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PREDICTING CANOPY CLOSURE FOR HABITAT MODELING 

INTRODUCTION 

The survival and reproductive success of many species of 

forest-dwelling wildlife is dependent on the characteris 

tics of forest stands, such as tree species composition, size 

or age structure, density, and understory or ground cover 

conditions. These characleristies determine me ability of 

stands to provide food, breeding sites, thermal shelter, and 

escape cover. 

Canopy closure is particularly important to some species. 

For example, white-tailed deer (Odocoileus virginianus) 

require 60 percent conifer canopy closure in yarding 

areas; moose {Alces alces) need at least 50 percent conifer 

canopy closure in late winter habitat; martens (Maries 

americana) need a minimum of 25 percent conifer can 

opy closure in winter habitat; and red-shouldered hawks 

[Bateo UneaiUS) require at least 70 percent total canopy 

closure in nesting habitat. Demarchi and Bunnell (1993) 

describe the forest canopy effects on summer thermal 

cover for the deer family,and the role of crown cover den 

sity measurements from aerial photographs in assessing 

thermal cover. 

The Ontario Ministry of Natural Resources (OMNR) is 

currently using simulation modeling as a tool in habitat 

management. One model, called habitat supply analysis 

(HSA). permits managers to make quantitative predic 

tions about the impacts of proposed timber management 

actions and, consequently, to modify planned practices to 

meet habitat goals. Many habitat models require a mea 

sure of canopy closure to assess habitat suitability. For 

example, in one model u.scd by OMNR staff, stands must 

have at least 50 percent conifer canopy closure (density) 

to he considered late wintercover for moose (NaySor et al. 

1992). Crown cover density of stands is the most direct 

and relevant expression of canopy closure. 

HSA requires hahitat suitability models that translate 

habitat inventory data into a measure of habitat supply 

(e.g., number of hectares of late winter cover for moose). 

The suitability models depend on inventory data, such as 

OMNR's Forest Resource Inventory (FRI). which de 

scribes habitat characteristics and quantities. The FRI 

includes information on species composition, age. height, 

site class, and stocking (a measure of density). However, 

the stocking measure does not specifically express canopy 

closure. Although stocking was derived originally from a 

combination of photo interpreted crown cover density and 

sample plot measurements of tree dimensions, it really 

expresses density in terms of basal area (sum of the cross-

sectional area of trees in astand at breast height) in relation 

to the maximum or ideal basal area that the stand is capable 

of supporting when fully stocked(i.e..growingspace fully 

occupied). The ideal basal area varies according to spe 

cies, site class, and age and is presented in published yield 

tables. Unfortunately, the photo interpreter's original as 

sessment of crown cover density is not retained as part ol 

the FRI attribute data set. 

However, since acceptable relationships have been estab 

lished to derive FRI stocking from photo interpreted 

crown cover density, species composition, height, age, 

and site class it should be possible to develop and test 

models that reverse the process, i.e., recover crown cover 

density. Given the data currently in the FRI database, it 

should be feasible to reliably estimate canopy closure 

(crown cover density) from stocking, species composi 

tion, height, age, and site class. The reliability, however, 

is likely to vary notonly with stand characteristics but also 

with external factors, such as the effect of geographic 

location and possibly the role of the photo interpreter 

making the original calls on the stand characteristics. 

The photo interpreter's calls are shaped by both analytical 

and intuitive processes. Variations among interpreters can 

often be detected and corrected through a calibration or 

adjustment procedure. The procedure assumes that the in 

dividual interpreter is consistent in style and classification 

process and that the forest stands used for the calibration 

are comparable. 

The attempt lo use the FRI stand attribute data to express 

crown canopy closure, or to have it included in the FRI 

database as a variable in new inventories, is attractive be 

cause the data already exists and covers most of Ontario's 

forests. The best alternative is to rephotograph target areas 

and have a competent photo interpreter delineate and code 

the stands afresh for required attributes described earlier, 

bin to also include crown canopy density. At worst, an 

interpreter could be engaged to reinterpretexisting aerial 

photographs. Both options are prohibitively expensive 

andlime-consuming and are not considered feasible ai this 

time. Some new technology based on the use of satellite 

data and sampling of selected important stand conditions 

with a combination of low-level air photos and field sur 

veys is currently under investigation in another, related 

Northern Ontario Development Agreement/Northern For 

estry Program project (No, 4021 >. In the meantime, the 

crown cover density recovery approach appears to be the 

most promising and practical option. 



This project was initiated to develop a canopy closure 

model based on inputs from the OMNR'sFRI. The canopy 
closure model will form an integral component of habitat 

suitability models. These will be used in habitat supply 

analyses to permit managers to evaluate current habitat 

supply and to predict the impacts of timber management 

practices. 

APPROACH 

Included in the FRI stand description is a variable called 

slocking. It expresses the degree to which the growing 

space is occupied by trees. In the FRI context, the variable 

is expressed as a proportional measure in relation to the 

basal area of a fully stocked, so-called "normal" stand. 

Published yield tables express what the basal area should 

be for a specific working group, site class, and age. For 

example, a stand in the black spruce (Picea mariana 

[Mill.] B.S.P.) working group on Site Class I at 80 years 

will have a '■normal" basal area of 36.9 m . If an existing 

black spruce stand of the same site class and age had a 

basal area of 28.3 m, FRI would define the stocking as a 

proportion of the normal stand as 0.776 rounded to the 

nearest 0.1 class, i.e., 0.8. Stocking can vary from 0 to 1.5, 

but usually ranges from 0.3 to 1.3. 

Slocking is estimated from photo interpreted crown cover 

density. The relationship between slocking and crown 

cover density is developed from field measurements of 

basal area, site, and age forthe working group; calculation 

of stocking in relation to the norm; and photo interpreted 

crown cover density of the stand. The sigmoid curve in 

Figure 1, taken from "Forest Inventory Procedure for 

Ontario" (Ontario Ministry of Natural Resources 1978), 

illustrates the relationship constructed from observations 

from many sample siands. 

The central focus of the project was to investigate how 

best to recover an estimate of crown cover density from 

stocking and other stand data in the FRI. 

METHODOLOGY 

The project began by defining promising model forms and 

variables for estimating crown cover density from stock 

ing and other FRI variables. To develop and test the 

models, two test areas were selected. These represented 

two distinct forest regions: the Great Lakes-St. Lawrence 

Forest Region and the Boreal Forest Region. Two test 

areas permitted the role of geographic location to be in 

vestigated. If the models vary from one area to the next, it 

would tie necessary to test and recalibrate them after 

moving. Likewise, the models may be influenced by the 

photo interpreter who did the original FRI interpretation. 

In a similar manner, this influence should be tested and re 

calibrated as necessary. Thus, the test areas were selected 

STOCKING DENSITY CURVE 

Black Spruce - Working Group 

Dryden Management Unit - 1966 

Crown density in percent 

(Estimated from aerial photographs) 

Figure I. Graph of the relationship between nocking and 

Crown cover density (from Ontario Ministry of Natural 

Resources 1978). 

to represent both the effect of geographic location and 

different photo interpreters, in addition to as wide a range 

as possible of stocking levels, working group, height, age, 
and site class. 

Test Areas 

Two test areas were used to cover a range of forest condi 

tions (stocking, working group, height, age, andsile class), 

and to investigate the effect of geographic location and 

photo interpreter differences on the estimation models. 

Area 1 consists of six townships located in the Algonquin 

Provincial Park (Fig. 2). It was selected by the cooperator 

to represent the Great Lakes-St- Lawrence Forcsl Region. 

Nine working groups were represented and two photo 

inlerpreters were involved in the original FRI classifica-

lion, which was completed in 1978. The photos on which 

the original interpretation was completed were borrowed 

from OMNR district offices for the tests. 



Figure 2. Map showing the general location of the wo test 

areas in Ontario. 

Area 2 is the Gogama District Shining Tree Crown Man 

agement Unit (Fig. 2). It was selected to represent the Bor 

eal Forest Region. Six working groups were included in 

the tests and the original photo interpretation was carried 

out by four interpreters. Copies of the 1986photos used for 

the FRI interpretation were purchased for this project. 

Sampling Design 

From the two test areas, stands were selected to obtain a 

Fairly even distribution of samples from different working 

■zroups, site classes, ages, and stocking. The goal was to 

have five replications for each working group, site, and 

age combination. However, some combinations eilherdid 

not exist or were poorly represented. Where necessary, the 

samples were aggregated to closely associated categories. 

Data from the selected stands were used to create data 

bases for each lest area. A highly trained photo interpreter, 

experienced with the FRI classification standards and 

procedures, interpreted each of the selected stands for 

crown cover density. Selected stands, appearing on FRI 

maps, were transferred to the photos to guide the interpre 

tation. The interpreted data were appended to the FRI 

database, as were the initials of the original interpreter. 

The Area 1 database, with nine working groups, consisted 

Of 454 stand observations; Area 2, with six working 

groups, had 305 stand observations. 

At the development stage, a large number of model forms 

was tested to find which would consistently produce ihe 

best fit. These were then tested toexplore the influence of: 

1) working group, 2) site class, 3) age class, 4) stand 

height, 5) geographic location, and 6) interpreter. The tirsi 

four factors were considered lo be internal variables thai 

may improve the predictive power of the models. The last 

two were treated as external factors that can be anticipated 

to be disturbances for which the models may have to be 

tested and then adjusted or calibrated. Calibration could 

consisl of testing the current model forms using local daia 

to see if they deviate significantly from the established 

models. If so. more data may have to be collected and a 

new set of equation coefficients developed for thechanged 

circumstances. 

Model Forms 

The relationship between crown cover density and stock 

ing presented in Figure 1 is a useful guide lo the general 

form that the models should be able lo accommodate. 

However, in ihe regression context, the y and x axes must 

be reversed. Crown cover density will be the dependent 

variable (the one to be estimated); stocking, and possibly 

other FRI variables, become the independent variables 

(the ones available in the inventory). 

The model should have some properties that are logical or 

address apparent and relatively stable propenies of ihe 

relationship. Logically, for example, a stand with zero 

crown cover density should also have a zero slocking. That 

is. ihe y-intercept should be near zero. Second, crown 

cover density should increase as stocking increases. The 

rise may be linear, curved upward, curved downward, or 

curved with an inilection (change in upward lo downward 

curve or vice versa to form a sigmoid shape). The curves 

may tend to rise and settle at an asymptote (constant) 

because crown closure cannot exceed 100 percent; stock 

ing may exceed 1.0. 

The list of potential models in Table I was reduced from 

an initial lisi of 55 models bused on forms suggested by 

Jensen (1964) and Jensen and Homeyer (1970), and from 

models previously found effective in related Dendron 

Resource Surveys Inc. projecis. Some preliminary testing 

based on Test Area 1 (Algonquin Provincial Park) was 

used to screen ihe model forms and lo make a short list of 

potential candidaies. Test Area I was used because it con 

tained a larger data set and covered a wider range of 

working group, sile, and age conditions. Test Area 2 was 

used later lo confirm the results. The eight models in Table 

1 were subjecled to furiher testing and analysis to decide 

on the best model forms for breakdowns by working 

group, site class, age, and siand height. 

The simple linear model is included primarily for compari 

son purposes, although the relationship between crown 

cover density and stocking could conceivably be linear. 

However, the other models can also approach linearity and 

produce a similar result. The power function is commonly 

used lo model a concave or convex response thai may rise 

or fall monotonically (without reversing slope) depending 

on whether the exponent is greater than 1, less than ! but 

greater than 0, or less than 0. 



Table 1. Model forms. 

Model 
Properties 

Siraight Hne 

Monutonic rise or fall 

(also called allometric form) 

Monotonic rise or fall 

Concave downward 

6 and c shape parameters 

One inflection 

One inflection 

One inflection 

The exponential function is also a monoionic curve thai 

may rise rapidly a! first, .slow gradually, and converge to 

an asymptote (in this case, a constant based on the expo-

nenl of coefficient a). Although more restrictive than the 

power function, it can model sharper curvature better at 

the low end. The logarithmic model is a similar form. 

The Weibull function, described fully and illustrated by 

Kozakand Yang (1978), is able to model asigmoidshapc: 
rising slowiy at first, accelerating, and then slowing atone 

inflection point to settle a! an asymptote. The inflection 

poini can be moved so that the model will fii an upward 

curve, a downward curve, or both. The y-inicrcept, curva 

ture, and inflection point can be altered by the choice of 

two parameters (c and X). 

Polynomials of varying degree can be fitted—!he higher 

the degree, the more inflections that can be modeled and 

the closer ihe fit. However, the higher the degree, the 

poorer the extrapolations and the fit near or beyond the 

range of the data. Sometimes substitutions for unknown 

origins are used to control polynomials, but the selection 

process is likely to be subjective or arbitrary and can lead 

to doubtful results. Thus, the lower degrees should be 

favored unless some geometric rationale, pattern, or trend 

suggests otherwise. A third-degree polynomial (with one 

inflection point) was tested in this project. Another weak 

ness ofpolynomials is thai they may fail to reveal common 

elements in several data sets that otherwise might help to 

confirm some underlying geometric or growth develop 

ment property. Forexample, tree forms may be effectively 

represented by cylindrical, conical, or parabolic geomet 

ric equations: growth cycles frequently are well repre 

sented by exponential trends. Such formsare rarely revealed 
using polynomial models. 

Reciprocal polynomials may yield better Tits because they 

handle curvatures differently and behave beiicr near the 

extremes than do polynomials. 

Inverse polynomials, as a group ofmultifactor response 

functions for studying biological relationships, are clearly 

described and illustrated by Nclder (1966). Unlike ordi 

nary polynomials, they sometimes help to reveal common 

elements in several data sets and give ihe investigator a 

better chance to "make sense" of repeating trends. 

RESULTS 

Model Screening 

The eight models were first tested against the full data set 

from Area 1. In terms of good ness-of-fit, as expressed by 

the standard error of the regression and Coefficient of 

determination (also called R2). the exponential, Weibull. 
and polynomial models emerged as the best. They showed 

nearly equivalent results. The standard error ofthe regres 

sion was 15.1 percent with an R2 of 0.55. This is not a 
strong relationship, but it was not expected to be because 

all of the working groups, site classes, ages. etc. were 

pooled. The Weibull was generally judged lo be better 

than the other two model forms because it behaves belter 

near the low end; the y-inlcrcept was controllable and ihe 

model's asymplotic property conditions the top end. As 

described earlier, ihe polynomial can produce unreliable 

results near the bottom and top ends. Only ihe Weibull and 

the polynomial models can fit the sigmoid form or oiher 

curves with inflections. A fit of the Weibull model to all 

ofthe data in Test Area 1 is shown in Figure 3. Included 

are a few observations that may be classed as "outliers". 



ao loo iaa :'iu i6a 

Stocking (%) 

Figure 3. Plot of the Weibull modal used to fit crown cover 

density to slocking on all Area I observations. 

Outliers are observations that lie distinctly apart from the 

main trend, either because they have some peculiarity or 

because of possible errors in interpretation, measurement, 

recording, or otherdata handling. They are clearly mani 

fest in a plot of regression residual errors or a graph of the 

equation with observed x and y values as illustrated in 

Figure 3. Where they could beexplnined as blunders, mea 

surement errors, or extreme or odd cases, they were some 

times removed from the analysis so as not to distort the 

results. Where possible, however, blunders or measure 

ment errors were corrected and retained in the analysis. 

Model Analysis-Test Area 1 (Algonquin 

Provincial Park) 

The purpose of the next analysis was todetermine if other 

variables, such as working group, site class, age. and stand 

height, could improve the predictive power of the crown 

cover density equations. 

Working Group 

Still using the Area I data set. the three best models 

(exponential, Weibull, and ordinary polynomial) were 

tested on each of nine FRI working groups. Table 2 pre 

sents the results of tile analysis. The column headings in 

Table 2 are defined as follows: Working group is the FRI 

species working group. 6 and e arc Weibull parameters 

governing the curve shape, a and b arc regression-fitted 

coefficients, N is the number of stand observations, R is 

the regression correlation coefficient squared, and SE is 

the standard error of the regression expressed as percent 

crown cover density. In all but the hemlock (Tsuga 

cenadensis [L.I Carrfere) working group the Weibull 

model produced the best fit: even then the Weibuil model 

was only marginally less precise than the polynomial 

model. Accordingly. Table 2 has standardized on the 

Weibull model. However, the three models were further 

tested to detect eases where one of the others might per 

form significantly better. 

The individual working group models were generally 

quite different from one another, and were significantly 

more accurate than was the general model for Area I. On 

average, they were within ± 10 percent two-thirds of the 

time. This compared to ± 15.1 percent obtained when the 

working groups were pooled. The Table 2 results are 

approximately equivalent to one 10 percent crown cover 

density class below or above the true class. The other 

hardwoods working group is the weakest model, likely 

because it is made up of mixtures of several species and 

tends to be uneven aged. 

The y-inlercept is generally very well controlled, usually 

within 1 percent of Bero. Working group differences, 

shown graphically in Figure 4. reflect the effect of the 

shape parameters and slope (b coefficient). The curvature 

parameters were optimized to obtain the best lit. In the 

most extreme case, the hemlock working group has nearly 

double the crown cover density of the poplar (Popalus 

Table 2. Results of test on Area 1 by working group—Weihull model. 



V.fcile pine 

Figure 4. Crown cover'density on stocking ei/uaiionsforfive 
working groups in Area I. 

rremitloidesMidix.) working group near the central range 

of [he data, but it is nearly equal at the top of the range. A 

few of the working group models nearly coincide (e.g., 

yellow birch [BetirfaaUegatiiensis Brill. ] and hard maple 

\Acer saccharinum LJ: black spruce [Picea marianu 

(Mill.) B.S.I1,] and while birch [Popitlus tiemulaides 

Michx.]) and are not significantly different from one 

another. Most of the models, however, differ significantly. 

The effectiveness of a single equation, which accommo 

dates any working group, was investigated wilh the object 
of simplifying implementation. Analysis required (he use 

of dummy variables in a multivariable model. In regres 

sion analysis, dummy variables are used to handle discrete 

variables such as codes or classes. Their effect is to take 

into account average differences in the response variable 

among ihc classes. If significant differences in the class 

means occur and can be removed, the precision of the 

model increases. In the case of the working groups, three 

dummy variables (combinationsofOs and ls)wercuscdas 
indicators of eight working groups. All of those in 

Table 2 were included except for black spruce, which had 

only 27 observations and was excluded because ef Ihe 

small sample Size. The model used for the analysis was a 

multiple-variable regression of crown cover density on 

Stocking and working group. The model produced an R" of 

0.51 and a standard error of multiple estimate of 15.1 

percent. This represented no improvement over the gen 

eral Weibull model and was not nearly as effective as the 

individual models in Table 2. The different position and 

form of curves in Figure 4 does not necessarily mean [hat 

large differences will arise in their mean crown cover 

densities. The means, which the dummy variables ad 

dress, provide no information on the curved relationship 

hetween crown cover density and stocking. In this project, 

individual working group equations were found lo con 

tribute Significantly to the predictive power of the models. 

Site Class 

The effect of site class was tested individually by parti 

tioning the Area 1 data set into the five site classes (X, I, 
2. 3, and 4) and running the three models. The X class, 

however, only had 13 observations and was dropped. 

Once again the Weibull model performed the best. The 
results are shown in Table 3. 

By examining the R2 and regression standard error, the fit 
is not much better than the general model for Area 1. This 

indicates lhal the site class, unlike the working group, 

generally contributes little to the predictive power of the 

model. The graphical plots of the four site models in 

Figure 5 reveal little difference among the models. Site 

Classes 2 and 3 were almost identical. 

Although site class is really a discrete variable, its influ 

ence in the regression model can be assessed by assigning 

it as another variable. However, because it is a discrete 
variable, the mu hi variable regression must again employ 

dummy variables. Analysts showed a marginal increase in 

predictive power from the addition of siie class, but the in 

crease was significant for one dummy variable and only at 

the relatively low probability level of 90 percent. An over 
all measure of effectiveness, the regression standard error, 

dropped only from 15.1 to 14.1 percent—not nearly as 

strong as the effect of working group ireated individually. 

It would have been desirable to individually lest the effect 

of site class for each working group. However, due to the 

limited size of the data set, not enough observations were 

available to develop separate site class equations for each 

working group. The site class meaneffects were taken into 

account, again through the use of dummy variables. Little 

or no gain in precision of the models was found except for 

the hemlock working group. Its R2 of 0.53 increased lo 
0.64 and the regression standard error dropped from 12.2 
to 11.2 percent. 

Table 3. Results of test on Area 1 by site class—Weibull model. 



Figure 5. Crown cover density on stocking aquations for 

four site classes In Area 1. 

Age Class 

In f&ecase of Area I. age is aconlinuous variable based on 

the year of origin of the stand. Therefore it was added to 

stocking as an independent variable and tested in a multi-

variable regression run. 

Similar to the preceding site class case, age contributed 

only marginally toihe predictive power of the model, and 

reduced the regression standard error from 15.1 to 14.5 

percent. The age effect nevertheless emerged as statisti 

cally significant a! the 95 percent level. 

The influence of age was also analyzed individually lor 

each working group. As with the site class effect, the age 

variable did not contribute significantly to the precision of 

the models, except for the hemlock working group. Here 

a significant gain occurred—R" increased from 0.53 lo 

0.62 and ihc muliivariable regression standard error de 

creased from 12.2 to 11.2 percent. 

Height 

Stand height can also be treated as an additional indepen 

dent variable. As with age, height was tested in addition to 

stocking in the mulli variable regression. Height was found 

to be a significant variable, but only decreased the regres 

sion standard error from 15.1 to 14.7 percent, a relatively 

weak contribution to the predictive power of the crown 

cover density model. Height was not tested by individual 

working group because of its close relationship to age and 

sile, which were tested and generally found not to contrib 

ute to the strength of the model. However, height is 

included in the all-variable summation below. 

Photo Interpreter 

Two photo interpreters carried out the original work on 

Area I. The data set was partitioned on the basis of 

interpreter and the models were compared. The models 

were nearly identical in form, but significantly different in 

terms of coefficient b. This sealer had the effect of making 

the curves diverge distinctly as can be seen in their graphs 

in Figure 6. The photo interpreter, therefore, can have an 

important bearing on the prediction equations. The repre 

sentation by working group was fairly well matched. 

Multivariable Analysis 

The preceding runs examined the role of individual, 

independent variables and some combinations of pairs by 

working group. The purpose was to better understand ihc 

potential of each variable in strengthening the predictions 

of crown cover density. Stocking, expressed through the 

Weibull function, was always retained because ol its 

relatively strong role. 

The all-variable analysis included each oi'lhe independent 

variables (slocking, age. site class, height, and photo 

interpreter) together as a composite. Variables that did not 

make a significant contribution to the prediction were 

eliminated: the remainder were retained to work together. 

Stepwisc. linear multiple regression with backward elimi 

nation was used to carry out the analysis. Each working 

group was treated independently. Stocking continued to 

be modeled according to the Weibull transformation, 

using the parameters presented in Table 2. Age and height 

were treated as separate linear independent variables; the 

site class and photo interpreter were set up as dummy 

variables representing the classes or person. 

As can be seen in Table 4, the results varied considerably 

among the working groups. Stocking, as transformed by 

the Weibull model, was usually highly significant. Red 

pine (Pinus resinosa Ail.) and hemlock gained marginally 

from the addition of height and site class. White birch 

benefited somewhat from the addition of sile and photo 

Figure 6. Crown cover density on slocking equations for two 

interpreters in Area I. 

7 



interpreter effects. Oiher hardwoods, a relatively weak 

model based on stocking alone, gained significantly from 

the addition Of both age and height. 

Model Analysis-Test Area 2 (Gogama District) 

The second test area was selected to: I) lest and confirm 

the results of the Area 1 analysis, particularly the role of 

FRI stand attribute data in addition to stocking (working 

group, sile class, age, and stand height), and 2) investigate 

the effect of external factors that may influence the models 

(geographic differences and ihc effect of the photo inter 

preter). 

Geographic Location 

Geographic location embodies the coalescence of physi 

ographic, climatic, and other ecological influences that 

affect the species composition, structure, growth char 

acteristics, and possibly density of forest stands. The 

purpose was to determine whether or not a shift in location 

is likely to change the choice of model or mode! coeffi 

cients. If so, the importance of selecting new models or 

calibrating the coefficients of existing models can be 

assessed. 

The three model forms emerging as the best in Area I were 

retested on the full data set in Area 2. The Weibull and 

polynomial forms produced nearly the same predictive 

power (R2-0.82 and regression standard error - 11.07 
percent). The Weibull model was judged the better be 

cause of the stability reasons given earlier. The general 

model parameters and coefficients were: 6 = 230, e - 1.0, 

a = -0.478, and b = 252.481. The model's predictive power 

was found to differ significantly from Area 1 and to be 

more precise. Figure 7 shows the general difference be 

tween the two geographical areas. 

Working Group 

1 he Area 2 data were partitioned into six working groups 

and the three model forms (exponential, Weibull. and 

polynomial) were run on each. Again, the Weihull mode! 

emerged as the best in nearly all cases, giving the results 

shown in Table 5. In all cases except for jack pine (Phuis 

banlcstma Lamb.) and black spruce, the models had a 
Significantly improved predictive power over the general 

Area 2 model. The balsam fir (Abies bakamea L.) and 

cedar (Thuya occidentalis L.) working groups showed 

stronger predictive power than did other working groups 

in cither lest area. The white birch, poplar, and black 

spruce working groups occurred in both lest areas. Work 

ing group model differences by lest area are illustrated in 
Figure 8. 

Figure 7. Plot ofcrown covei< density an stocking for the two 
lest areas. 

Table 4. Results of analysis of the model containing all variables by working group, 

Working group 

F-ratio and significance levels for variables 

Stocking Aae Hei«ht Site class Interpreiei 

White pine 

Red pine 

Black spruce 

Hemlock 

Hard maple 

Yellow birch 

Poplar 

White birch 

Other hardwood 

44.50*** 

32.26 *** 

6.13** 

37.09 *** 

74.71 *** 

13.31 *** 

24.62 *** 

12.27 *** 

2.93 * 

4.57 

0.82 

0.03 

0.92 

0.27 

0.02 

0.17 

0.02 

15.03*' 

0.08 

7.26* 

4.40 ** 

4.88** 

1.45 

0.42 

0.4! 

1.93 

21.19 *** 

7.30* 

4.14** 

6.86 

4.26* 

34.17*** 

- Rejected. 

* Significant at 90% probability level or higher. 

* Significant at 95% probability level or higher. 

:* Significant at 99% probability level (highly significant). 



Site Class 

Three site classes were tesled: X/l combined. 2, and 3/4 

combined. Classes were combined because both had rela-

lively few samples (Class 4 had only 17 observations). 

No significant improvement in predictive power could be 

attributed to site class. The graphs of the curves in Figure 

9 reveal a greater dispersion than in Area 1 .but apparently 

not enough to significantly boost the predictive power. 

Site Class 3 differed from I and 2. but was based on a 

relatively small number of stand observations. 

Age Class 

For Area 2, three age classes were identified: 1} 0 to 59 

years, 2) 60 to 99 years, and 3) 100 years +. The Weibiill 

model was fitted to the three data sets, but age was not 

found to contribute substantially to the predictive power. 

The regression standard error for the pooled Area 2 data 

set was 11.07 percent; the site class slandard errors ranged 

from 9.90 to 10.82. Rendered graphically. Age Classes 1 

and 2 were close; Age Class 3 had a distinctly different 

shape and position (Fig. 10). Age Class 3, however, had 

relatively few observations to support it. 

Stocking 
Slocking 

Figure 8, Mode! differences between the two test areas by Figure 9. Graphs of crown cover density on stocking for 

three working groups. three site classes in Area 2. 

Table 5. Results of test on Area 2 by working group—Weibull model. 



Stocking 

Figure 10. Graphs ofcmwn cover density on stocking for 

three age classes in Area 2. 
Figure 11. Graphs of crown cover density on staking for 

four photo interpreters in Area 2. 

Height 

Height was found to have an insignificant effect on the 

predictive power of ihc models. 

Photo Interpreter 

Four photo interpreters carried out the original interpreta 

tion in Area 2. One was the same person who carried out 

thecrowncoverdensily interpretation for this project. The 

interpreter did not know that she was to be tested against 

her own work. 

Not surprisingly, Interpreter E, the one with the smallest 

regression standard error, was the one who carried out the 

crown cover density interpretation for this project. As can 

be seen in Table 6 and illustrated in Figure 11, the 

interpreter curves were of similar form hut all had signifi 

cantly different slopes (coefficient b). Interpreter B was 

the only one who worked on both test areas. In Figure 12, 

Interpreter B's curves for the two test areas differ substan 

tially, although not too much should be inferred from this 

because the Area 2 sample was weak. The difference is 

mosi likely explained by a combination of geographic 

variation forces affecting stand strtieture, age, and growth 
characteristics and differences in the working groups that 

the interpreter treated on the respective test areas. 

rigme 12. Graphs of crown cover density-nn-stocking for 

Interpreter B on Test Areas I and 2. 

Multivariable Analysis 

The multivariable analysis was applied to individual work 

ing groups. It included stand stocking transformed ac 

cording to the Weibull model forcaeh working group, age 

(treated as a continuous variable), height, site (a discrete 

variahle made up of four site classes—Site Classes X, 1. 

2. and 3-4 combined), and photo interpreter. Dummy 

Table 6. Results of tests on Area 2 by photo interpreter—Weibull model. 
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variables were used lo code site class and interpreter for 

the multivariable regression analysis. 

As shown in Table 7, equations for the jack pine and pop 

lar working groups were strengthened by the addition of 

age and site. The improvement was minor, although the 

variables emerged as statistically significant by the F-tesi. 

The regression standard error was reduced in both cases by 

less than I percent, barely within the margin of error 

associated with estimates of standard error. The other four 

working groups gained little or nothing from the addi 

tional variables. 

CONCLUSIONS AND DISCUSSION 

Many model forms for estimating crown covet density 

from stocking and other FRI stand attributes were exam 

ined and tested. The initial testing focused primarily on the 

relationship between crown cover density and stocking. 

The criteria used to judge the effectiveness of the models 

were the degree of fit of linear, curvilinear, and multiple 

variate regression models expressed in terms of the coef 

ficient of multiple determination, and the standard error of 

the regression for standard error of multiple estimate}. 

Some of the assumptions underlying regression analysis, 

such as normality and distribution of residual errors along 

the regression, were also checked. 

A short list of the eight best model forms was prepared 

(Table I) and subjected to more detailed analysis. Three 

model forma emerged as superior: an exponential form, 

the Weibull, and a polynomial. To simplify the eventual 

implementation of the estimation procedure, one form of 

the model was chosen.The decision was based not only on 

the strength of ihe predictions but also on geometric or 

other logical properties, flexibility hi fit several curve 

forms, and stability over the range of the data. Anomalies 

near the extremes were given particular attention; for 

example, the avoidance of negative values near the bottom 

end and absurdly large estimates near the top end. 

The Weibull model was found to accommodate the linear, 

monotonic, and sigmoid forms that the relationship be 

tween crown cover density and stocking could assume. 

The model form handled the extremes well; close to a zero 

y-intcrcept at the low end in most cases and a stable 

asymptote beyond the top end. The Weibul! model held up 

well on both lest areas. 

The Weibull model was concluded to be the best model 

overall. Nevertheless, its ability to predict crown cover 

density from stocking alone was not strong. Crown cover 

density could only be estimated with an accuracy of ± 15 

percent of the true value two-thirds of the time in Area 1 

and ± I I percent in Area 2. 

The development of individual models by working group, 

however, improved accuracy to ± 10 percent or better on 

average. That is, crown cover for a particular working 

group could be estimated to within one 10 percent crown 

cover density class two-thirds of the time or within two 

classes 95 percent of the time. An exception was the other 

hardwoods working group, which had a high error of 

about 15 percent. This was likely due to the mixture of 

many species and age classes in such stands. Similar 

accuracies were achieved on both test areas. The working 

group equations generally should provide a useablc prod 

uct for habitat supply analysis. 

Other FRI .variables (site class, age, and height) were 

tested as additional variables to stocking. Alone, none 

significantly improved the predictive power of the models 

based on stocking, although site and age emerged in the 

stepwise regression as marginally significant variables. 

Collectively, however, the use of all variables in a multi-

variable model improved the predictive power of the 

hemlock. It marginally improved the predictive power of 

the red pine, while birch, and other hardwoods equations 

in Area 1. and of the jack pine and poplar working groups 

in Area 2. 

Jack pine 

Balsam fir 

Black spruce 

Eastern cedar 

Poplar 

White birch 

89.97 *** 

49.20 *** 

41.93 *** 

15.54*** 

97.61 *** 

82.8K*** 

1.48 

0.62 

0.09 

1.63 

2.92 

2.23 

0.49 

0.74 

0.19 

0.21 

0.87 

0.52 

5.46 * 

- Rejected. 

* Significant at 90% probability level or higher. 

** Significant at 95% probability level or higher. 

*** Significant at 99% probability level (highly significant). 
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The two test areas produced significantly different mod 

els. Definitely, one could not be used as a reliable .substi-

lute for llie oilier. The differences could conceivably slem 

from a combination of influences, such as geographic 

location, species composition and stand structure charac-

leristics at a particular location, or the photo interpreters 

carrying out the original FRl classification work. How 

ever, ihe general equations for each area shown in 

Figure 7 arc bused on a pooling of the working groups. 

This lends lo negate species composition and interpreter 

effecls by averaging. The fact that some large differences 

remained leads 10 Ihe conclusion that some real variations 

can be expected in the models when moving from one 

geographic location to another. This is further borne out 

by examining ihe radically different equations hy area for 

individual working groups shown in Figure 8. The graphs 

in Figure 8 generally reveal a "geographic location ef 

fect", although photo interpreter differences could ac 

count for some of the variation. Within each area, 

differences were noted among some of ihe interpreters. 

Unfortunately, liie database was not large enough lo test 

differences belween combinations of areas and interpret 

ers for pariicular working groups and thus definitively 

isolate the effects. 

These differences were sufficiently large that the equation 

coefficients for a new area/interpreter combination should 

either be checked and calibrated, or a new set of coeffi 

cients should be developed from scratch. Calibration 

implies adjusting an existing set of coefficients using a 

relatively small number of new observations of crown 

cover density, stocking, and working group. A new data 

set suggests a larger daia collection effort, perhaps 50 or 

more stands sampled for each area, working group, and 

inierpreter combination. 

More specifically, the equations in Table 2 should suit 

working groups in the Great Lakes-Si. Lawrence Forest 

Region and those in Table 5 should suit the Boreal Forest 

Region. However, because of the importance of geo 

graphic location, calibration checks should be made when 

moving lo a new area even if remaining within the same 

region. Likewise, when pholo interpreters other than 

those tesled arise, some calibration checks should be 

considered. 

The following process will help lo decide what lo do; 

■ In a new area, seleci 15 lo 20 stands from each 

working group. 

• Have the crown cover densily of the selected stands 

inlerpreled by a qualified FRI photo inierprcter or 

equivalent. 

• For each working group, sei up the percent crown 

cover density and the FRI slocking expressed as a 

percentage. 

• Set up the Weibull model and use the 6 and «■ 

parameters in Table 2 or 5. 

■ Using a simple linear regression model, set up crown 

cover density as ihe y variable and the Weibull 

expression, with its parameters and incorporating 

percent slocking, as the x variable. 

• Run ihe regression to obiain estimaies of coefficient 

a and h. 

• Over the range of stocking from lOto 120 percent, 

plot crown cover density on slocking as in Figure 4. 

• Compare ihe plol wilh that of Ihe corresponding 

working group in Figure 4 orthe equations in Table 5. 

• As a rule of thumb, if the lest curve deviates from the 

curves in Table 2 or Table 5 by less than 5 percent, 

accept Tables 2 and 5 without modification. If ihe 

deviation exceeds 5 perceni but is less than 10 to 15 

percent, replace the b values in Table 2 orTalile 5 and 

adopt the modification qs the "calibrated" equation. 

If the deviation exceeds 15 percent, develop a new 

equation. 

• To develop a new equation, sample about 50 siands 

for each working group and make a regression run 

to obiain new coefficients. Iieraiively, alter 6 and e 

to constrain a to be within + 5 percent of 0 (the 

y-intcrcepl) and to obtain [he best fit (lowest SE or 

largest R2). 

• Use equations in Table 2 or Table 5, [he calibrated 

coefficients, or the newly developed equalions in a 

program lo either create a crown cover density field 

in the FRI database or to generale crown cover den 

sity for the habitat supply analysis application. The 

working group in the FRI database must be used to 

seieel the appropriale equation. 

Finally, habitat analysis or olher applications requiring 

crown cover density can draw on the modified FRI daia-

baseorgencratc the canopy density information as needed. 

The costs of obiaining ihe crown cover density data are 

limited to two lasks: !) the one-time cost of modifying ihe 

FRI database or modifying the habitat supply models to 

generale the crown cover density internally, and 2) the 

cost of checking, calibrating, ox developing new equations 

when moving to a new situation. Once ihe procedure has 

been set up, the costs should be minor and pertain mainly 

to ihe cost of air photos and photo interpreialion. Once the 

stands have been selected, an experienced pholo inter 

preter can assess the crown cover density of 50 siands in 

1-2 hours. 
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RECOMMENDATIONS 

1. For future applications, the Wei bill I model will likely 

produce the strongest predictions and the most adapt 

able model to a range of linear and curvilinear forms, 

including the sigmoid shape. The model behaves 

well near the extremes and is easily conditioned to 

avoid negative values and absurdly large or small 

values at either the bottom or top end. The parameters 

6 and e can be optimized to shape the curve to the data 

by iterative regression runs. The parameter ranges 

are well defined and the search for the optimum takes 

little effort. The distribution of residuals should be 

approximately normal and satisfy the equal variance 

assumption quite well. 

2. The predictive power of the Weibull model is im 

proved significantly by developing separate equations 

by working group. Some of llie weaker working 

groups, such as the hemlock and oiher hardwoods, 

may benefit from the addition of site class and age. 

Further testing is suggested to confirm the results of 

this study and 10 decide whether or not these variables 

are worth including. 

3. The working group models should be tested and 

calibrated when the original FRI photo interpreter 

changes or during a move to a new geographic area 

where the species composition, stand structure, site, 

and perhaps age-class distribution is likely to change. 

If the testing and calibration indicates large changes 

in the position of the curves when graphed, a fresh 

sample and anew set of mode! coefficients should be 

considered. Each geographic location/working group/ 

interpreter combination should be sampled by at 

least 50 stands. Once the FRI photos arc obtained, 

such work can be completed in a day or two. 

4. When the models have been developed, they can 

either be applied directly to the FRI attribute data to 

generate estimates of crown cover density or the 

models can be built into habitat suitability models (as 

have been done for moose, deer, and martens) to 

supply the crown cover density data. 

5. Better still, the FRI database should include crown 

cover density as part of its data collection and dis 

tribution mission. This would necessitate a change in 

the FRI interpretation classification standards and 

procedures to accommodate crown cover density, 

ideally in 10 percent classes. Likewise, the FRI data 

base would have to be modi tied to add a crown cover 

density field for future production work. The 

amendment should be formally proposed 10 OMNR's 

FRI Group. The FRI standards are currently under 

review for southern Ontario and this may be an 

opportune time to request a revision of the standards 

to include crown cover density. 

6. The modeling methodology provided in this report 

will permit managers lo estimate crown closure at a 

particular lime. However, in habitat supply analysis 

the habitat inventory must be projected through time. 

Therefore, algorithms will be required to project 

crown closure through time as well. 

ACKNOWLEDGMENTS 

Funding for this project has been provided undei the 

auspices of the Northern Ontario Development Agree 

ment, Northern Forestry Program. 

During the data gathering phase of this project, consider 

able help was received from Carl Corbctt (The Algonquin 

Forestry Authority). Peter Dawson, Jack Mihell, and Paul 

Fantin (Ontario Ministry of Natural Resources). They 

assisted with the choice of test sites and the selection of 

stands, and provided or sourced maps and photos for the 

project. Art Manly and Don Cunningham (Ontario Minis 

tryoINaturalResources-ForestResource Inventory) traced 

the original photo interpreters of the two test areas. 

The primary coopcralor, Brian Naylor (Ontario Ministry 

of Natural Resources, Central Region Science and Tech 

nology Development Unit), went far beyond the call of 

duly in guiding the project, keeping it focused on the 

habitat supply analysis problem, suggesting alternative 

approaches and solutions to problems, and providing 

comprehensive reviews of project reports, 

LITERATURE CITED 

Demarchi, M. W.; Bunnell. F.W. 1993. Estimating forest 

canopy effects on summer thermal cover forCervidac 

(deer family). Can J. For. Res. 23:2419-2426. 

Jensen, C.E. 1964. Algebraic description of forms in 

space. USDA For. Serv., Cen. Stales For. Exp. Sin., 

Columbus, OH. 57 p. 

Jensen, C.E.; Homeyer, J.W. 1970. Maichcurve-I for 

algebraic transforms to describe sigmoid or bell-

shaped curves. USDA For. Serv., Intcrmountain For. 

and Range Exp. Stn., Ogden. UT. 22 p 

Kozak, A.; Yang, R.C. 1978. Height-diameter curves: 

Another application of the Weibull Junction in 

forestry. Unpublished pa perprepared for distribution 

at the Fifth IUFRO Meeting, Subject Group S6.O2. 

12-17 June 1978, Freiburg. German Federal 

Republic, 

Naylor, B.; Chrislilaw. S.: Weilandi, P. 1992. Validation 

of a habitat suitability index model for moose in the 

northern portion of the Great l.akcs-St. Lawrence 

Forest Region in Ontario. Ont. Min. Nat. Resour., 

North Bay, ON. COFTDU Tech. Rep. No. 26. 20 p. 



Nclder. J.A. 1966. Inverse polynomial: A useful group 

of multi-factor response functions. Biometries 

22:128-141. 

Ontario Ministry of Nalural Resources. 1978. Forest in 

ventory procedures for Ontario. 3rd ed. OMNR 

Pamphlet. 32 p. 

14 


	Abstract
	Table of Contents
	Introduction
	Approach
	Sampling design, model forms
	Table 1 - Model forms
	Table 2 - Results of test on area 1 by working group - Weibull model
	Site class
	Table 3 - Results of test on area 1 by site class - Weibull model
	Age class, multivariable analysis
	Table 4 - results of analysis of the model containing all variables by working group 
	Table 5 - Results of test on Area 2 by working group - Weibull model
	Table 6 - Results of tests on Area 2 by photo interpreter - Weibull model
	Conclusions and Discussion
	Table 7 - Results of analysis of model containing all variables by working group
	Recommendations, acknowledgments, literature cited

