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Summary 

The forest canopy is one of the chief determinants of the microhabitat within the forest. It affects 
plant growth and survival, hence determining the nature of the vegetation, and wildlife habitat. A 
plethora of different techniques have been devised to measure the canopy. Evaluation of the litera
ture reveals confusion over what is actually being measured. This paper distinguishes two basic 
types of measurement: canopy cover is the area of the ground covered by a vertical projection of the 
canopy, while canopy closure is the proportion of the sky hemisphere obscured by vegetation when 
viewed from a single point. The principal techniques used to measure canopy cover, canopy closure, 
and a number of related measures are described and discussed. The advantages and limitations are 
outlined and some sampling guidelines are provided. The authors hope to clarify the nature of the 
measurements and to provide foresters with sufficient information to select techniques suitable for 
their needs. 

Introduction 

A hierarchy of factors determines the microcli
mate experienced by any organism within a for
est. The prevailing climate is modified first by 
local weather conditions (particularly cloud 
cover), and then by the vegetation. Crucially, the 
structure of the canopy controls the quantity, 
quality, spatial and temporal distribution of 
light. It also influences local precipitation and air 
movements. Combined, these factors determine 
© Institute of Chartered Foresters, 1999 

the air humidity, temperature and to some extent 
the soil moisture conditions at any given point 
within the forest. 

Many silvicultural methods depend on manip
ulation of the forest canopy in order to create 
conditions favouring the survival and growth of 
desirable plants. These include tree seedlings, 
which may be the next commercial crop, and 
non-marketable species that have a conservation 
value. Light penetration also affects animal 
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habitat, both through direct influences on tem
perature and humidity regimes and indirectly 
through the understorey plant community. 

Both foresters and forest ecologists have spent 
many decades devising appropriate measures of 
the forest light climate. Because their require
ments are different, they have followed different 
paths toward this goal. The most accurate mea
sures have been used widely by ecologists, but are 
so expensive and time-consuming that they are 
unsuitable for most forestry purposes. The 
forestry literature abounds with novel methods 
and instruments for making indirect measures of 
the forest light climate. Unfortunately, there has 
been considerable confusion over what methods 
are appropriate, what factors are actually being 
measured and the associated nomenclature. This 
paper reviews and clarifies these various mea
surements. An attempt is also made to provide 
practical guidance for which measures may be 
appropriate for which purposes. 

Direct measures of light 
Because ecologists are often interested in the pre
cise factors controlling the survival and growth 
of small numbers of individual plants, there is a 
strong requirement for accurate measurements of 
the forest microclimate. A variety of instruments 
are commercially available which measure differ
ent aspects of solar radiation. Radiation can be 
measured in three different ways. Each measure 
has different ecological implications. 

1 Photometric measures. Lighting engineers and 
photographers measure illuminance or bright
ness as perceived by the human eye, or stan
dard photographic emulsions. Illuminance is 
measured in lumens, lux or foot candles. The 
spectral response of the eye is different from 
that of all plant processes and this measure is 
therefore inappropriate for use in plant ecol
ogy. The description of a lux meter by a popu
lar forestry supplies catalogue (Anon., 1998) as 
'accurately measuring light density in tree 
canopies' fails to make clear that measure
ments made with such instruments are not rel
evant to tree growth and survival. There is no 
method for converting photometric measures 
of light into measures relevant to plant 

processes without detailed information on the 
spectral composition of the light being mea
sured. This approach will not be examined any 
further. 

2 Radiometric measures. The energy content of 
solar radiation is measured in joules or when 
integrated over time, in watts. Measures of the 
energy content of radiation are of relevance in 
heat or water balance studies. A pyranometer 
or solarimeter is used to measure incoming 
short-wave irradiation (see Oke, 1987 for a 
detailed description). Plant growth and mor
phology are sensitive to the spectral composi
tion of light. Spectral variation beneath a forest 
canopy can be recorded by measuring the 
energy content of each waveband, but a large 
number of physiological responses in plants 
are known to be initiated by the ratio of red to 
far-red wavebands. A red/far-red sensor mea
sures the ratio of these two wavebands exclu
sively. This may be of interest to those 
researching physiological responses of plants 
to light of varying spectral composition. 

3 Quantum measures. Measures of the propor
tion of solar radiation that is available for 
photosynthesis (photosynthetically active radi
ation-PAR) are made in terms of the total 
number or flux of quanta arriving per unit 
area. The units used are moles. The energy 
content of a quantum of radiation depends on 
its wavelength. It is not therefore possible to 
convert from radiometric measures to a quan
tum measure without knowledge of the spec
tral composition of the radiation. 

Both radiometric and quantum measures can 
be made by attaching sensors to dataloggers that 
control the sampling frequency, store the data 
and may summarize it by integration. Radiation 
sensors measure the energy incident at a single 
point (although some commercially available 
equipment combines sensors in strips to give an 
integrated measure over, for example 1 m, Anon., 
undated). Radiation, at a point, is received from 
all directions but is conventionally measured on a 
horizontal plane. Radiation receipts are often 
cosine corrected, that is they are weighted by 
the cosine of the zenith angle from which they 
arrive. Although sensors may measure radiation 
extremely accurately this measurement conven
tion may mean that they do not accurately repre-
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sent the radiation received by a non-horizontal 
leaf. 

A related technique is the use of ozalid papers 
(e.g. Friend, 1961; Emmingham and Waring, 
1973). The papers are bleached by radiation in 
the ultraviolet and violet wavebands. Left in situ, 
they integrate the amount of incoming ultraviolet 
and violet radiation over time. The degree of 
bleaching is then estimated either visually or by 
measuring the light transmission through the 
sheets. They have been used to estimate PAR 
after calibration with quantum sensors, however, 
changes in the spectral composition from site to 
site will alter the calibration. Although they are 
cheap and quick to install, even with site-specific 
calibration they give only an approximate esti
mate of PAR. 

The irradiance at any one point within a for
est is highly variable on several different time 
scales (within a day, day-to-day, seasonal, and 
year-to-year). This is a consequence of the diur
nal movement of the sun, of weather patterns 
and also of changes in the forest canopy. In com
mon with indirect measures (below), the time 
period over which measurements are made must 
be appropriate to the problem being addressed. 
To give an obvious example, there would be 
little point in measuring the irradiance regime in 
a temperate deciduous forest during winter for a 
study on the photosynthetic responses of tree 
seedlings. 

A further consequence of the variability of for
est irradiance regimes is that a single instanta
neous measure does not adequately represent the 
range of variation at a point. A sensor must be in 
place for a considerable time period in order to 
sample the range of variation in the light regime. 
Sensors and dataloggers are expensive. If there is 
a limit to the number of sensors and dataloggers 
available for a study this constrains the total 
number of points that can be monitored. 

Although dataloggers make it comparatively 
easy to collect large amounts of data at a single 
point (or several points close together), an ade
quate estimate of irradiance beneath an area of 
canopy requires spatial variation to be sampled. 
It is a maxim of sampling that the more variable 
the population the larger the sample required in 
order to estimate the mean value with a given 
degree of confidence. However, small variations 
are much more critical for nearly all plant light 

responses at low levels of irradiance than the 
same level of variation at high irradiance. Hence 
plant physiologists may need to sample spatial 
variation in irradiance much more intensively 
beneath a more or less uniformly closed canopy 
than in similarly uniformly open conditions. 

Rarely are the costs and the length of time 
required for adequate direct measurement of irra
diance justified in practical forestry, where a high 
level of accuracy is not paramount. Accurate, 
direct measurement of light is often considered 
important in scientific research projects, for 
example where the photosynthetic responses of 
plants are to be assessed. However, failure to 
keep sensors clean and horizontal over long time 
periods within a forest can introduce significant 
measurement errors (Biggs, 1986), and will usu
ally result in under-estimates of irradiation. 
Although sensors may accurately measure irradi
ance at a point, the ecologist or forester fre
quently wishes to extrapolate to the whole plant. 
Plants rarely display all of their leaves horizon
tally and have considerable self-shading within 
their own crowns. Mean irradiance on its leaves 
is therefore likely to be much lower than that 
recorded by a sensor displayed above or close by 
and high precision measurements may give a spu
rious impression of accuracy. 

Indirect measurement of the light regime 
As a consequence of the difficulties inherent in 
measuring the light regime directly, many ecolo
gists and the majority of foresters prefer indirect 
estimates. A number of different measures have 
been proposed and used. Most of them combine 
assessments of whether the sky is obscured along 
a particular line ofsight. In general, the measured 
values are less subject to the large and rapid tem
poral variations characteristic of irradiance 
within forests. Unfortunately, there appears to be 
considerable confusion in the forestry literature 
over the suitability of particular methods for par
ticular purposes and also over what is actually 
being measured. The link between many of these 
measures and light has frequently not been estab
lished. The resolution of measurement is often 
poorly defined. 
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Canopy closure vs. canopy cover 

There are two basic ways of measuring forest 
canopies. The first is by measuring canopy clo
sure. This is the proportion ofthe skyhemisphere 
obscured by vegetation when viewed from a sin
gle point. 'Canopy density' is a synonym often 
found in the forestry literature. The term canopy 
openness is frequently used in the ecological liter
ature, which is the complement of canopy closure 
(openness= 1- closure, i.e. the proportion of the 
sky hemisphere not obscured by vegetation when 
viewed from a single point). 

Canopy cover refers to the proportion of the 
forest floor covered by the vertical projection of 
the tree crowns. This is analogous to the use of 

the t_erm 'cover' by ecologists to refer to the pro
portion of the ground area occupied by the above 
ground parts of plants. The important difference 
between canopy closure and canopy cover is illus
trated in Figure 1. Canopy closure measurements 
integrate information over a segment of the sky 
hemisphere above one point on the ground. 
Ideally the entire sky hemisphere should be 
assessed, although the segment measured varied 
with the instrument used. Indeed, on steep slopes, 
light may arrive from angles lower than the hori
zontal. Measures of canopy cover assess the pres
ence or absence of canopy vertically above a 
sample of points across an area of forest. 

Mean canopy closure (or openness) over an 

Figure 1. An example of a measure of canopy closure (a) and canopy cover (b). 
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Figure 2. For tree crowns of a given size canopy cover 
(B) is independent of tree height but canopy closure (A) 
is not. In this example, B1=B2 but A1>A2. 

area of forest is not necessarily correlated with 
the canopy cover of the same area (see Figure 2). 
Tree height does not affect canopy cover as the 
vertical projection of the crown alone is assessed. 
Canopy closure will increase beneath progres
sively taller trees as more and more of the sky 
hemisphere is obscured. Canopy closure is likely 
to be a measure of greater utility to foresters, as it 
will be directly related to the light regime and 
microclimate and will therefore be linked to plant 
survival and growth at the point of measurement. 
Canopy cover is a measure that reflects the dom
inance of a site by trees or by particular species of 
tree. 

Canopy cover can also be used to predict stand 
volume (Philip, 1994). This is because, for a 
particular species of tree, there is a nearly linear 
relationship between the area occupied by its 
crown and the basal area of its trunk (Dawkins, 
1963). This relationship applies within the age
range of a commercial rotation but breaks down 

as trees reach biological maturity. In a stand of 
young trees (such as a commercial plantation) 
basal area will be a function of canopy cover. A 
local measure of basal area may therefore give an 
estimate of canopy cover. In natural forest where 
many trees may be over-mature the relationship 
is poor. In mixed species stands the basal area of 
each species should be tallied separately. 

Canopy cover is an important variable 
required in estimating stand statistics from 
remotely sensed images. Several remote sensing 
techniques are used in forest inventory, including 
visible and infrared scanner systems (satellite or 
airborne), airborne laser systems, imaging spec
trometry and imaging radar systems (reviewed by 
Leckie, 1990). In Canada in particular, aerial 
photography has been used for large-scale inven
tories for many decades. An estimate of stand 
volume is usually desired, but this cannot be 
measured directly from an aerial photograph. 
Forest hydrologists have used detailed mapping 
of canopy cover for the prediction of interception 
losses (wetted-canopy evaporation) from forests 
(Molicova and Hubert, 1993). 

Unfortunately, canopy cover and canopy clo
sure have been considered to be synonymous by 
the authors of several standard textbooks (e.g. 
Philip, 1994: 132, Avery and Burkhart, 1994: 269). 
This has led some authors to attempt compar
isons between measurements of canopy cover 
and canopy closure without recognizing that they 
are distinct variables. The finding that one or 
other measure is 'biased', is therefore hardly sur
prising (e.g. Ganey and Block, 1994). Frequently, 
authors state that they are measuring one vari
able, when in fact they are measuring the other 
(e.g. Garrison, 1949; Cook et al., 1995; Kim et 
al.,1995; McLaren and Janke, 1996; Mitchell and 
Popovich, 1997; Norton and Hannon, 1997). 

A number of authors have noted that different 
instruments or techniques incorporate different 
angles of view (e.g. Bonnor, 1967; Bunnell and 
Vales, 1990; Cook et al., 1995). This is an impor
tant point influencing any approach to the mea
surement ofcanopy closure, and will be discussed 
more fully below. It was, however, incorporated 
into the idea of 'mean crown completeness' 
(Bunnell et al., 1985, in Bunnell and Vales, 1990). 
This was defined as 'the proportion of the sky 
obliterated by tree crowns within a defined angle 
(or determined with a described instrument) from 
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a single point.' The present authors believe that it 
is better to use the terms 'canopy cover' and 
'canopy closure' (or openness) to differentiate 
between the two conceptually different variables. 

Measuring canopy cover 

For ecologists working in low vegetation, 
canopy cover is usually measured visually from 
above on a percentage or an ordinal scale. More 
accurate measures can be obtained by using a 
cover pin frame, in which pins are dropped ver
tically on a regular grid, through a rigid frame. 
The proportion of points at which the pin 
touches the vegetation gives an estimate of cover 
for that area. 

An analogous measurement has been used 
widely in forestry. At each measurement point 
the forester looks vertically upwards and records 
whether or not the forest canopy obscures the 
sky. The proportion of points where the sky is 
obscured gives an estimate of forest canopy 
cover. Sights may be taken without any instru
mentation (e.g. Vales and Bunnell, 1988), 
although measurement is made both more accu
rate and more repeatable by ensuring that the 
observer is looking vertically upwards, and that 
the measure is for a point and not an area (which 
would introduce an angle of view). Combining 
data from several different Canadian forests, 
Bonnor (1967) estimated that significant biases 
were introduced only when sighting angles were 
greater than approximately 5° from the vertical. 
The magnitude of non-vertical sighting biases 
will be vegetation specific. 

In order to reduce non-vertical sighting biases, 
equipment such as the gimbal balance (Walters 
and Soos, 1962) or the sighting tube, often with 
internal crosshair (Johansson, 1985), have been 
developed. Commercial versions of the sighting 
tube may incorporate bubble levels to ensure ver
tical positioning of the tube and also 45° mirrors 
to allow a horizontal head posture when in use. 
In fact, many of the instruments designed to facil
itate measurement of the vertical projection of 
individual tree crowns could also be used to mea
sure canopy cover (e.g. Jackson and Petty, 1973; 
Montana and Ezcurra, 1980; Pryor, 1985). 

Sighting tubes are sometimes called 'densito
meters' in the forestry literature and in forestry 
suppliers' catalogues (e.g. Anon., 1998). This 

term suggests similarities with the spherical den
siometer, which is used to make an entirely dif
ferent measurement (see below). The term also 
implies that canopy density is being measured, 
which is not the case. It is recommended that the 
term (canopy cover) sighting tube is used. More 
confusingly still, some authors have referred to 
the measure derived from using a sighting tube as 
'canopy closure' (e.g. Ganey and Block, 1994). 
What is being measured is (canopy) cover, and 
this term alone should be used. This is consistent 
with the use of the term in ecology. 

Estimates of stand canopy cover are derived 
from several measurements. The sampling strat
egy used to obtain canopy cover estimates must 
therefore be considered. When ecologists use a 
cover pin frame in low vegetation, they are using 
a systematic sampling design (a random element 
may be introduced when selecting the exact loca
tion where the frame is placed). Using a sighting 
tube in forest vegetation, a systematic sampling 
design might introduce serious bias, particularly 
when sampling a regularly spaced plantation. 
Under such conditions, random sampling is 
preferable to the systematic sampling advocated 
by Johansson (1985). 

A complication is added by the spatial auto
correlation of features such as tree crowns or 
canopy gaps. To give an obvious example, if one 
measurement point is within a clearing, a second 
point close-by is more likely to also be within that 
clearing than is a point further away. As a rule of 
thumb, if systematic or cluster samples are used, 
it is suggested that the distance between sampling 
points should be greater than the size ofthe major 
spatial features within the forest (e.g. greater 
than the larger tree crowns, gaps or clearings). 

The second sampling consideration is the num
ber of measurements required to make accurate 
estimates of canopy cover. Canopy cover (C) is 
calculated from: 

C=Nc 
Nt 

Where Ne is the number ofsample points covered 
by the canopy and N1 is the total number of 
points sampled. Confidence intervals for an esti
mate of canopy cover can be made from the bino
mial distribution using the following equations 
(adapted from Sheil and May, 1996): 
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1Cu = 1 - [ ] (2)
(1 + invFuNe/(Nt - Ne+ 1)) 

Where Cu is the upper confidence limit and mvFu 
is the value of the inverse cumulative F distribu
tion. The value of the inverse F distribution for 
the upper confidence limit should be determined 
with X numerator degrees of freedom and Y 
denominator degrees of freedom where: 

X = 2 + 2 (Nt - Ne) (3) 

and 

Y= 2Nt (4) 

The lower confidence limit Ct is calculated from: 

C1=l-[ l ] (5)
1 + invFi (Ne + 1)/(Nt - Ne) 

The value of the inverse F distribution for the 
lower confidence limit invFt should be determined 
with X numerator degrees of freedom and Y 
denominator degrees of freedom where: 

X = 2(1 + Nt) (6) 

and 

Y= 2(Nt-Nd (7) 

Figure 3 shows, for a range of canopy cover 
values, how the 95 per cent confidence intervals 
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Figure 3. The 95 per cent confidence intervals around 
estimates of canopy cover for 10, 20, 50 and 400 obser
vations. 

around estimates of canopy cover vary with the 
number of observations. With 20 observations 
per plot an estimated canopy cover of 50 per cent 
has 95 per cent confidence intervals that range 
from less than 30 per cent to in excess of 70 per 
cent. Any estimate made with fewer than 100 
observations will be of very little utility in distin
guishing between forest plots with all but the 
grossest differences in canopy cover. Ganey and 
Block's (1994) recommendation that at least 20 
observations per plot should be made is a serious 
underestimate of the minimum number of sam
ples required. 

There are different opinions in the literature as 
to the importance of between observer differ
ences in measures of canopy cover. This results in 
part from differences in equipment, sampling 
strategies and analytical techniques used by 
different workers, which made comparisons dif
ficult. Vales and Bunnell (1988) found inter
observer differences of < 10 per cent either when 
no instrumentation was used or when a gimbal 
sight was used. Johansson (1985) analysed 
between-observer differences ofmeasurements of 
canopy cover taken with a sighting tube with 
internal crosshair. Although it is not possible to 
calculate percentage differences from the 
information presented, given the number of 
canopy cover measurements likely to be required 
by most workers (see above) , it is of interest that 
Johansson found significant differences between 
observers when 200 readings were made, but not 
when 100 or 50 were done. 

Although individual observations of canopy 
cover made with the sighting tube method are 
quick and easy, accurate estimates require a very 
large sample size. This is true whether the plot for 
which an estimate is being made is small or large. 
It therefore would seem to be a method oflimited 
application in forestry. Its widespread use has 
probably resulted from (1) the misunderstanding 
over what is actually being measured and how 
large a sample is required, and (2) the apparent 
rapidity and simplicity with which individual 
observations can be made. 

A different technique for measuring canopy 
cover is by detecting canopy edges along lines 
(often tape-measures) laid within a forest. The 
length of the line that is covered by canopy is then 
recorded. This method typically works at the res
olution of crowns rather than leaves. Each line 
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provides a single estimate of cover, and is there
fore a continuous variable, rather than a bino
mial as with point measures. 

Canopy cover is frequently assessed from aer
ial photographs in order to make estimates of the 
timber volume of a stand. Rapid visual assess
ments have conventionally been made by using a 
crown density scale (Moessner, 1949; Husch et 
al., 1982). This consists of a series of standard 
squares containing black dots that cover from 5 
to 95 per cent of the area. The level of cover on 
this scale that most resembles the canopy cover 
seen on the aerial photograph is then selected. It 
should be noted here that in fact the measure
ment of 'canopy cover' from aerial photographs 
actually incorporates angles other than the verti
cal. In practice, angles are assumed vertical when 
tilted by <3° (Avery and Burkhart, 1994). 
Similarly, parallax differences between different 
parts of the same photograph are ignored. 

Measuring canopy closure 

Canopy closure is the proportion of the sky hemi
sphere obscured by vegetation when viewed from 
a single point. Measurements of canopy closure 
can provide information on the growth condi
tions of seedlings, saplings and sub-dominant 
trees, and can be used to guide the level of canopy 
manipulation necessary for successful natural 
regeneration and enrichment planting. An allied 
group of measurements, the 'crown position 
indices', allows trees of all heights to be assessed. 
When canopy closure is used as an indirect mea
sure of the amount of PAR available it is usually 
assumed that the canopy neither transmits nor 
reflects light. Although this will introduce bias 
into estimates of total PAR receipts none of the 
methods described below provides a method for 
assessing transmission and reflection of light. 

The light received at any point is the sum of the 
direct (sunlight) and indirect radiation that 
includes skylight from all parts of the sky. 
Beneath a forest canopy, indirect skylight includ
ing lateral light penetration may contribute a 
large proportion of the total. Ideally then, the 
entire hemisphere should be assessed. The vari
ous techniques of estimating canopy closure dif
fer in the proportion of the hemisphere measured, 
i.e. the angle of view, and are therefore not 
equivalent. 

Hemispherical photography The most com
plete measure of canopy closure can be made by 
taking a photograph at the measurement point 
with a 180° 'fisheye' lens. The image is then digi
tized and a 'threshold' set, where all pixels darker 
than the threshold are treated as canopy, all 
pixels paler than the threshold are considered to 
be sky. Several computer programs are available 
to calculate percentage canopy closure from 
these images {Mitchell and Whitmore, 1993). 
Although, when carefully applied, hemispherical 
photography can be the most accurate method of 
estimating canopy closure, it is vulnerable to a 
number of sources of error and very little is 
known about the consistency or repeatability of 
this method (Rich, 1990). Canopy can only be 
reliably distinguished from sky when there is con
siderable contrast between the two on the photo
graphic image. Brightly lit or reflective vegetation 
and the 'pinhole effect' of sunlight shining 
through tiny holes in the canopy can make it dif
ficult to find a consistent threshold value (Rich, 
1990). Small changes in the threshold value 
selected may result in relatively large changes in 
the estimated canopy closure beneath dense 
canopies. Hence the technique may be inaccurate 
at high levels of canopy closure (Roxburgh and 
Kelly, 1995; Jennings, 1997). 

Despite these limitations, hemispherical 
photography has become an important tool in 
ecological studies (e.g. Evans and Coombe, 1959; 
Anderson, 1964; Chazdon and Field, 1987; Rich, 
1990; Brown, 1993; Clark et al., 1993; Mitchell 
and Whitmore, 1993; Whitmore et al., 1993). 
However, both the hardware and the software 
required are, at present, extremely expensive and 
the analyses relatively time-consuming. There are 
no practical forestry, and a limited number of 
forestry research, applications where the accu
racy of this method justifies the time and expense 
of the technique. 

Similar ideas, but using a pinhole camera 
(Clark, 1961) or cameras with standard lenses 
(Bunnell and Vales, 1990) have been proposed. 
Although the equipment is cheaper than that 
required for hemispherical photography, they do 
not alter the logistical constraints, while reducing 
the angle of view below 180°. 

The moosehorn Before the development of 
hemispherical photography, two important 
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instruments, the 'moosehorn' and the spherical 
densiometer, had already been designed to reduce 
the subjectivity of simple visual estimates of 
canopy closure (below). The moosehorn 
(Robinson, 1947; Garrison, 1949; Bonnor, 1967), 
has mostly been used in Canada. The recorder 
views the canopy through a transparent screen, 
on which is marked a grid of evenly spaced dots. 
The recorder counts the number of dots that 
overlap with the canopy. A bubble level fixed to 
the screen ensures that the instrument is held ver
tically. A 45° mirror and sighting aperture may be 
incorporated allowing the observer a horizontal 
head posture. 

The central dot on the grid is projected verti
cally. The angle of view provided by the other 
dots in the grid depends upon the exact construc
tion of the instrument. The Hilborn moosehorn 
(Bonnor, 1967) included angles ofup to 5.1 ° from 
the vertical. The size of the confidence intervals 
around an estimate of canopy closure is depen
dent upon the level of canopy closure. For a given 
level of confidence, the maximum number of 
readings required will be greatest at 50 per cent 
canopy closure, declining towards 0 and 100 per 
cent. Bonnor (1967) calculated that at a maxi
mum allowable error of ±5 per cent canopy 
closure at the 95 per cent probability level, 
approximately 300 readings would be needed at 
50 per cent canopy closure. Similarly, Vales and 
Bunnell (1988) reported that differences between 
observers are greatest at the mid-range of canopy 
closure. As a practical guide, Bonnor (1967) sug
gested that 40 readings should be taken in a 
stand, the canopy closure calculated, and then the 
actual sample size required could be read from 
his Figure 2. A random sampling strategy should 
be employed (Bonnor, 1968). 

Garrison (1949) erroneously suggests that the 
instrument can be used to measure canopy cover. 
He maintains that measurements taken in stands 
of different heights cannot be compared. In fact 
measurements of canopy closure made with the 
moosehorn in stands of different heights can be 
compared. The moosehorn has been used to cali
brate estimates of canopy cover from aerial pho
tographs from which stand volumes are derived. 
At the scale commonly used in aerial photo
graphic estimates in Canada (1 : 15 840), canopy 
cover estimated from photographs was consis
tently 10 per cent less than mean canopy closure 

estimated with a moosehorn (Bonnor, 1968). 
This is probably a result of the wider angle of 
view incorporated into moosehorn measures (see 
below), and/or the result of the different resolu
tion of the two measures. 

The spherical densiometer A rather more com
monly used instrument for measuring canopy 
closure is the spherical densiometer (Lemmon, 
1956; Lemmon, 1957). This consists of a mirror 
shaped as either a convex or a concave segment of 
a sphere (conventionally a sphere 15.3 cm in 
diameter). The mirror is engraved with a gratic
ule. Due to its curvature, the mirror reflects a large 
area of the sky hemisphere. To take readings, the 
forester assumes four equally spaced dots in each 
square of the graticule. The forester counts how 
many of these dots intercept with the reflection of 
the canopy. Most densiometers are hand-held but 
incorporate a bubble level to ensure that they are 
held horizontally when readings are taken. 

Strickler (1959) suggested that four readings be 
taken at each point, one in each of the cardinal 
directions. The mean of these four readings is 
then taken as the estimate for that point. This 
effectively increases the angle of view, and has 
been used successfully (Cook et al., 1995). 

The concave version allows the forester to take 
readings without significantly shifting viewpoint, 
except over the part of the mirror obscured by the 
observer's own reflection. This reduces poten
tially important errors caused changing the view
point as the readings are taken. The concave 
densiometer reflects less of the sky hemisphere 
than does the convex instrument, and is therefore 
likely to give less accurate estimates of canopy 
closure. Measurement errors are particularly 
large at the mid-range of canopy closure 
(Lemmon, 1956; Cook et al., 1995). With either 
version, differences in viewpoint can introduce 
significant variation between observers (Vales 
and Bunnell, 1988; Ganey and Block, 1994), 
although this has not always been found 
(Lemmon, 1956). Because the reflection of the 
canopy is small, spherical densiometers are likely 
to suffer from poor resolution. 

The spherical densiometer does not give a 
highly accurate measure of canopy closure. It is, 
however, both portable and robust. Several 
authors suggest mounting the densiometer on a 
tripod to ensure that it is exactly horizontal 
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(Strickler, 1959; Ganey and Block, 1994). The 
slight gain in accuracy that this might give is far 
outweighed by the reduced portability. 

Simple visual assessment ofcanopy closure The 
most basic way ofestimating canopy closure is by 
simple visual assessment. The methods are rapid, 
require no specialized equipment and can be used 
to estimate the canopy closure above the crowns 
of trees much taller than the recorder. Estimation 
may be made by comparing the area of canopy 
with a standard scale. Simple visual assessment is 
the method most commonly used by forest man
agers, who typically learn by experience rather 
than by accurate measurement the level of 
canopy closure required to achieve desirable 
growth of the tree crop. As the results are used to 
inform Oocal) management decisions, there is lit-
tle need for greater accuracy or of comparability 
of data. Greater accuracy may be required in 
forestry research and if written advice is being 
given to forest managers. The human eye is noto
riously poor at making consistent assessments of 
light. For example, if visual estimates of canopy 
closure are repeated at the same point, but in dif
ferent weather conditions, the estimates can be 
hugely different. 

Crown position indices A group of measure
ments, the 'crown position indices', have been 
developed to allow standardized visual assess
ments of the position of individual tree crowns 
relative to the rest of the forest canopy. The scale 
of resolution is at the level of crowns rather than 
individual leaves or branches. They are used as a 
guide to the relative competitive status of an indi
vidual stem. They are broadly analogous to esti
mates of canopy closure, but record the position 
of a crown relative to the canopy rather than 
measuring the canopy perse and are measured on 
an ordinal (rather than interval) scale. 

References to suppressed trees are apparently 
found in fifteenth century German forest ordi
nances (see Baker, 1950), but one of the first for
mal and popular classifications was published by 
Kraft in 1884. One of the simplest crown position 
indices is defined in Table 1 and illustrated in 
Figure 4a (e.g. Baker, 1950; Smith, 1986). Stems 
are categorized as being dominant, co-dominant, 
intermediate or overtopped (suppressed). This 
scale is particularly applicable to plantation 

forestry, where it is a useful decision-making tool 
in thinning operations. It allows the identification 
of future crop trees, and guides which stems 
should be removed to reduce competition, allow 
crown expansion and increased stem diameter 
increment of those crop trees. Use of this index in 
uneven-aged forest would lead to anomalies (see 
Baker, 1950), such as the trees marked 'x' in 
Figure 4a. Nicholas et al. (1991) found a 89. 7 per 
cent agreement in classification between trees 
measured on two separate occasions in mature 
Appalachian pine-spruce plantations. This fell to 
68.4 per cent in logged secondary growth forest. 
The stems with the lowest repeatability of mea
surement were those classified as dominants on 
the first measurement. 

In 1956, and again (and more accessibly) in 
1958, Dawkins published a 'crown illumination 
index', which differs from the above mainly in 
the more precise class definitions and in the addi
tion of a further class (Table 1 and Figure 4b). 
This extra class (Class 2) allows the differentia
tion of overtopped crowns that receive some lat
eral illumination from those which do not. This 
index has been used in both tropical (e.g. 
Dawkins, 1958; Alder and Synnott, 1992) and 
temperate forests (Dawkins and Field, 1978). 
Significant correlations between stem diameter 
increment and crown illumination class were 
found for several of the species studied by Daalen 
(1993). 

Dawkins' index was further refined by Clark 
and Clark (1992). They found that most seedlings 
and saplings in tropical rain forests occurred in 
Dawkins' Class 2, a class that contained widely 
different illumination conditions. They therefore 
divided this class into three: high, medium and 
low lateral light (Table 1 and Figure 4c). 

How reliable are these measures, and quite 
how do they relate to canopy closure? Significant 
relationships have been found between Clark and 
Clark's index and various measures derived from 
hemispherical photographs (Clark and Clark, 
1992; Clark et al., 1993). Despite being signifi
cant, the variance accounted for by a linear cor
relation between total site factor and the index 
was low (12 = 0.34; Clark et al., 1993): this may be 
a consequence of correlating a continuous with a 
categorical variable. 

Repeatability of measurements was reported 
by Sheil (1996), who found that inventory teams 
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Table 1: Definitions of three crown position indices (following Dawkins, 1958; Dawkins and Field, 1978; Smith, 
1986; Clark and Clark, 1992) 

Crown position Crown illumination Crown illumination 
(Dawkins) (Clark and Clark) 

Class Definition Class 

Overtopped (0) Shorter than the 1 
(= Suppressed) canopy level and 

receiving no 
illumination from 
above 

2 

Intermediate (I) Shorter than the 3 
general canopy 
level, but still 
illuminated from 
above 

Codominant (C) Crown within the 4 
general level of the 
canopy 

Dominant (D) Crown above the 5 
general level of the 
canopy 

were able to score 68 per cent of the stems (> 10 
cm d.b.h.) in a Ugandan rain forest into the same 
Dawkins class on repeated measurement. He 
noted that the majority of misclassified stems 
were those that had multi-part crowns, were 

Definition Class Definition 

No direct light 1.0 No direct light 
(crown not lit (crown not lit 
directly either directly either 
vertically or vertically or 
laterally) laterally) 

1.5 Low lateral light 
(crown lit only from 
side: no large or 
medium openings) 

Lateral light (<10 2.0 Medium lateral 
per cent of the light (crown lit only 
vertical projection of from side: several 
the crown exposed to small or one medium 
vertical light, crown opening) 
lit laterally) 2.5 High lateral light 

(crown lit only from 
side: exposed to at 
least one major or 
several medium 
openings) 

Some overhead light 3.0 Some overhead light 
{10-90 per cent of the {10-90 per cent of the 
vertical projection of vertical projection of 
the crown exposed to the crown exposed to 
vertical illumination) vertical illumination) 
Full overhead light 4.0 Full overhead light 
(~90 per cent of the (~90 per cent of the 
vertical projection of vertical projection of 
the crown exposed to the crown exposed to 
vertical light, lateral vertical light, lateral 
light blocked within light blocked within 
some or all of the some or all of the 
90° inverted cone 90° inverted cone 
encompassing the encompassing the 
crown) crown) 
Crown fully exposed 5.0 Crown fully exposed 
to vertical and lateral to vertical and lateral 
illumination within illumination within 
the 90° inverted cone the 90° inverted cone 
encompassing the encompassing the 
crown crown 

infested with strangler figs or lianas, were diffi
cult to observe, or were genuinely borderline 
cases. Clark and Clark (1992) reported 70 per 
cent repeatability for their index (mean score of 
two observers). Working on seedlings (:e:::;;3 m 
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Figure 4. Examples of the crown position indices described in Table 1. 

height) alone, rather than all size classes, purposes. The problem could be mitigated if 
Jennings (1997) reported 76 per cent repeatability sample sizes are large, and if measurement errors 
of the Clark and Clark index. This level of do not contain large biases. As it takes a trained 
repeatability may be unsatisfactory for many operator only a few seconds to assess and record 
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a stem using these indices, they have considerable 
potential when large numbers of stems are being 
measured. 

Canopy closure measures compared Several 
studies have sought to compare different tech
niques of measuring canopy closure. Some have, 
mistakenly, also included measurements of 
canopy cover, and this was dealt with earlier. A 
crucial difference between instruments is the 
angle of view incorporated into the measure. The 
area of canopy measured by an estimate of 
canopy closure is a result of the trigonometric 
relationship between the angle of view, the height 
at which the measurement is taken and the height 
to the base of the live crown. Bunnell and Vales 
(1990) showed that as the angle ofview increased, 
the range of the various estimates of canopy clo
sure decreased and that estimated canopy closure 
increased (see also Cook et al., 1995). As canopy 
closure increased, the differences in techniques 
became less. Techniques with narrow angles of 
view were more affected by variations in the 
height to the base of live crown than were instru
ments with a wide angle of view. 

The ranges at which the various instruments 
used to measure canopy closure are least accurate 
have been outlined above. These should be taken 
into account when deciding which of the tech
niques is the most appropriate for the task in 
hand. Other considerations will include cost, 
logistical constraints, degree of training of field 
operators, amount of field time available and the 
degree of accuracy required. The exact research 
priority will also determine the zenith angles 
measured (Chan et al., 1986; Bunnell and Vales, 
1990). For example, rain interception, snow 
interception and plant growth studies will require 
the inclusion of increasingly wide angles of view 
respectively (Bunnell and Vales, 1990). It is rec
ommended that details of the angle of view mea
sured (Bunnell and Vales, 1990), height to base of 
live crown, slope and area of forest measured are 
included in published accounts where canopy 
closure is reported. 

Resolution ofmeasurements 

Just as Mandelbrot (1967) demonstrated that the 
length of a coastline depends on the scale of mea
surement, both canopy cover and canopy closure 

are influenced by the spatial resolution of mea
surements. When canopy cover is estimated from 
an aerial photograph the crown of an individual 
tree may be regarded as a solid object providing 
complete cover within the projected area of the 
crown. However, when viewed at a much higher 
resolution, from the ground, the crown is hetero
geneous with many vertical holes of a range of 
sizes. A decision must be made as to how small a 
canopy hole must be in an otherwise complete 
canopy before it is ignored when it coincides with 
the point of measurement. An analogous deci
sions must be made as to how large an obstruc
tion will be ignored in an otherwise open sky. 
The apparently straightforward 'yes' or 'no' deci
sion required for each measurement becomes 
problematic when the canopy components are 
small (e.g. pine needles). Movement of the 
canopy adds further complications and it is clear 
that, as far as possible, measurements should be 
made on still days. 

Similar problems of resolution confront mea
sures of canopy closure. The limits to the resolu
tion of hemispherical photographs are set by the 
grain of the film used and the number of individ
ual pixels into which the image is digitized. In 
contrast visual estimates of canopy closure made 
using crown position indices make an estimate of 
illumination for the canopy as a whole. An a pri
ori decision should be made as to the relevant res
olution of these measures for any particular 
study. 

Conclusions 
The importance of the forest canopy to forestry 
and forestry research has been reflected in the 
ingenuity of foresters in devising methods and 
instruments to measure it. Despite this, there 
remains considerable confusion in the forestry lit
erature as to what is actually being measured. In 
this paper a distinction is drawn between canopy 
cover and canopy closure. 

It is not possible to prescribe a 'best method'. 
The different measurements and instruments 
have different properties. The decision as to 
which is most appropriate for a particular 
researcher will depend partly upon the nature of 
the problem being addressed. Logistical and 
operational constraints will exert perhaps an 
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even greater role in determining which is used. 
To this end, the authors have presented the 
advantages and limitations of each of the major 
methods, and attempted to give guidelines that 
will allow the design of appropriate sampling 
strategies in order to assist foresters in making 
their decisions. 

Clark, D.B., Clark, D.A. and Rich, P.M. 1993 
Comparative analysis of microhabitat utilization by 
saplings ofnine tree species in a neotropical rain for
est. Biotropica 25, 397-407. 

Clark, F.A. 1961 A hemispherical forest photocanopy
meter. J. For. 59, 103-105. 

Cook, J.G., Stutzman, T.W., Bowers, C.W., Brenner, 
K.A. and Irwin, L.L. 1995 Spherical densiometers 
produce biased estimators of forest canopy cover. 

References Wildl. Soc. Bull. 23, 711-717. 
Daalen, J.C. van1993 The value of crown position and 

Alder, D. and Synnott, T.J. 1992 Permanent sample form as growth indicators in mixed evergreen forest. 
plot techniques for mixed tropical forest. Tropical S. Afri. For. J. 165, 29-35. 
Forestry Papers No 25, Oxford Forestry Institute. Dawkins, H.C. 1 1956 Crown classification of Natural 

Anderson, M.C. 1964 Studies of the woodland light di- Forest Trees. Uganda Forest Department Technical 
mate. I. The photographic computation oflight con- Note 17/56, 2pp. 
ditions. J. Ecol. 52, 27-41. Dawkins, H.C. 1958 The Management of Tropical 

Anon. 1998 International Catalog. Ben Meadows High Forest with special reference to Uganda. 
Company, Atlanta, Georgia, USA. Imperial Forestry Institute Paper No 34. University 

Anon. Undated Plant Science-Light Measurement of Oxford. 
and Canopy Structure. Delta-T Devices Ltd., Dawkins, H.C. 1963 Crown diameters: their relation 
Cambridge, England. to bole diameter in tropical forest trees. Commonw. 

Avery, T.E. and Burkhart, H.E. 1994 Forest For. Rev. 42, 318-333. 
Measurements, 4th edn. McGraw-Hill, New York. Dawkins, H.C. and Field, D.R.B. 1978 A Long-term 

Baker, F.S. 1950 Principles of Silviculture. McGraw- Surveillance System for British Woodland Vegeta-
Hill, New York. tion. Department of Forestry, University of Oxford. 

Biggs, W. 1986 Radiation measurement. In Advanced Emmingham, W.H. and Waring, R.H. 1973 Conifer 
Agricultural Instrumentation. W.G. Gensler (ed.). growth under different light environments in the 
Nijhoff, Dordrecht, The Netherlands, 3-20. Siskiyou mountains of Southwest Oregon. 

Bonnor, G.M. 1967 Estimation of ground canopy den- Northwest Sci. 47, 88-99. 
sity from ground measurements. J. For. 65 (8), Evans, G.C. and Coombe, D.E. 1959 Hemispherical 
544-547. and woodland canopy photography and the light 

Bonnor,G.M.1968Acomparisonofphotoandground climate. J. Ecol. 47, 103-113. 
measurements ofcanopy density. For. Chron. 44 (3), Friend, D.T.C. 1961 A simple method of measuring 
12-16. integrated light values in the field. Ecology 42, 

Brown, N.D. 1993 The implications of climate and 577-580. 
microclimate for seedling growth conditions in a Ganey, J.L. and Block, W.M. 1994 A comparison of 
Bornean lowland rain forest. J. Trop. Ecol. 9, two techniques for measuring canopy closure. 
133-168. West.I. Appl. For. 9, 21-23. 

Bunnell, F.L. and Vales, D.J. 1990 Comparison of Garrison, G.A. 1949 Uses and modifications for the 
methods for estimating forest overstory cover: dif- 'Moosehorn' crown closure estimator. J. For. 47, 
ferences among techniques. Can. J. For. Res. 20 (1), 733-735. 
101-107. Husch, B., Miller, C.I. and Beers, T.W. 1982 Forest 

Chan, S.S., McCreight, R.W., Walstad, J.D. and Spies, Mensuration, 3rd edn. John Wiley, New York. 
T.A. 1986 Evaluating forest vegetative cover with Jackson, M.T. and Petty, R.O. 1973 A simple optical 
computerised analysis of fisheye photographs. For. device for measuring vertical projection of tree 
Sci. 32, 1085-1091. crowns. For. Sci. 19, 60-62. 

Chazdon, R.L. and Field, C.B. 1987 Photographic esti- Jennings, S.B. 1997 The response of tree seedlings to 
mation of photosynthetically active radiation: eval- canopy disturbance in an Amazonian rain forest. D. 
uation of a computerised technique. Oecologia 73, Phil. Thesis. University of Oxford. 
525-532. Johansson, T. 1985 Estimating canopy density by the 

Clark, D.A. and Clark, D.B. 1992 Life history diversity vertical tube method. For. Ecol. Manage. 11, 139-144. 
of canopy and emergent trees in a neotropical rain Kim, C., Sharik, T.L. and Jurgensen, M.F. 1995 
forest. Ecol. Monogr. 62, 315-344. Canopy cover effects on soil nitrogen mineralisation 
1 This was published under the name 'Ecologist', which was the nom de plumeofH.C. Dawkins at that time (M. Philip, per-

sonal communication). 

JOINT 6(b)



ASSESSING FOREST CANOPIES AND UNDERSTOREY ILLUMINATION 73 

in northern red oak (Quercus rubra) stands in north
ern lower Michigan. For. Ecol. Manage. 76 (1-3), 
21-28. 

Kraft, G. 1884 Zur Lehre von die Durchforstungen, 
Schlagesellungen und Lichtungschieben. Hannover. 

Leckie, D.G. 1990 Advances in remote sensing tech
nologies for forest surveys and management. Can. J. 
For. Res. 20 (4), 464-483. 

Lemmon, P.E. 1956 A spherical densiometer for esti
mating forest overstory density. For. Sci. 2, 314-320. 

Lemmon, P.E. 1957 A new instrument for measuring 
forest overstory density. J. For. 55, 667-669. 

Mandelbrot, B. 1967 How long is the coast of Britain? 
Statistical self-similarity and fractional dimension. 
Science 156, 636-638. 

McLaren, B.E. and Janke, R.A. 1996 Seedbed and 
canopy cover effects on balsam fir seedling estab
lishment in Isle Royale National Park. Can. J. For. 
Res. 26 (5), 782-793. 

Mitchell, J.E. and Popovich, S.J. 1997 Effectiveness of 
basal area for estimating canopy cover of ponderosa 
pine. For. Ecol. Manage. 95 (1), 45-51. 

Mitchell, P.L. and Whitmore, T.C. 1993 Use of hemi
spherical photographs in forest ecology. Oxford 
Forestry Institute Occasional Papers No 44. 

Moessner, K.E. 1949 A crown density scale for photo 
interpreters. J. For. 47, 569. 

Molicova, H. and Hubert, P. 1993 Canopy influence on 
rainfall fields: microscale structure in tropical 
forests. In Fourth International Conference on 
Precipitation, The University of Iowa, Iowa City, 
Iowa, USA, April 26-28, 1993. 

Montana, C. and Ezcurra, E. 1980 Simple instrument 
for quick measurement of crown projections. J. For. 
78, 699. 

Norton, M.R. and Hannon, S.J. 1997 Songbird 
response to partial-cut logging in the boreal mixed
wood forest of Alberta. Can. J. For. Res. 27 (1), 
44-53. 

Nicholas, N.S., Gregoire, T.G. and Zedaker, S.M. 
1991 The reliability of tree crown position classifica
tion. Can. J. For. Res. 21 (5), 698-701. 

Oke, T.R. 1987 Boundary Layer Climates, 2nd edn. 
Methuen, London. 

Philip, M.S. 1994 Measuring Trees and Forests, 2nd 
edn. CAB International, Wallingford, UK. 

Pryor, S.N. 1985 An evaluation of silvicultural options 
for broadleaved woodland. D. Phil. Thesis. 
University of Oxford. 

Rich, P.M. 1990 Characterising plant canopies with 
hemispherical photographs. Remote Sens. Rev. 5, 
13-29. 

Robinson, M.W. 1947 An instrumentto measure forest 
crown cover. For. Chron. 23, 222-225. 

Roxburgh, J.R. and Kelly, D. 1995 Uses and limita
tions of hemispherical photography for estimating 
forest light environments. N.Z. J. Ecol. 19 (2), 
213-217. 

Sheil, D. 1996 The ecology of long term change in a 
Ugandan rainforest. D.Phil. Thesis. University of 
Oxford. 

Sheil, D. and May, R.M. 1996 Mortality and recruit
ment rate evaluations in heterogeneous tropical 
forests. J. Ecol. 84, 91-100. 

Smith, D. 1986 The Practice of Silviculture, 8th edn. 
John Wiley, New York. 

Strickler, G.S. 1959 Use of the densiometer to estimate 
density of canopy on permanent sample plots. 
USDA Forest Service Research Note No 180. 

Vales, D.J. and Bunnell, F.L. 1988 Comparison of 
methods for estimating forest overstory cover. I. 
Observer effects. Can. J. For. Res. 18 (5), 606-609. 

Walter, J. and Soos, J. 1962 The Gimbal Sight for the 
Projection of Crown Radius. Faculty of Forestry, 
University of British Columbia, Vancouver. 
Research Note No 39. 

Whitmore, T.C., Brown, N.D., Swaine, M.D., 
Kennedy, D., Goodwin-Bailey, C.I. and Gong, 
W-K. 1993 Use of hemispherical photographs in for
est ecology: measurement of gap size and radiation 
totals in a Bornean tropical rain forest. J. Trop. 
Ecol. 9, 131-151. 

Received 8 May 1998 

JOINT 6(b)




