mortality occurred, 1 defined as plots 11 

with less than 1% average annual mortality; 2 defined as plots with an average annual 12 

percent mortality between 1 and 3; 3 defined plots with an average annual percent 13 

mortality between 3 and 4; and 4 defined as plots with an average annual percent 14 

mortality greater than 4.  15 

3. Results 16 

3.1. Model Selection 17 

The best combination of predictor variables for all three species was dbh, height, BAL, 18 

Curtis’ relative density, site index, growth effective age, and stand basal area.  This 19 

model, termed Model 1, produced the smallest AIC values for both western hemlock and 20 
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western redcedar (Table 3).  While three other models, models A, B, and C, returned 1 

smaller AIC values for Douglas-fir; the AIC values were quite similar to the value found 2 

for Model 1.  The same model form was used for all three species.  Model 1 was selected 3 

for all three species based upon AIC values and the biological importance of each of the 4 

predictor variables as they related to tree size and stage of development, site productivity, 5 

and inter-tree competition.  The selected model, Model 1, was: 6 

GbGEAbSIbCurtisRDbBALbheightbdbhbbf(X) 76543210   7 

 8 

When Model 1 was compared to the Hamilton and Temesgen models, the AIC values 9 

were smallest for model 1 across all three species, with Model 1’s AIC value for western 10 

hemlock being half that of the other two models and for western redcedar two times 11 

smaller (Table 4).   The percent concordance for western hemlock and Douglas-fir were 12 

similar for all three models (Table 4).  Model 1 had the highest percent concordance for 13 

western redcedar.  When threshold values were used to determine tree status at the end of 14 

the measurement period, for all three species, the intersection of specificity and 15 

sensitivity was quite different for small diameter trees, defined as less than 7.5cm in 16 

diameter, than it was for large diameter trees, defined as 7.5cm in diameter or greater 17 

(Figure 1).  All three models indicate that for small diameter western hemlock and 18 

Douglas-fir, a threshold value between 0.80 and 0.85 balanced specitivity and sensitivity; 19 

for western redcedar this value was found to be between 0.85 and 0.90. Large diameter 20 

trees, regardless of species, returned different results.   21 

3.2. Model implementation 22 



 

 16 

Three implementation approaches with the selected model, Model 1, were used to obtain 1 

the predicted values at the end of the first measurement period aggregated to a stand level 2 

(Table 5). Regardless of the implementation approach, Douglas-fir returned the largest 3 

mean bias values but had similar RMSE values to western hemlock; the lowest RMSE 4 

values were returned for western redcedar.  For each species, the stochastic approach 5 

returned similar results regardless of the number of trials used, with only one trial 6 

returning the largest mean bias. As the number of trials increased, the stochastic approach 7 

returned similar mean bias and RMSE values to the probability multiplier approach when 8 

results are averaged across all plots; differences in the two approaches will be evident 9 

from plot to plot.  The threshold approach returned the greatest differences in both mean 10 

bias and RMSE.  Cohen’s optimum threshold value was determined to be 0.83 when 11 

evaluated for all three species combined.  The two subjective threshold values chosen 12 

were 0.50 and 0.75.  No matter the species, the mean bias is negative for a threshold 13 

value of 0.50 and positive for the optimum threshold value of 0.83.  14 

 15 

Figure 2 illustrates the significant differences in bias and RMSE values when results were 16 

aggregated to dbh classes.  The greatest variation among implementation approaches is 17 

seen for western hemlock; with the least variation for western redcedar.  Large 18 

differences within both bias and RMSE values are present within the smaller diameter 19 

classes, less than 10cm. The model under predicts mortality for all approaches but the 20 

threshold level of 0.50 for small diameter trees for all three species.  All approaches 21 

converge and predict well for trees greater than 15cm in diameter.  As was seen at the 22 

stand level, even with just one trial, the stochastic approach returns similar results to the 23 
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probability multiplier approach. The threshold values vary greatly from both each other 1 

and the other methods (as represented by the three furthest lines from zero), with the 2 

optimum threshold value returning the best results for Douglas-fir and western redcedar.  3 

When species were evaluated individually, the optimum threshold for western hemlock 4 

was found to be 0.86, 0.82 for Douglas-fir, and 0.80 for western redcedar.   5 

 6 

All three approaches predicted well for western hemlock located on plots where the 7 

average annual mortality was less than three percent (Figure 3a). When average annual 8 

mortality was greater than three percent the model under predicts for all approaches 9 

except the optimum threshold.  Similar patterns were found for Douglas-fir (Figure 3b) 10 

and western redcedar (Figure 3c) with the most variation occurring within the threshold 11 

approaches.  The 0.50 and 0.75 threshold values under predicted mortality for both 12 

Douglas-fir and western redcedar on plots with an average annual mortality greater than 13 

three percent, while the optimum threshold value over predicted.  Similar to the other two 14 

species, differences between the approaches was severe for western redcedar on plots 15 

where average annual mortality was greater than three percent.    While these plots were 16 

well within the range of the dataset as 16% of the plots contained western hemlock, 11% 17 

contained Douglas-fir, and 14% contained western redcedar, the species composition was 18 

quite different.  Plots which had a considerably large annual percent mortality, had a 19 

significantly smaller Douglas-fir component than the other plots, 24.4% of the trees as 20 

compared to 41.2%; the western hemlock and cedar components were greater; 60.9% 21 

compared to 50.0%, and 14.5% as compared to 8.8% respectively.  The average size of 22 

the trees on these plots increased as well, returning a larger average diameter and height 23 
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regardless of species.  An increase in average stems per hectare, basal area per hectare, 1 

and basal area of larger trees was also seen; while the average site index value remained 2 

the same.  3 

4. Discussion 4 

The lack of fire history and a disturbance regime consisting of small-scale tree-fall gaps 5 

distinguished Vancouver Island from much of the Pacific Northwest (Gavin et al.  2003). 6 

A mortality model developed solely for this area outperformed existing models 7 

developed for areas with a documented fire history.  Stand development following large-8 

scale disturbances is generally defined by four stages: stand initiation, stem exclusion, 9 

understory reinitiation, and old growth (Oliver 1981).  Stands within the first three stages 10 

of stand development are often used to develop mortality models in areas where fire is 11 

prevalent.  This is due in part because of the lack of old growth data.  The stand structure 12 

on Vancouver Island in unthinned areas more represents the old growth stage of stand 13 

development with large diversity found within species composition and vertical structure.  14 

Developing a model specifically for Vancouver Island better reflects the unique 15 

successional processes of the area than modifying existing models developed for other 16 

areas.  17 

 18 

While statistical fit is important in model assessment, if a model is not biologically sound 19 

it will be difficult to make future predictions or to apply to other datasets (Yang, 2003).  20 

The selected model includes variables which represent tree size and stage of 21 

development, site productivity, and inter-tree competition.  This combination of variables 22 

performed the best for western hemlock and western redcedar but not for Douglas-fir.  As 23 
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late successional species often establishing within gaps in the understorey, western 1 

hemlock and western redcedar found in mixed-species stands with Douglas-fir compete 2 

for light (Getzin et al. 2006).  BAL has been used as a measure of one-sided competition, 3 

competition for above ground resources (Bravo-Oviedo et al. 2006).  The models which 4 

very slightly outperformed for Douglas-fir substituted BAL with RDBH.  Because 5 

Douglas-fir is the pioneer species in this area (Getzin et al. 2006) and is dominant trees 6 

within the canopy, the Douglas-fir trees have the smallest BAL values.  Since 7 

competition for light is not a limiting factor for Douglas-fir in this position, relative size, 8 

represented by RDBH, better describes competition for resources for this species.  This 9 

suggests that the selection of competition variables within a mortality model used in 10 

mixed-species stands is species dependent and an important component. 11 

 12 

The selected survival model and the two comparison models gave poor results for trees 13 

less than 7.5cm in dbh.  These small trees tended to have higher mortality rates as they 14 

were under more competition for resources than their larger neighbors.  Spies et al. 15 

(1990) found that for Douglas-fir in the Cascade Mountains of Washington and Oregon 16 

the annual percent mortality for mature trees located in the upper canopy was 0.78% 17 

compared to those in the understorey at 2.54%.  Shade-tolerant species, such as western 18 

hemlock and western redcedar, can persist under suppressed growth for long periods of 19 

time, whereas shade-intolerant species, such as Douglas-fir, cannot (Kobe and Coates 20 

1997).  This dramatic difference in mortality rates not only among small trees but across 21 

species makes it difficult to use the same mortality model for trees less than 7.5cm and 22 

often separate mortality models are created for regeneration and in-growth.   23 
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 1 

For plots with large average annual percent mortality, greater than 3%, species 2 

composition, and tree-level and competition measures were quite different than for other 3 

plots.  The increase in mortality on these plots may be due in part to an increase in the 4 

component of hemlock.  The majority of these plots which contained hemlock, 60.6%, 5 

were measured during the early 1970’s.  In 1966 through 1968, Vancouver Island 6 

experienced lower than average rainfall for the summer months. It has been noted that 7 

mortality increases for western hemlock when moisture levels are low in the summer 8 

months (Kotar 1972).  An increase in the component of western hemlock combined with 9 

an increase in density on these plots resulted in a decrease in the Douglas-fir component.  10 

Douglas-fir is a shade intolerant species which has low survivorship when competition 11 

levels are high such as in the understorey following canopy closure (He and Duncan 12 

2000).  Dramatic changes in site condition due to droughts or other catastrophic events 13 

increase the rate of mortality, making them difficult to include in mortality models.  It is 14 

for this reason that the majority of mortality models only model regular mortality and 15 

predict poorly when applied to these situations.   16 

 17 

Unlike our hypotheses, differences between the three approaches were apparent at all 18 

levels: stand, diameter class, and mortality threshold class.  The probability multiplier 19 

and stochastic approaches had near identical values while the threshold approach 20 

produced the greatest variability.  Cohen’s optimum threshold value determined across all 21 

three species did not return the best results. Threshold values identify the point below 22 

which mortality (or survival) is unaffected by variation in the factors which contribute to 23 
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it (Deubner et al. 1980).   Because the factors which contribute and how much they 1 

contribute to mortality are different for different species, it becomes important to select 2 

threshold values based upon species and management objectives.   3 

5. Conclusions 4 

Mortality models are a fundamental component within any growth and yield model.  It is 5 

important to include an understanding of the biological components when developing 6 

mortality models, especially for mixed-species stands.  When implementing these 7 

models, different approaches will yield different results.  Given the importance of growth 8 

and yield modeling as it applied to silvicultural practices, a basic understanding of how 9 

the mortality model works will ultimately determine which implementation approach to 10 

use.   11 

 12 

The use of a modified logistic model to survival resulted in accurate estimates for larger 13 

trees, but poor results for smaller trees.  Further research on modelling survival and 14 

mortality, perhaps using a process-modelling approach, is needed.  Also, in implementing 15 

a mortality model, using a probability multiplier approach is recommended.   This is 16 

equivalent to repetitions of the stochastic approach but with much less processing time.   17 
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Table 1. Plot summary statistics at plot establishment and the end of the first 

measurement period (m=2285 plots). 

 

Variable
*
 

Establishment  End of 1
st
 Measurement Period 

Mean Minimum Maximum  Mean Minimum Maximum 

G (m
2
/ha) 37.4 0.1 185.0   42.2 0.5 189.2 

Stems ha
-1

 2 023 19 11 750   2 032 200 11 725 

CurtisRD 8.5 0.1 24.2   9.4 0.3 24.1 

SI (m) 29.9 6.2 52.8   29.9 6.2 52.8 

Annual 

Mortality Rate 

(%) 

1.12 0 12.0  1.27 0 25.0 

 

* G is basal area per hectare, Curtis’ RD is Curtis’ Relative Density, and SI is Site Index 
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Table 2.  Tree summary statistics at plot establishment by species. 

 

Variable
*
 

Western 

hemlock 

Douglas 

-fir 

Western 

redcedar 

Number of trees 93 586 72 058 17 245 

dbh (cm) Mean 12.5 13.1 11.9 

Minimum 0.3 0.3 0.2 

Maximum 241.0 149.9 217.1 

Height (m) Mean 12.6 12.6 10.7 

Minimum 0.0 0.0 0.0 

Maximum 58.4 60.3 54.1 

BAL (m
2
/ha) Mean 30.0 20.1 32.5 

Minimum 0.0 0.0 0.0 

Maximum 184.9 165.4 134.0 

GEA (years) Mean 18.2 18.2 17.8 

Minimum 0.0 0.0 0.0 

Maximum 148.9 150.0 134.0 

 

*dbh is diameter at breast height, BAL is basal area of larger trees, and GEA is growth 

effective age 
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Table 3.  AIC values for selection models averaged across three model subsets. 

Model Variables included in model* 

Western 

hemlock 

Douglas-

fir 

Western 

redcedar 

1 dbh, height, CurtisRD, SI, GEA, G, BAL 7 570 -13 102 -2 097 

2 

dbh, height, CurtisRD, SI, GEA, G, 

RDBH 8 506 -13 369 -1 700 

3 

dbh, height, CurtisRD, SI, GEA, G, BAL, 

RDBH 8 508 -13 367 -1 698 

4 dbh, height, CurtisRD, SI, GEA, RDBH 9 899 -13 147 -1 001 

5 dbh, height, CurtisRD, SI, GEA, CCFL 11 165 -12 036 -828 

6 dbh, height, CurtisRD, SI, GEA, G 11 831 -11 047 -805 

7 dbh, height, SI, GEA, BAL 11 851 -11 904 -243 

8 dbh, height, SI, BAL 11 860 -11 813 -190 

9 dbh, height, SI, GEA, G 12 381 -10 526 -211 

10 dbh, height, SI, G 12 386 -10 523 -153 

11 dbh, height, SI, GEA, RDBH 14 690 -10 422 524 

12 dbh, height, SI, RDBH 14 740 -10 416 583 

*dbh is diameter at breast height, CurtisRD is Curtis’ relative density, G is stand basal 

area, RDBH is relative diameter, CCFL is crown competition factor of larger trees, SI is 

site index, BAL is basal area of larger trees, and GEA is growth effective age
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Table 4.  Fit statistics for each validation dataset, averaged over three model 

datasets by model and species.    

Model Subset 

AIC Values   Percent Concordance 

Western 

hemlock 

Douglas-

fir 

Western 

redcedar  

Western 

hemlock 

Douglas-

fir 

Western 

redcedar 

Model 1 6 780 -13 046 -2 017  0.835 0.828 0.841 

1 2 7 214 -13 516 -2 068  0.836 0.826 0.844 

 3 2 -12 745 -2 205  0.834 0.825 0.840 

 Ave. 7 570 -13 102 -2 097  0.835 0.827 0.842 

Temesgen 1 14 239 -11 279 -664  0.836 0.834 0.826 

(2002) 2 14 251 -12 168 -489  0.837 0.835 0.834 

 3 15 426 -11 207 -369  0.835 0.831 0.820 

 Ave. 14 639 -11 551 -507  0.836 0.833 0.827 

Hamilton 1 15 278 -11 059 -348  0.835 0.833 0.825 

(1986) 2 15 295 -11 948 -28  0.837 0.834 0.829 

 3 16 758 -11 011 -34  0.835 0.830 0.815 

 Ave. 15 777 -11 339 -137  0.835 0.832 0.823 
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Table 5.  Bias and root mean squared error (RMSE in parentheses) for live stems 

ha
-1

 using the three implementation approaches for each species.  

 

Western  

hemlock 

Douglas 

-fir 

Western  

redcedar 

Probability Multiplier  0.7 (104.1) 10.6  (100.2) 1.0  (68.3) 

Stochastic 

(Number of trials) 

1 1.2  (105.4) 12.3  (102.4) 1.3  (69.8) 

5 1.0  (105.4) 10.6  (102.4) 1.0  (69.8) 

20 0.7  (104.2) 10.8  (101.0) 0.9  (69.1) 

1 000 0.7  (104.0) 10.6  (100.3) 0.9  (68.1) 

Threshold  

(Probabilities) 

0.50 -57.9  (152.7) -45.9   (128.3) -20.2    (92.0) 

0.75 7.8  (161.3) -11.7  (144.0) -0.9  (112.2) 

0.83  53.0  (235.3) 34.2  (202.2) 16.4  (139.4) 
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Figure 1.  Plot of sensitivity and specitivity by threshold value for the selected model 

and the two validation models for each species by small (<7.5cm) and large (≥7.5cm) 

diameter sizes; a) small western hemlock, b) large western hemlock, c) small 

Douglas-fir, d) large Douglas-fir, e) small western redcedar, and f) large western 

redcedar. 
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Figure 2.  Plot of bias and root mean squared error (RMSE) by dbh class for the 

final model using all implementation approaches for each species; a) and b) western 

hemlock, c) and d) Douglas-fir, and e) and f) western redcedar. 
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Figure 3.  Plot of bias and root mean squared error (RMSE) by incidence of 

mortality class for the final model using all implementation approaches for each 

species; a) and b) western hemlock, c) and d) Douglas-fir, and e) and f) western 

redcedar. 


