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2.1 Introduction

A forest resource inventory is
a qualitative and quantitqtive inyestigatton of the
location, ov'nership, exte t, nqture , condition, purpose
and capacity of the forest estate on a broad scale.
(Carron 1968)

It involves a combination of textual information (the
nalure, condition and capacity) and spatial or geographic
information (the location, extent and ownership-pattem)
about the forest resource. Inventory design covers thc
methods of collecting, analysing and prcsenting such
irformation. Selection of a particular design depends on
the inventory objectives and various limitations of cost,
time, cquipment and personnel.

As it is impractical, indccd unneccssrry, to measurc every
tree in a forest other than for its smtllest units, various
methods of sampling are uscd to estimate mean yalues per
unit area (c.g. timber volumes) tnd thcn to expand thesc
valucs to obtain estimatcs for thc entire forest and/or its
majorsecfions. Simplc random sampting, whereby samples
are selectcd atrandom across the whole forest, is one ofthe
simplestsarnplin g methods. Altematively, simple systematic
sampling uscs smplcs thatare selectedon arcgularpattem,
otten a rectangular grid, to ensurc that thc resourcc is

evcnly covered by samples. The relative merits of
systcmafrc versus random sampling, together with other
sampling designs, are discusscd in most basic texts on
sampling (e.9. Cochran 1977) and forest inventory (e.g.
Husch et al. 1982).

Sampling efficiency is often improvedby subdividing the
forestinto uniform strata followedby sampling within each
stratum separatcly - called stratified sampling. Stratified
sampling is effective in forest types where there are
distinctive homogeneous subunits (i.e. stmta) in which the
variability is low compared with thc variability between
strata. Examples include forests consisting ofa mosaic of
even-aged stands of different ages; forests where pure
stands ofonc species occul separated from pure stands of
anothcr or sevcral other species. Even if the stratification
doesnotimprovestatistical cfficiency,themapproducedin
the process may havc otherbcnefits for Inanagement, such
as priority for treatment (Kcndall and Sayn-Wittgenstein
1961) .

Double sampling (syn. two-phase sampling) is another
method that can be applied, with or without stratification,
in combination with either random or systcmatic sample
seleclion to increase the sampling efficiency Sig. 2). The
mcthod involves using a quick rnd cheap estimation
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Figure 2
Survey dcsign options.ln rnultiple survcy designs, allernativos shown ar€ not ncccssarily mutually cxclusive. For exarnple, multistage
and multiphase sampling (i.c. double sampling) can be and ftequcntly arc used together in iarge-scalc photographic sampling
p'ograins. Th.r stratificd, systemalic, single-stagc sampling approach using single samples (c.g. plots) ai eacli sarnple point ii
commonly used by ground based lorest surveys. The non-stralificd, systematic, multiphr." uppru""h *itl, ,ingle samplcs per sample
point is the metllod selectcd for the jirrah inventory.
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spatial analys is of the data. S fratified sampling was rejected
because it was not desirable to have volume estimates
restricted to predetermined strata. It was also recognized
that stratification in thejarah forest may not have significant
statistical advantage, given that the forest is uneven-aged
and exhibits gradualchanges in species composition. This
means that the variability per hectare of yolume within
stands ofjanah that are defined as azrpnn may actually be
quite high although the average volume rnay differ little
from that ofadjacent stands.

The useofphotography in thetwo-phase sampling scheme
gives the added advantage ofproviding a permanent record
ofeach plot at the time ofthe initial measurement, which
allows for further measurements to be made to check
calibrations or to account for additional unmeasured
variables.

Photo sampling was selected to provide the basis for
estimating gross bole volume in the firstphase because it
allows for largenumbers ofsamples to be ob tained quickly
andatlowunitcost. Gross bole volumes are estim ated from
photo-measurements of heights.

Ground samples provide more accurate estimates ofbole
volumes and a breakdown into log volumes to serve as
correction andconversion factors for the photo estimates.
Using anew technique, the qualityof eachboleisdescribed
in terms that can be modified with computer programs to
determine thevolumes ofdifferen t log grades underarange
of utilization criteria.

Spatial analysis is arrangedwith theaid ofaGIS, in which
the sample data are linked with map information. The aim
is to allow for the generation ofyolume statements for any
areas of interest.

2.3 Methods for acquiring large-scale
aerial photographs

Aerial photography has a significant, largely untapped,
poten tial for reducing the time and cost of data collection in
extensive forest inventories. Medium scale photographs
( 1: 10 000 - 1:25 000) for example, are frequently inierpreted
to stratify large heterogeneous forests into smaller, more
uniform areas that may then be sampled efficiently on the
ground. Maps produced in this way provide a means for
detemining the size ofdifferent areas and they also represent
a useful management tool for recording and monitoring
other forest quantities and conditions.

Altematively, timber volumes are sometimes estimated by
reference to standard images (e.g. Stellingwerf 1967) orby
estimating stand parameters such as stand heightand crown
cover, then using aerial stand vol ume tables to predict stand
volumes (e.9. Meyer and Wodey 1957). This method can
be implemented successfully in uniform forests where the
relationships are shong, but it is inadequate in more

complex fbrest types where the sfructure of the stands
cannot be adequately described, or where species cannot
be identified.

Large-scale photographs ( 1:1000 - 1:3000) are required to
estimate volumes in such forests. They enable species tobe
identified more accurately, smaller trees to be counted and
the dimensions of individual trees to be measured. Their
distinguishing characteristic is the provision of ground-
quality measurements from aerial sampling independentof
ground conhol.

Progressive accounts of developments in large-scale
photographic equipment and methods havebeen published
byvalious authors, principalty from Canada, overthepast
30 years (Spencerand Ifull 1988). The current work draws
upon the Canadian experiences plus related research in the
USA (Avery 1958, 1959), Ausfalia (Spencer 1972,1979)
and Europe (Rhody 1977).

Application of large-scalephotographic techniques requires
specialized equipment and methods for managing major
problems associated wi th image-mot ion,  scale-
defermination, andcameratilt. Owing to thesmall coverage
per frame, it is impractical to use ground contJol to
determine photo scale for operational inventories.
Therefore, alternative approaches have been developed
for obtaining and scaling large-scale photographs without
reference fo ground control: twin-camera fixed-based
systems (Fig. 4a) and single-camera sequential systems
with and without a radar or laser altimeter and a tilt
recorder (Fig. 4b).

Large format cam eras are generally not well suitedforvery
large scales because of limitations with camera cycling
rates, image motion, and higher costs (Spencer and Hall
1988). Consequendy, small format cameras, in particular
70 mm cameras, are common. The twin-camera fixed-
base system and single camera sequential system use
different methods forphoto scaling and photo orientation
for measurementpurposes. Different designs are also used
according to choiceof aircraft, camera mountings, air-base
orientation, and application. The two basic systems are
described in the fotlowing sections.

2.3.1 Twin-camerafixed-basesystems

Early developments of this system for Canadian forestry
(Lyons 1961,  1964,  1966,  1967)  were based on
recommendations from the USA (Avery 1958, 1959). The
method uses two identical, syncfuonizedcameras mounted
a set distance apart with their principal axes parallel
(Fig. 4a). Stereopais are obtained by simultaneously firing
the two cameras, thereby providing a means for determ ining
photo scale based on theratio ofphoto-base over actual air-
base (i.e. cam era separation). Therelationshipbetween this
scale and focal length ofthecameras then provides asimple
method for determining flying heightthat does notrequire
sround control.
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a wide range ofapplications at different scales, including
regeneration surveys at 1 :500, volume estimation at 1 : 1200,
and disease detection at a scale of around 1:5000 or
smaller. Other advantages are that it can readily be used in
fixed-wing aircraft, resulting in lower costs and, if the
cameras are mounted intemally, it allows for access to
cameras and film magazines during flight.

The instruments required to determine scale and tilts with
this system are expensive and require careful calibration
and operation to achieve good results. Futhermore, a
reconnaissance camera may be required to achieve the
rapid recycling rates needed to obtain sufficient overlap for
satisfactory stereG.viewing of large-scale photograph s taken
from low altitudes.

2.4 Photo measurement concepts

2.4.1 Variableselection

Two of the most important parameters requted for a forest
inventory are stand volume and the size class distribution
of individual trees, usually expressed as diameters. Tree
volumes cannot be measured directly on aerial photographs
and direct measurement ofdiameters is either impossible or
unreliable. Therefore both parameters must be estimated
indirectly from other parameters thal can be measured on
photographs, such as tree height, crown diameter, crown
area, stocking, or measures ofcompefition with neighbouring
trees.

Volume estimates based on photo-measurements irnply the
use of either aerial stand-volume tables or aerial tee-
volume tables. Aerial tree-volume tables imply the use of
photographs at scales l3rge enough to show individual hees
in open stands.

For most species, total tree height has the strongest
conelations with both bole volume and diameter (Sayn-
Wittgenstein and Al&ed 1967; Spencer 1972; Aldred and
Lowe1979:.Halletal. 1989 ). This is followedbymeasures
of crown size (often crown area) and measures of
competition with neighbouring trees. Ho \\ever,Hall et al.
(1989) have shown that the exha cost of measuring crown
area may notbejustified by the additional small benefit to
be gained from its inclusion in the volume or diameter
estimating function. Aldred and S ayn Wittgenstein (1972)
concluded that'measure s of relation to neig hbours' w onld,
not prove to be very useful for estimating volume except
in special cases.

Initial studies in the jarah forest attempted to estimate
stand yolumes ftom 1:4500 scale photography. It was
found, howeveq that the correlations between stand volume
and the usual parameters, stand height and crown cover,
were too low to be cost effective. The structure ofthejarah
forest was too complex for simple stand volume estimates.
Stands ofequal height and crown cover could have different

volumes depending on the structwe of ihe forest, but
insufficient detail could be seen on the photos to be able
to count trees or interpret the structure with sufficient
accuracy.

It appearcd that estimation oftimbervolumes in thejarah
forest from aerial photography would have to be based on
estimates derived from individual hees.

To test this theory, approximately one hun&edjarah trees
were measured near Collie to deiermine the relationship
between gross bole volume and tree height. Crown
dimensions were not investigated at this stage, because
they are difficult to estimate from the ground and ground
estimates vary considerably from estimates made on
photographs. It was also anticipated that the crown
dimensions would be of secondary importance to height
because manyofthe old trees have degenerate crowns that
bear little relationship to their cunent standing volume
(Fig. s).

A strong exponential relationship was foundbetween bole
volume and total height, indicating that stem volumes
could be estimated from measured tree height as long as
suitable photographs could be obtained that showed
individual fees (Fig. 6). The derived relationship is :

,[nV = a+ a la'tl

wherc InY = natural log ofbolc volume (m3)

n?vH = nafiral log of tree height (m)
aandb = constants

Testphotographs at 1:1000 - 1:1500 scale were taken over
the Collie forest using aHasselblad 70 mm camera from a
Piper Super-Cub aircraft. A combination of slow camera
recycling and a high aircraft speed resulied in a small
stereoscopic overlap, i.e. there was a very large base-
flying-height ratio. This made it difficult to measure tree-
heights accumtely, nevertheless, it demonstated that
indiyidual trees could be identified and measured. Based
on a further review of Canadian experiences and parallel
research at Melboume University (Spencer 1972) it was
decided to implement a twin-camera, fixed-base
photographic system.

2.4.2 Measurement of tree heights on
large-scale photographs

There are three approaches for determining he€ heights
from aerial photographs; measurement of shadow-length,
measurement ofdisplacement on single photographs, and
measurement of stereoscopic parallax. The widerapplication
and greater accuracy of the parallax method has led to its
exclusiye use in large-scale photographic programs.
Therefore, it is the only method discussed here.

Parallax is the displacement of one image with respect to
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Jarah gross bole volume / total height relationship; 112 observations, f = 0.8439.
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Thus h = Hb.dp/(b + dp)

Making the altemative substitution

Pb = f.B/Hb ,

gives the following equation which can be used for fixed-
base photography:

Thus h = HU.dp/(B.fAtU + dp),

which transposes to give

h = Hb2.dp/(Hb.dp + fB)
where h = height of tree (m)

Hb = height ofthe camera stations above the
base of the tree (m)

dp = differential parallax (mm)
B = distance between the two cam era slations,

syn . air-base (m)
b = photogaphic air-base(mm)
f = focal length of camera (mm)
Pb = absolute stereoscopic x-parallax of the

base (mm)

The above three formulae are exact in theory and under

perfect conditions ofphotography and measurement would
givethe sameresults (Schut and van Wijk 1965). However,
because perfect conditions rarely apply, results will vary.

By transformation ofparallax equation (2) it is seen that :

dp = h.b(Hb-h)

For conventional small-scale photography where object-
heights (e.9. trees) are generally small relative to flying
heights, this equation may be approximated by

dP = h.b/Hb.

Substitution of

b = B. f/Hu

sives dp = h. (fAIU).(B/Hb).

This approximation does not apply with large-scale
photography because the heights of objects cannot be
assumed to be small in comparison with flying heights,
hence

dp = h. (f/Hb).(B/(Hb-h)).

Because of this difference it is apparent that differential
parallaxes can be large on photographs of very large
scales, even when the air-base is very short and air-base to
flying height ratio is sm all relatiye to values in conventional
photography.

(3)
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less flying time than the same number of sample plots at
700x700mspacing.

Ground samples were then selected as eyery fifth photo
sample on every second line, giving a spacing of
2000 m x 2500 m, which closely approximated the
desirable square configuration for maximum uniforrnity.

Fixed-area plots were chosen in prefere(ce to point samples
because they are easier to defineon the aerial photographs
and they facilitate closematching ofthe ground and photo
samples. Circular plots were selected as theyinvolvedonly
the matrching ofonepoint, and for a given area involve the
smallest perimeter along which mismatches can occur
between the two phases.
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Figure 7
Forecast sampling errors for volume estimates dedved for discrete arcas offorest, assuming systematic plot locations,

one photo plot Per 50 ha, one ground plot per 500 ha and coefhcent ofvariation as explained in Section 2.5.
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