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FOREWORD 

The contents of this hook can be divided into three 
parts for convenience. In the first part (Chapter 1), we 
characterize the present status of measurement photo-inter¬ 
pretation in forest inventory and the extent to which corre¬ 
lations in the crown cover of forest stands have been studied. 
In the second part (Chapters 2, 3» 5i 6» 7t and *e P*®" 
sent results of theoretical and experimental studies on use of 
mathematical modeling and point systems and sets in investiga¬ 
ting tree stands, discovering approximational relationships 
and methods of determining indicators in appraising the value 
of stands as applied to problems in forestry and topographic 
photo-interprétât ion. The problem of studying statistical 
correlations of the distributional and correlational relation¬ 
ships among stand indicators is taken up more fully. Elements 
of the theory and measurement methods of determining topograph¬ 
ic and appraisal information from aerial photographs are set 
forth. The third part (Chapters 9 and 10) outlines ways of 
using measurement photo-interprétât ion in forest management 
and aerial evaluation of forests and lor>ks at the prospects 
for automating the collection of information from aerial pho¬ 
tographs and the use of electronic computers in forest man¬ 

agement . 

The book is the first to deal with this subject and 
treat it in this approach and so it obviously is not free of 
shortcomings. Some problems call for further exploration and 
can become subjects for independent monographs. 

A large number of stu dies have been published on inter¬ 
pretation of aerial photographs of forests and on aerial meth¬ 
ods in the U.S.S.R., the United States, Canada, and other 
countries. Sizable successes have been gained in theory and 
practice, although the theoretical fundamentals and objective 
methodfc of measurement interpretation of aerial photographs of 
forests are in need of further development. The practical 
bearing of reaching this goal was stressed by the International 
Photogrammetric Society, which in 1956 recommended that all 
countries engage in scientific research aimed at developing in 
the near future the theory and methods of determining informa¬ 
tion about forests by using aerial photographs. The task was 
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even mor® fully posed Uy the All-Union Conference on the The¬ 
ory and Practice of Aerial Photographic Interpretation, which 
in I96I took note of the underdeveloped state of theory and 
recognized as a paramount problem the formulation of general 
theoretical fundamentals and objective methods of interpreting 

aerial photographs. 

The «»-¿pression "interpretation of aerial photographs" 
in our view does not fully measure up to what the work amounts 
to. Under today’s conditions it is better to talk about the 
theory and methods of gathering information from aerial photo¬ 
graphs. This is the sense in which the term is used in this 
book. Therefore, the book’s title does not fully describe its 

content. 

This book is intended for engineering-technical and 
scientific personnel in forest management, aerial photography, 
land management, geobotany, geography, cartography, and other 
specialists who rely on aer'.al methods. 

The chapters written by M. K. TBcharov have been read 

by G. G. Samoylovich. 

The authors express their gratitude to Docent B. A. 
Kozlovskiy, and also to the following professors — Y. I. Su¬ 
khov, A. V. Mazlov, N. D. ll’inskiy, Z. P. Morozov, A. N. Lo¬ 
banov, and T. F. Deyneko, and to the following Candidates of 
Sciences — M. I. Malykh, S. D. Dubov, S. F. Bogatov, V. M. 
Zaytsev, V. A. Zakharov, G. F. Panin, P. A. Yakovlev, N. A. 
Kornilov, and Z. T. Tolmacheva for valuable counsel and com¬ 

ments. 

Chapters 2, 3, 4, 5, 6, 7, 8, and 10 were written by 
M. K. Bocharov and Chapters 1 and 9 -- by G. G. Samoylovich. 
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Cf’APTM 1 

PRETEXT STATE OF A ER T AI FH'vrn-TXTgRPRETA'nTOK iy 
FOREST TNVSNTORY AM) ST^DY op OROwy CAN<'PY ^Tnno- 
TPRE 

1. Present State of Aerial Photo-Interpretation and Hse of 
Correlations of Crown Canopy Structure in Forest Inventory 

Under today’s conditions materials of aerial photog¬ 
raphy are the basis for forest inventories. Their use has 
led to a considerable improvement both in field as well as 
laboratory work. Consonantly, the technoloeical process of 
inventoryine forests based on use of aerial photographs has 
also changed. 

At present, contour interpretation of aerial photo¬ 
graphs and the visual estimation method of field evaluation 
of forests using aerial photographs has undergone the great¬ 
est development in forest management. Laboratory évaluâtion- 
al interpretation as well as measurement methods of determin¬ 
ing evaluation indexes of forest stands from aerial photo¬ 
graphs have not yet seen marked development in practical use. 
Also going unused are correlational ties linking 
indexes of stands and correlations of stand composition. 

Still, investigations conducted in this area over the 
past 40 years both in our country and abroad have demonstra¬ 
ted wholly beneficial results. We will cite a number of them. 

Based on the studies of Ristov (1924), Krutsh published 
the results of experiments on interrelationships between crown 
diameters and diameters at breast height (b.h.) in determin¬ 
ing stand reserves from aerial photographs. Subsequently, 
these experiments were continued in Germany by Tsiger and 
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Ney man • We knot» of studies in this area in the United States 

[81], Canada, Finland, Sweden, and other countries. In our 
country, the first experiments on interrelationships between 
appraisal indexes of forest stands were heeun by A. Ye. Novo- 
sel'skiy in 1923 and by G. G. Samoylovich since 1926. Their 

results were published in 19^0 [46]. 

N. I. Baranov was responsible for a considerable num¬ 
ber of test plots for explorine interrelationships between 
tree crowns and appraisal oharacteristics of tree stands (pub¬ 
lished in 1948 in the collection of the Central Scientific 
Research Institute of Forestry, Voprosy Lesnoy Taksatsii [Prob¬ 

lems of Forest Appraisal] and in the article [*4 ] ). 

The study of V. I. Levin and V. 1. Kalinin validated 
the existence of interrelationships between crown diameters 
and cross-sectional areas at breast heieht, species numbers 
of crowns, and trunk volumes (Trudy Arkhangel* Lesotekhniches- 
kogo Institute [Proceedings of the Arkhanpel’ Forest Technol¬ 

ogy Institute], NTo 15, 1954). 

M. K. Bocharov derived relationships between appraisal 

indexes of stands in the light of commitments in forest car¬ 

tography in a long series of studies [7~16] making use of 

aerial photographs. 

V. 8. Moiseyev, relying on materials of investigations 

in 1949-1951 at the Vokhomskiy Tree Farm Kostromskaya Oblast 
in collection No 1, Uchet LesosvrWevkh Resursov i UstrovatTQ 
Lesov [Evaluating Forest Raw Material Resources and Forest 
Management], published in 1957, derives correlational equa¬ 
tions relating mean tree stand diameters to the maximum and 

mean diameters of crown projections. 

A. N. Polyakov in the journal Lesoinzhenernoye Help 
[Forestry Engineering], No 1, 1958, published some new data 
on correlations in the structure of simple pure and even-aged 
stands and brought to light characteristerics in the distri¬ 

bution of trees by their crown diameters. 

Relying on material obtained in different rayons of 

the Soviet'Union, A. M. Berezin and I. A. Trunov [6] estab¬ 
lished that the correlations between mean crown diameters and 

d.b.h. correspond only to tree stands grown under specific 
physical—geographic conditions and cannot be extrapolated to 

other geographical regions. 
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In the collection 58 of the Trudy Instituta leea1 
Drevesiny Sihirekogo Otdeleniya Akademll Nank SSSR [Proceed- 
inge öf the fheiituie of forests and Wooi^ of the Si herían 
Division of the USSR Academy of Sciences] (1962), an article 
by N. G. Khar in was published on the study of relationships 
between several appraisal indexes of tree stands for inter¬ 
pretation of larße-scale aerial photographs. 

Hased on the forest manapement instruction of 196*1 to 
the lower orpanizational levels of forest manapement, labo¬ 
ratory and office appraisal interpretation of aerial photo- 
praphs is recommended for sections located inndd-sighting ex¬ 
panses. However, it is also based on visual estimations of 
photo-imapes of tree stands visible in the stereoscope. Ex¬ 
perience of practitioners and traininp play a decisive role 
in this procedure. Here the use by some only of visual esti¬ 
mation observations cannot puarantee uniformity in work and 
hiph quality, since visual impressions are subjective. The 
need has arisen to advance to new, objective methods of work 
based on the proper use of appraisal correlations of tree 
stand structure, on measurements of appraisal Indexes of 
crown canopy based on aerial photopraphs, and on mathematical 
validation of forest interpretation of aerial photopraphs. 

Below we will state which prerequisites for this are 
already in effect at the present time. 

What then has held up the wide advancement of office 
interpretation and of measurement methods of securinp appraisal 
characteristics of forest stands? 

First of all, the use of aerial photopraphs of rela¬ 
tively small scales for this purpose (1:25,000 and smaller). 
The volume of information obtained by usinp such aerial pho¬ 
topraphs is limited. Many details of stands are lost on such 
aerial photopraphs because of the small imape, and not more 
than 20-30 percent of the trees compared to their actual num¬ 
ber show up. The diacernability of the canopy in depth is 
sharply reduced, which hampers use of measurement instruments. 
As many years of experience have shown, scales of 1:10,000 and 
larger and not smaller than 1:15,000 are the most optimal for 
appraisal interpretation. Smaller scales of aerial photopraphs 
are the most suitable for cartopraphic purposes, in fact, and 
contour interpretation of aerial photopraphs. Therefore, at 
present the problem of the ends served by aerial photopraphy 
using simultaneously two aerial cameras with a focal-length 
ratio of approximately 1:2 has been properly posed. 
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¡extensive use of office interpretation as part of a 
unified technolnrHcal process of forest inventory bas become 
possible with the use of lareer scales in aerial pbotocrrapby. 
Office interpretation of aerial pbotorrranbs will be based 
not only on recognition of tbe ob.iects in tbe pbotocrapbed 
locality, but also on determination of qualitative and quan¬ 
titative characteristies of tbe stands with tbe broad use of 
interrelationships between appraisal indexes of tbe stands 
and tbe correspondinc measurement instruments. 

Tbe process of office interpretation of aerial pboto- 
eraphs is not purely one of laboratory work. It commences 
in tbe period of preparatory work for forest manarrement with 
study of tbe tree stands in sample plots selected nut of sec¬ 
tions that differ in appraisal characteristics, burinsr this 
period tbe necessary interrelationships between anpraisal in¬ 
dexes of stands must be uncovered for their subsequent em¬ 
ployment in tbe various operational steps. 

Tn the office period precedinp field work contour in¬ 
terpretation of aerial pbotoirrarbs must be carried out, and 
dependine on tbe area of operations and the level of forest 
management, the determination and measurement of several ap¬ 
praisal indexes of tbe stands that will be verified and sup¬ 
plemented throuch field work, piven the essential minimum of 
steps for this purpose based on tbe rational placement of the 
appraiser's survey lines. 

Only if there is tbe far-ransrine incorporation and up- 
pradinc of tbe method of office interpretation of aerial pho- 
toprapbs can several procedures in forest inventory be auto¬ 
mated in forest manapement, above all at its lower levels. 

¡¿¡nlarpinp tbe scales of aerial pbotoprapby and increas- 
inp tbe volume of office interpretation of aerial nbotoprapbs 
under certain sets of conditions are compensated by reduced 
volume of time-consuminp and costly field work. 

How tborouirbly several correlations in stand structure 
have been studied for purposes of aerial photo-interpretation, 
measurement methods of determininp appraisal indexes, and 
mathematical fundamentals of measurement interpretation will 
be propounded in tbe followinp chapters. 

Tbe extensive advancement and use of measurement meth¬ 
ods of interpretation and tbe transition from tbe aerial pbo- 
topranh to compiline appraisal indexes of stands based on tbe 
study of bow appraisal indexes are interrelated requires, on 
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the one hand, a concept of the imaeine properties of aerial 
photoeraphs, know in er what can he measured on aerial photo- 
praphs of different dimensions, and on the other — study of 
interrelationships between measured indexes of tree stand 
canopies and those appraisal indexes that are required in 
drawinp up appraisal descriptions of tree stands. 

To determine the essentials and content of this kind 

of interpretation requires first of all that we dwell on a 
number of features of tree stand structure and the nature of 
their pbotopraphic imaeine on flat aerial photoeraphs. Know- 
inc what and how objects show un on aerial photoeraphs, we 
can more confidently not only draw up measurement methods, 
but also determine, by startine from correlations of the stand 

structure, appraisal indexes of tree stands called for in 

practical work. 

2. Present .State of Studies on the Structure of Tree Stand 
Canopies in Relation to Serial Photo-Interpretation 

The concept of stand canopy. Thus far study of the 
structure of stand canopies has not been civen autonomous 
prominence, therefore concepts of it have been treated in dif¬ 
ferent ways in handbooks and textbooks. 

Expanded research in sylviculture and proeress in for¬ 
est interpretation of aerial photoeraphs have pushed to the 
fore the need to study the structure of the canopy of simple 
and mixed stands, and accordincly the interrelationship be¬ 
tween canopy indexes and other appraisal indexes of tree 

stands. 

It appears necessary to study forest cover by stand 
levels. Correlations inherent to tree stands (elements of a 
forest) comprisinc crowths [canopy levels] must be appropriate¬ 
ly expressed and find reflection in the makeup of the stand 

canopy. 

^e arboreal canopy of any tree stand is made up of 

the totality of the tree crowns. The latter differ in form 
and size both within the limits of a sinrrle tree species as 
well as amone several species. tn natural stands, dependinc 
on tree spacine and unevenness in their arraneement in the 
tract, the stand canopy will correspondinely be made up of 

differences in tree heichts. 
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The composition of the tree crowns directly constitut¬ 
ing the stand canopy is intimately related to the hioloeical 
properties of each tree species considered separately, the 
species makeup of the stands, characteristics of tree erowth 
and development, and on the conditions of the hahitat. 

Sylvicultural-hioloeical properties of tree species, 
correlations in the makeup of tree stands of forest elements, 
and a Ion* series of other factors have an effect on the com¬ 
position of the canopy of each stand of trees. 

In any more or less closed stand there are trees whose 
crowns are located in isolation in the canopy (free) or only 
touch at their branches; crowns whose lateral portions to 
some extent extend under the crowns of neiehborinct trees and, 
finally, crowns located wholly under the crowns of other trees 
are also constituents. Within the limits of a erowth level 
the crowns of all these trees will then constitute the canopy 
of the stand growth level. 

Consequently, we take the term canopy of a pure or 
mixed stand to denote that totality of crowns of trees differ¬ 
ing in shape and size that within the limits of a growth story 
stand apart from others, are in contact with others, or are 
located in part, to some extent, or altogether under the crowns 
of neighboring trees. 

Tree stands that are complex in configuration can in¬ 
clude, in addition to the principal canopy, another one lying 
beneath it made up generally of other tree species whose crowns 
correspondingly mingle with each other within the limits of 
this growth story. For example, a thick spruce story under¬ 
neath a birch story, or underneath oak, a growth story made 
up of its associates: linden, maple, or others. 

In infrequent tree stands with closures of 0.3-0.4, 
the canopy can be made up of crowns of trees that are not pre¬ 
dominantly in contact with each other but stand considerable 
distances apart. However, when trees are arranged in group 
fashion, some of the crowns can have their branches entering 
into the crowns of neighboring trees, and less commonly can 
be located under these neighboring trees. In tree groups 
this will characterize the closedness of the crowns, which 
is not one and the same thing as the closedness of a canopy. 

Usually, with increase in stand density the extent of 
canopy closure also rises, as does the number of trees with 
crowns that are partly or completely covered by crowns of 
neighboring trees under which the former trees are situated. 

- 8 - 



The horizontal projection of a canopy will be made up 

of trees with crowns in the following situations: a) located 
in isolation in the canopy, that ie, free-standing, h) touch¬ 
ing the crowns of other trees, and c) partially overlapped by 

neizhborinz crowns. 

The followincr main features characterize the horizon¬ 
tal projection of a stand canopy and its appearance from the 
top view: the forms and dimensions of the projections of 

tree crowns, the disposition of the ci own arrangement in the 
canopy, the horizontal extent of canopy closure, and in mixed 
stands also the species makeup of the stand canopy. Tn addi¬ 
tion, the following accompanying features are directly asso¬ 
ciated with these character istics already listed: the forms 
and dimensions of intervals between crowns, distances between 
crowns, and several other characteristics (Figure 1). 

The following main features characterize the vertical 
projection of a stand canopy to one side, its profile: the 
heights of trees, the forms and dimensions of their crowns, 
the heights up to the greatest width of crowns, the extent 
(length) of crowns, the arrangement of trees, the extent of 
vertical closure of the canopy, the extent or depth of the 
canopy, and also a number of other features (Figure 2). 

The appearance of one canopy projection can intergrade 
into another. By knowing the structure of the stand canopy 
as viewed from the side, it is easier to imagine to oneself 
what the appearance would he viewed from the top, in the hor¬ 
izontal projection. 

We note that thus far features of the form and dimen¬ 
sions of tree crowns that make up the stand canopy, the ar¬ 
rangement they occupy in the canopy, the extent of crown over¬ 
lap, the variation in the size and nature of intervals between 
crowns, and the variation in incremental growth of crowns with 
increase in age in different forest types have not yet been 
adequately studied. 

Tn the study of the pattern of stand growth, attention 
has also not been paid to variation in indexes characterizing 
crown dimensions, with the exception of data published, for 
example, by Gerkhardt in tables on stand growth patterns. 
Knowledge and provision for the above-listed indexes of stand 
canopies will prove of unquestioned value, for example, in 
sylviculture, in particular in studying forest upkeep fellinge, 
for improvement and refinement in studies on interpreting aer¬ 
ial photographs and describing forests from aircraft. We 
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Diameters of tree crowns in a permanent sample 
area in quadrant 73 of the Derzhavinskiy forest 
tract of the Duzulunskiy Pine Forest. Area: 0.5 
hectare 

/ 

GRAPHICS 
REPRODUCIBLE 

Fieure 1. Horizontal projection of a staiul of pine 
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beean tbe study of this problem as far back as Ip man- 
acine tbe forests of tbe Mari ASSR, continued It in the Bozu- 
lunsldy pine forest (now Orenburcskaya nblast) of Bashkirskaya 
A.SBR, Lenincradskaya Oblast, and then -- in other areas of the 
Soviet Union. These investi eat inns were conducted by N. 
Vazhutin [B9, 40], a. M. Berezin [6], and 1. A. Trunov [S6], 

V. S. Moiseyev ptihlished results of work under condi¬ 
tions prevailine at the Vokhomskiy Tree Farm,r ostromsTcaya 
Oblast in his author's abstract of his candidate's disserta- 
t i on , bosiii fr irovan ive po Aersnimlam Smeshan^ykh i.esov pri 
Lesoustroystve v Srednoy Chasti rayezhnoy /ony [Tnterpreta- 
tation of Aerial Photoeraphs of Mixed Forests in Forest Van- 
aeement in the Central Part of the Taira /one] in 1952; A. Ya. 
Zhukov published work done in the same area in "Study of a 
Stand of Deciduous and Cedar Plantincs Under Mountain Condi¬ 
tions for the Purpose of Interpretation of Aerial Photocranhs 
and Aerial Appraisal of Forests" in Trudy kesotekhnicheskoy 
Akademii [Proceedines of the Forestry Technoloev Academy], 
No 82, Part IT, 1957. 

REPRODUCIBLE 

Ficure 2. Schematic view of a profile of a mixed 
stand and its representation in an aerial photo- 
eraph. 
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A. N. Polyakov studied interrelationships between 
full occupancy, crown closure, and density of stands, at 
25 sample areas of pine plantincs of site class 1 located 
in Vladimirskaya Oblast, which was published in Vanchnyye 
Dokladv Vysshey Shkolv [Scientific Reports of the Hicher 
Schools] (Lesoinzhenemoye Delo [Forestry Sneineerine], No 

1, 1959) • 

N. 0. Lharin divided trees only into two categories 
in layine the groundwork for a method of forest interpreta¬ 
tion of large-scale aerial photocraphs and counting trees on 
sample plots based on the percentage of crown participation 
in the canopy, using our original assumptions: trees emerg¬ 
ing into the upper canopy and trees covered by the crowns of 
other trees. (Trudy Institute Lesa i Drevesiny [Proceedings 
of the Institute of Forest and Wood] Vol 58, No 1, 1962). 

At the present time there is a need for a new type of 
table giving the growth pattern to which the following canopy 
indicators have been added: composition of upper canopy (pro¬ 
jected), crown closure, crown diameters Dc and crown length 

lc* 

Initially, individual considerations on a method of 
studying canopy cover were published incidentally in a pre¬ 
sentation of various problems of forest interpretation of aer¬ 
ial photographs. When, however, the need for a more purpose¬ 
ful study of canopy cover cropped up, the first considerations 
found generalization in section VTIT of Snravochnik Taksatora 
[Appraiser's Handbook] [5^], and then in our booklet [59]. 

Tvnes of canopies. Tree stands can be quite divergent 
structurally in different forest-growing zones. The compo¬ 
sition of timber stands can include a variety of forest-form¬ 
ing tree species. Exhibiting biological properties intrinsic 
to trees and occupying specific interrelationships under given 
site conditions, they produce under natural settings particu¬ 
lar structures of forest cover. Man, entering into the stand 
and intervening with economic activities, can alter it in the 
direction he needs, especially by forest maintenance fellings 
or gradual-sampling fellings. We cannot touch on all of these 
problems. We will focus our attention only on several general 
schemes of the structure of forest cover growing under condi¬ 
tions of the northern Taiga zone. We can conventionally sin¬ 
gle out three most widely distributed and typical schemes of 
forest cover structure. 
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In the sinple-story etand (typical forest element), 
the tree cover, especially in its upper section that shows 
up on aerial photographs, will be made up of crowns of trees 
more or less similar to each other in shape and size of crown, 
with small differences in tree heiphts and crown lennths. 
The crowns of trees predominant in this part of the forest 
canopy overlap at approximately the same heipht (hDc)> pro- 
ducinp the so-called horizontal closure (riirure 3, a). 

The depth of a canopy of such stands, that is, the 
distance from the tip of the tallest tree to the bepinninp 
of the active crown of the lowest, tree that is part of the 
canopy will be the preatest. On laree-scale aerial photopraphs 
the pround surface shows up well in such stands, especially 
for averape occupancies of 0.7 and lower. 

Another type of canopy will have two-story stands. 
In these the tins of the crowns of the second-story trees 
will either overlap with the lower portions of the crowns of 
the first-story trees or partially enter into the upper part 
of the canopy of its first-story stand. This type of stand 
shows a clearly pronounced vertical closure (Fipure 3, b). 

Finally, there can be multistory stands consistine of 
several tree species in which some trees are located under 
others, have different heiphts, shapes, and lenpths of crown, 
and as a consequence produce vertically stepped canopy closure 
(Fipure ). The depth of the canopy in such stands will be 
the preatest and their diseernabi1ity in the stereoscope will 
also be slipht. 

The first description of this scheme of stand canopy 
structure is to be found in a study by Professor Denpler. 

For a graphic estimation of the way the stand canopy 
looks from the side and its structure in the cross-section of 
vertical plane, we can sketch the stand profiles on different 
scales alonp the vertical and along the horizontal (Figure 5). 
In these we can depict at the desired scale typical crown 
shapes and sizes of different species (with an indication in 
percentages of the representation of particular crown shapes), 
the nature of the tree arrangement in the section relative to 
each other, the presence of a second story and its distribu¬ 
tion in the stand, the extent of uniformity in the admixture 
of different species, and other most characteristic features 
of the stand. When colored pencils are used for different 
trees and stories, a vivid representation of the appearance 
and structure of the canopy of stands results. The first 
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Fiirure 1. .Schematic view nf the profile of a 
canopy of stands: a — with horizontal closure 
of tree crowns; h — with vertical closure of 
tree crowns. 

experiments in this direction wer« conducted in 1°?^ in work 
done in the Vari ASSH, and in 1037-101^ appraisers si etched 
in profiles in repeated forest manacement worV in the lash- 
kir ASSUj which proved useful both in the period of trainincr 
appraisers studying interpretation clues as well as in office 
appraisal interpretation of aerial photoçraphs. 

If we proiect a hurdle of parallel sun rays to this 
profile of the stand at an ancle equal to the heicht rf the 
sun at the moment of aerial pbotocraphy, then we can erasp 
some, thouch appr ximate, idea of how it will show up in aer¬ 
ial photoeraphs (Fieure 2). 
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Fiirnre ¿i. Srliematic view of a profile of a 
stand canopy with stepped closure of tree crowns. 

Features of forest cover in aerial photographs. On 
flat aerial photographs of moderate and lanre scale viewed 
stereoscopically the observer can, dependine on their scale, 
differentiate not only features of the horizontal, hut also 
of the vertical projection of stand cover, that is, can dis¬ 
cern the visible model of the stand. 

The followinc can be distinguished in a canopy of each 
of these stand types: totality of tree crowns that commonly 
have different shapes, sizes, tones, or colors; the arrange¬ 
ment of trees and crown spacines; the intervals between them; 
and the extent of crown closure. Depend in*? on the types of 
aerial photocraphic film used, the species composition of the 
stands can be differentiated (interpretation composition). 
The latter, based on black and white tones, can best be dis¬ 
cerned from sprine and autumn panchromatic and summer infra- 
chromatic aerial photographs, and when color film is used — 
from spectrozonal aerial color photographs. 

In addition, differences in tree heiehts and canopy 
depth can be distinpuished in forest cover in the stereoscopic 
viewer and as a consequence the discernability of the sround 
surface. 

Dependine on the illumination conditions at the moment 
of aerial photoeraphy, the height of the stand, and the sun's 
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Fleure 5. Profile of the canopy cover of an 
aepen-cbern1chnik etand with horizontal and 
vertical scales (in meters). 

azimuth, imaein* of illuminated parts of tree crowns b^s 
up on aerial photographs. But trees whose crowns are wholly 
in shadow produced by the crowns of neichborine trees cannot 
produce images, especially when the aerial photography is 
done on a bright, sunny day. 

All visible indexes of forest cover can be measured 
from aerial photographs using different methods and instru¬ 
ments, namely: crown sizes, distances between crowns, inter¬ 
vals between crowns, crown closure, number of trees, species 
composition, tree heights, and canopy depth. 

The main roles in using moderate-scale aerial photo¬ 
graphs are as follows: finding interrelationships among nat¬ 
ural forest cover indexes and those that show up on aerial 
photographs, studying interrelationships between stand c^?by 
indexes susceptible to measurement and those not discernible 
in aerial photographs but needed in compiling appraisal de¬ 
scriptions of forest tracts. 

Mathematical interrelationships studied in this direc¬ 
tion are set forth in the following chapters. They have al¬ 
ready laid a reliable foundation for measurement interpreta¬ 
tion and determination of several appraisal indexes of forest 
stands. 

structure of the horizontal projection of forest cover.. 
This problem is most crucial in the theory and practice of 
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forest interpretation of aerial photographs. Therefore, first 

of all we .must deal with the question of the structure of the 
horizontal projection of forest cover directly perceptible in 

the stereoscope. 

All trees forming the horizontal projection of the nat¬ 
ural forest cover can he schematically placed in three cate¬ 
gories by how fully they participate in the projection. 

I. Trees standing apart in the canopy with crowns 
separate from the crowns of other trees or only in contact 
with them at their branches. This category of trees is called: 

trees with "free" crowns. 

Figure 6. Typical categories of trees partici¬ 
pating in the horizontal projection of a canopy. 

II. Trees whose crown branches partially penetrate 
the crowns of neighboring trees. Their peaks are exposed and 
their crowns are not more than 50 percent covered by the 
crowns of neighboring trees. This category of trees is called: 

trees with "partially covered1' crowns. 

III. Trees whose crowns stand completely under the 
crowns of neighboring trees and are completely covered by 
them. These are chiefly trees of the lower or less often of 
the moderate thickness classes (Figure 61. They are called: 

trees with *'covered11 crowns. 

If trees can be counted by species from the extent 
their crowns participate in the canopy and from their thick¬ 
ness class, as a result we can establish what the number of 
trees is and what thickness classes are projected in the 

forest cover [50]. 
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knowine what the number of trees of various species 
that enter into the upper canopy cover and are projected into 

validly proceed to determining the makeup or 
canopy (interpretation composition). This 
introduced by us because there can be a dif- 
it and the canopy calculated from ground 

cruising data and this difference will ho all the greater 
the larger the number of trees under the crowns of trees in 

the stand canopy. 

it, we can more 
the upper stand 
latter term was 
ference between 

The makeup of stands is usually determined from the 
proportion of the stock of each particular species in the over 
all stand. A similar method is applicable also in determining 
the interpretation composition of the stand. The latter index 
is more validly determined from the number of trees producing 
a projection of the stand canopy onto aerial photographs. The 
role of this feature takes on greatest importance when using 
moderate- and large-scale aerial photographs. 

Stand canopy indexes. In looking at the stand canopy 
in the overall view, we can assume that any stand in aerial 
photographs is made up of images of the projections of tree 
crowns and intervals between them. In the overall, however, 
they will produce an image of the projection of the stand 
canopy. In order to make clear to oneself what will show up 
of the stand canopy in a visible form on the aerial photo¬ 
graph, we must study character istics of the stands themselves, 
their structure, and above all the shape and size of tree 

crowns. 

The scale of the aerial photograph, the resolving power 
of the photographic system, the extent of image displacement, 
the height of the sun, the time of day of the aerial photog¬ 
raphy, and appraisal characteristics of the stands affect the 
inftging of crown shapes and their dimensions. 

The model of a stand made up of trees of different 
heights, of different crown shapes and sizes, with ’hter- 
crown intervals of different forms and values, and with dif¬ 
ferent degrees of ground surface exposure is especially 
graphically visible in the stereoscope used with large-scale 

aerial photographs. 

Tn any stand, even those made up of the same tree 
species, both crown shapes and dimensions vary. 

lut depending on the species, age, degree of occupancy, 
crown canopy closure, density of tree stands, and admixtures 
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of other species particular types or forms of crowns predom¬ 
inate in the stand canopy, and other crown shapes are less 
pronounced. 

Froe-Htandimr trees as n rule have different crown 
shapes and sizes than do trees of the same aire in stands. 

•i’be shapes of tree crowns are charncter i zed by the 
following indicators in the licht of coals in interpretinc 
aerial photographs: crown diameter (Dpi, crown lencrth (lr^, 
hoieht to trreatest crown width (hpr); and heicht up to 
start of crown (Kicrure 7). 

For the same tree heicbt, crown lorrtb, anti croivn di- 
amoter, hut for different i'eiirhts up to rreatest crown width, 
crown siiapes vay. ’’tie creater tiie heicht up to the crenlest 
crown width, the more rounded ami bushier will he the crown 
(Hi). 'Pich crowns (THl will he larrrer in size on aerial 
jhotncraphs than crowns with acute, conical (1) or paraboloid 
( »11) shape ( Ficure F ), 

In the central part of a flat aerial photograph, when 
there is perpendicular crown projection, in spite of the 
presence of the same tree heicht, the same Dr and lr of the 
crowns, they will differ in shapes of upper crown sections. 
To he specific, the crowns of the first type will show up in 
irrealer depth in the stereoscope, and they will have the most 
clearly pronounced cone of their cast shadow. The crowns of 
the second type owinir to the smoother transition from t> e il¬ 
luminated side to the side in shadow will show up more convex 
than the crowns of other types. Finally, crowns of type 111 
with the most bushy tip will appear planar, without clearly 
pronounced shadows cast. Such crowns in stand canopy and in 
aerial photographs of different scales will he the mosi dis¬ 
tinctly imacred and look shallower in the stereoscope. 

The nature of the pbotoeraphic imace of crowns in aer¬ 
ial photographs will depend on the external appearance of the 
crows, their habit, or their architecton ics. 

Starting with these pm^i^03* it is first of all neces¬ 
sary both in pure ami especially in mixed stands to arrive at 
a clear idea of the crown shapes of tree species prédominâtinr 
in the eiven stand and constitutinc the upper stand canopy. 

In aerial photoeraphs trees most fully illuminated at 
the moment of photoeraphy, with the broadest peak, and the 
createst heieht predominate in producine imaees, as well as 
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Fleure 7. Tnrtexep of orown ebape and si/e. 

LSOSND: 1 — lc 2 — bl)r 3 — ^Or ^ 

trees of moderate beicbt that are not shaded by the shadows 
cast from the crowns of neiebborii-c trees whose dimensions 
are greater than the resolvinc power of the photographic sys¬ 
tem. Therefore, we must first pay attention to crown shapes 
and sizes of such trees in each pure stand. 

in some mature and pure stands the shapes and sizes 
of tree crowns in the closed section of the stand canopy dif¬ 
fer but sliehtly from each other. 

Tn mixed pine-birch stands crown shapes maturine and 
sometimes at mature acres are close to each other if they are 
located in the same stand canopy. Often the upper sections 
of the crowns are paraboloid. Sometimes the heicht to the 
createst crown width in birch is lower than in pine. Crown 
lenirth commonly is greater for birch than for pine. Therefore 
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Fi.ure 8. Variation in crown shape. 

LüXîSNI)! 1 — lr 2 — hDr 3 — h0- b — T)c 
5 — hD 

they "sit deeper" in the canopy. iVhen there is croup arranee- 
ment of trees hirch crowns stand closer to each other than do 
the crowns of pine, therefore the discernahility in the stereo¬ 
scope of canopies at these locations deteriorates. Sometimes 
birch heichts are lower than pine heichts and their crown pro¬ 
jections are finer. These characteristics of stands at times 
are so representative that one can determine without error the 
composition of such stands on the basis of these features. 

Groups of mature-aeed aspen located in admixtures to 
pine and spruce always differ from these species in charac¬ 
teristic crown shapes. They are rounder and flatter in the 
upper crow section. In Groups anu curtains the crowns are 
bunched tieMly together. In aerial photocraphs they appear 
irretrular!.* rounded, of the lichtest crey tone, and almost 
without ojienimrs between crows. 

Pure spruce forests under northern conditions are made 
up chiefly of different cenerations, therefore both crown 
shapes as well as tree heichts vary widely hero. Distances 
between trees are also not the same, as the result of which 
the intercrown intervals con be different in size on aerial 
photocraphs. An impression is civen of a disorderly, non-un- § 
iform arrancement of these trees in the canopy with different 
decrees of discernabllity "in depth". 
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Tp mixnd tnnriH they are 8tnrtio«1 f°r interpreta¬ 
tion we must first of all take into account crown shapes ami 
sizes within the limits of each individual species, here It 
is ohlieatory to conduct a comparative evaluation amone spe¬ 

cies . 

Settine up a stähle classification of crown shapes 
for difierenÍ tree species under different site conditions 
is one of the most ureent tasks in forest interpretation nf 
aerial nhotoeraphs. 

Venóte that those trees whose crowns are imaced in 
the canopv projection will ho of the nreatest importance in 
interpretation of aerial photographs. Trees lartriner in orrowth 
and in development, stand inc under the cro^ms of other trees, 
in most cases will not he imaced in aerial photocraphs. 

Tree crown sizes are determined by the crown lencth 
and hv its width (!)c). e taJ;e crown lencth (lr) to refer 
to the extension of crown from the outermost live twics to 
its anex. individual branches separate from the total accre- 
"ation of hranches not participatinc in crown formation and 
not determining its shape are not taken into eonsiderat ion. 

Crown width refers to its main diameter (nr). H is 
determined as the arithmetic mean between twn or four meas¬ 
urements of the crown cross-sect ional area: C - IO , Om - tOj 
b - ^ , »Ort - C3 . 

In eacli stand there can he variations in tree crown 
sizes within the limits even of the same snecies (Ficure 1'. 

however, in nature in a mixed stand there can he such 
cases in which the T)r of the crowns ( createst width) are the 
same for different species, hut in crown shape are different, 
which depends on the heiclit to the createst crown width. For 
example, spruce are conical and nine are rounded. 

spruce crowns appear in aerial nhotocraphs to he b to 
times smaller in terms of projection sizes than do aspen 

owinc to the fact that at the moment of aerial nhotocranhv 
in the case of the snruce only the upper and not the -vide 
sections of the crowns are illuminated, while in aspen the 
opposite is the case, the upper beinc the widest and flattest 
crown peaks. In terms of difference in crown sizes and, con¬ 
sequently, in the appearance of their projections on aerial 
photocraphs we can more confidently Tîroceert^'to-,1eterT/4nir^ . + 
the makeup of timber stands, in eeneral, the lower the belch 
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up to the createst crown width, the smaller will he the 
value of its diameter in the aerial photograph. This is 
especially important when the sun is not high in the sky 
during morning aerial photography. A different ratio in 
crown sizes can be the case when the aerial nhotoeranhy is 
done at midday when the sun is the highest in the sky. 

On the number of trees producing the horizontal pro¬ 
jection of timber canopy. Processing counts by the nature 
of crown participation in horizontal projection of stand 
canopies vividly showed that the distribution of tree crowns 
by the extent of thickness is expressed by a normal distri¬ 
bution curve, just as in the case for the total number of 
trees (Figures 9 and 10). However, trees standing in the 
canopy and the crowns of the trees are distributed along a 
descending curve. Of these, the greatest number of trees is 
recorded along the lower degrees of thickness. As the re¬ 
sults of counts have shown, not only can the lowest and thin¬ 
nest trees be located under the crowns of other trees, but 
also some of the trees of moderate and even high degrees of 
thickness. Data in this direction are to be found in the 
earlier indicated studies of G. G. Samoylovich, N, T. Daranov, 
V. S. Moiseyev, A. Ya. Zhukova, T. N. Maohugina, A. T. Bere¬ 

zina, and T. A. Trunov. 

In stands not differing in appraisal characteristics, 

the number of trees of different degrees of thickness that 
are part of the horizontal projection of the canopy does not 
remain the same. Let us give several examples from experi¬ 
ence we gathered in working in the northern Taiga zone of 
the !íuropean part of the USSR. In an 80-year-old pure birch 
stand, occupancy 0.8, site class TT, the canopy projection 
was made up of the following: all trees ranging in thickness 
from 20 cm and higher, 96 percent of the 16-cm-thick trees, 
64 percent of the 12-cm-thick trees (in terms of the total 
number of trees of each thiclcness class), and the rest of the 

trees stood under the crowns of neighboring trees. 

In a pure aspen 100-year-old stand, occupancy 0.5, 

and site class IT, the canopy projection was represented by 
all trees ranging in thickness from 20 to 40 cm (seven thick¬ 
ness classes), 80 percent of the 16-cm-thick trees, 5n per¬ 
cent of the 12-cm-thick trees, and 28 percent of the 8-cm- 
thick trees, in terms of the total number of trees of each 

thickness class. 

As a rule, aspen in the canopy projection were more 
numerous than birch in birch-aspen stands independently of 
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Figure 9. Distribution of number and stock of 
trees by thickness class in a stand of maturing 

larch (according to Á. Ya. Zhukov)* a — in 
terms of stock; b — in terms of number of trees. 

LEGEND: 1 — number of stock trees; 2 — thick¬ 

ness class. 

Figure 10. Distribution of the number of trees 
by thickness class, as standing under crowns of 
trees in a canopy of all-aged pure stands (ac¬ 

cording to A. Ya. Zhukov). 

LEGEND* 1 — number of trees in stand canopy; 

2 — maturing; 3 — mature; 4 — over-mature. 
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the proportion of aspen admixture for different derrees of 
occupancy and site classes. Aspen was present in the mature 
age class from 88 to 100 percent, but birch only from 64 to 

90 percent. 

In stands of pure 20-year-old pine saplings, occupancy 

0.9 and site class II, 70-75 percent of the total number of 
trees showed up in the canopy projection. This number inclu¬ 
ded up to 65 percent of the 8-cm-thick trees, some of the 12- 
cm-thiok trees, and almost all of the 16-cm-thiek trees and 
thicker. Tf there were admixtures in these stands of spruce 
and birch and a reduction in occupancy down to 0.7, the num¬ 
ber of pine in the canopy projection rose to 80 percent. Ad¬ 
mixture of spruce in the canopy projection of the stand showed 
up only with the 16-om thickness class, and birch admixture 

only with 12-cm thickness. 

From 60 to 80 percent of trees participate in the pro¬ 
jection of the canopy of pine stands 40-60 years old, with 
occupancies 0.7-0.9, and site classes 1-TTI. It was noted 
that in the case of the admixture to the pine of one spruce 
unit the number of pine in the canopy projection rose to 84 
percent, which doubtless affect& the appearance of the stand 
canopy in aerial photographs. 

In pure pine stands 100-110 years in age and with oc¬ 
cupancy of 0.6 and site classes II-IIÏ, and forest types — 
ehernichnik and dolgomoshnik, the caropy projection is made 
up of 85 to 95 percent of the trees. In these same stands, 
when occupancy is raised to 0.9, only 55-60 percent of the 

trees are represented. 

In pine stands with admixture of spruce and birch up 

to five units, aged 80-100 years, site classes IT-ITT, and 
for occupancies of 0.6-0.9, only 70-73 percent of the total 
number of trees remained in the canopy projection, some of 
the 16-cm-thick trees, and all of the 20-cm and thicker trees 
(6-7 thickness classes). Spruce and birch show up in the 
canopy projection for thicknesses of 20-24 cm. 

In closed spruce stands of 100-120 years in age, site 
class IT, the canopy projection is made up of trees ranging 
in thickness from 20 to 24 cm, and less often is this true 
of stands with 28-cm-thick trees (that is, 6-8 thickness 

classes). 

In spruce groves 160-240 years in age, site classes 
III-IV, occupancy 0.7-1.0, and with pine and birch admixture 
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t.„ 'ï-ii un i th. almost all trees 24-32 om thick are part of 

terms of the total number of trees in each thickness ciass. 
The entire pine admixture appears in the canopy projection, 
biit of the birch admixture — trees 12 cm thick are represented 
up to 75 percent, and those 16 cm thick up to 90 percent of 
the total number of trees in each thickness class. 

Tt is clear from the examples cited that dependine on 
the appraisal characteristics of stands the nrojection of the 
stand canopy is made up of trees of different thickness 
classes. With increase in atre and reduced occupancy, a 
creator number of trees of different thickness classes then 
show up in the projection of the stand canopy. At mature 
ape, in pure and mixed stands tree species are most fully 
represented in the stand projection in terms of the total 
number of trees in the followinc order: aspen, p<ue, birch, 
and least of all spruce. This conclusion bears specific 
practical value in forest interpretation of aerial photo¬ 
graphs . 

On the number of trees standine under the crowns of 
other trees in the stand canopy. Let us cite examples based 
on counts made of trees from the participation of their 
crowns in the projection of the stand canopy. These will 
help ns to answer the question as to what trees stand under 
the crowns of nearby trees and what trees do not participate 
in formine the horizontal projection of the canopy. 

Tn mature birch stands of site class IT, aeed 80 years, 
with occupancy 0,8, up to 12 percent of trees of all thick¬ 
ness classes are located under crowns. Out, under an anal- 
oeous stand 100 years, in aee, under otherwise equal conditions 
only 2 percent of trees are located under crowns. 

In a mixed stand of 50 percent pine and 5 percent 
birch, afted 60 years, with 0.7 occupancy, and site class T1 
29 percent of the birch were found under crowns, and 10 per¬ 
cent of the pines. If the total number of birch were 296 
trees, and the number of aspen 2^2, then it turned out that, 
in contrast, more aspen (220 trees) than birch (210 trees) 
appeared in the canopy projection. This can already have an 
effect on precision of interpretation of forest composition 
from aerial photographs. 
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In a birnh-spruce stand ('î bipcb-5 spruce, 7b years 
of aee, occupancy n.7, and site class TTT), almost three 
times more spruce were found under tree crowns than birch, 
while the birch was one-half as numerous as an analogous 
pure stand. 

'Aben comparintr birch-spruce stands identical in com¬ 
position and occupancy (7 birch-3 spruce, with occupancies 
of 1.0), but at different aces from erowth classes V to X, 
it was established that the number of spruce under the crowns, 
respectively, was decreased from 61 to Í47 percent, and that 
of birch from 36 to 3 percent, ’’’be greater the age, the 
fewer birch were found under the crowns of stands mixed with 
spruce. Tn all other analogous stands there proved to be 
considerably more spruce under crowns than birch. 

Tn mature mixed birch-aspen stands of site class UT, 
when the occupancy was reduced from 0.7 to 0.5, that is, by 
0.2 under otherwise identical appraisal indexes of the stands, 
the number of birch under crowns was reduced from 20 to 23 

percent, while the number of aspen remained the same (ten per¬ 
cent ). 

Tt is clear from the foregoing that in mixed stands 
snruce, birch, and least of all aspen, in that order, are 
found under crowns. Tn young and moderate-aged larch stands, 
it is chiefly trees of the lower thickness classes that are 
located under crowns — up to 1? cm thick, and less often up 
to 16 cm. But in mature stands trees of higher thickness 
classes are to be found under crowns — up to 24 cm thick¬ 
ness, and less often higher thickness classes. 

Pine stands. Tn pure pine saplings 10 pine, 20 years 
of age, site class Í, from 24 to 30 percent of the pine were 
found under crowns for different stand occupancies. In the 
case of the admixture to the stand of one unit spruce, it was 
almost completely located under pine crowns (from available 
material, up to 82 percent of the total number>. 

Tn pine stands 40-60 years of age with occupancy rates 
from 0.6 to 0.9 and site classes T-TTT, the pine under crowns 
proved to amount to I7 to 30 percent of the trees. Tn the 
event of spruce or birch admixture of not more than one unit, 
on the average 68 percent of the spruce proved to be located • (k 
under crowns, and 59 percent of the birch. 

Tt is characteristic that when the occupancy rate is 
brought down to 0.2 under the same appraisal character 1st les 
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in other respects for stands, the number of trees under 
crowns of the same stands is reduced on the averace by 15- 
16 percent, but when the aee of the stands is increased by 
20 years the total number of trees under the crowns is re¬ 
duced on the averane by 10-12 percent. 

In pure pine stands loo-iio years of aee, occupancy 
0.6, and site class III, for the doleomoshnik type forest, 
from U to H¡ percent of the trees are found under crowns, 
chiefly those 8-16 cm in thickness, and only here and there 
those 20 and 2*4 cm thick. 

In a mixed pine stand 5 pine, 3 spruce, 2 birch, oc¬ 
cupancy 0.65, and site class TIT, for pine aced P0 years, 
spruce aged 7° years, and birch açed ?0 years, and for a 
doleomoshnik forest type, 5 percent of the pine stood under 
crowns (in thickness classes 12-16 cm), 52 percent of spruce 
(thickness classes from P to cm), and 21 percent birch 
(thickness classes from 8 to 20 cm). Under this same occu¬ 
pancy, but for 110 years of aee, in the stand P pine, 2 
spruce 42 percent of the spruce were under 
ness classes from 8 to 20 cm, and infrequently 2*4 and 28 cm). 

Tn pine plantines of I7O-IOO years of aee, at occu¬ 
pancy rates of O.7-O.8, and for site class ni, for J e^eht 
admixture of birch or spruce from 1 to 5 percent of the pine 
stood under crowns, from 5 to 22 percent of the birch, and 
50 percent of the spruce. Of the second spruce ceneration 
up to 60 percent of the trees were located under crowns. 

Tn stands of site class TV with the same admixture of 
spruce and birch, for the same occupancy rates from 1 to 15 
percent of the pine stood under crowns, from 20 to 42 percent 
of the spruce (of its second «reneration up to 7} percent), 
and from 3 to 15 percent of the birch. Tt is clear from 
these examples that as the site class is reduced, the number 
of spruce situated beneath crowns is reduced. 

Spruce stands. In spruce stands mixed with ^irch and 
pine, of composition 6 spruce, 2 pine, 2 Mrch, 
years (for all species), for occupancy rates of 09, site 
class TIT, and doleomoshnik type forest, from 1*4 to 21 per- 
cent of spruce were located under crowns, from 3 to 5 percent 
of pine, and up to 10 percent of the birch. The la+^ J|rnvort 
to be found under crowns more than pine, which once aeain 
confirms its high shade tolerance. 
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ln plantincs of the same rompositinn ami ape, 5 spruce, 
pine, 1 birch (spruce aeeri 1^0 years, pine and birch also 

100 years in ape), site class 111, but for different occupancy 
rates, spruce located under crowns proved to be in the follow- 
ine numbers: 

For occupancy O.tiO — 12 percent (thickness from 16 
to 24 cm), 

for occupancy 0.56 — 2fi percent (thickness from 8 
to 24 cm), and 

for occupancy O.65 — 33 percent (thickness from P 
to 16 cm), 

that is, as the occupancy rises, the number of spruce trees 
under crowns also rises. Tith increase in occupancy the pres¬ 
ence of a laree number of thin spruce was noted. Pine, ex¬ 
cept for trees here and there (thicknesses of 8, 20, and 24 
cm), all showed up in the projection of the stand canopy. 

The number of birch standinp beneath crowns differed 
dependinp on occupancy: 

For occupancy o.ijp — 7 percent (thickness from 18 
to 20 cm), 

for occupancy of O.56 — Q percent (thickness from 
12 to 25 cm), and 

for occupancy of O.65 — 16 percent (thickness from 
8 to 16 cm). 

Thus, as stand occupancy increases, the number of 
spruce and birch situated under crowns rises (chiefly owine 
to the most slender trees), het ns take as an example a 
stand made up of the three species with almost identical par¬ 
ticipation of spruce, pine, and birch, 4 spruce, 3 pine, 3 
birch (spruce and pine aped 100 years, birch aeed 00 years), 
and occupancy 0.9, therefore we find that the followinp proved 
to be the percentapes of trees situated under crowns — 30 
percent of spruce (thickness from 8 to 24 cm), 9 percent of 
pine (thickness from 12 to 20 cm), and 21 percent of birch 
(from 8 to 16 cm in thickness). 

In stands of this same forest type, but with a smaller 
proportion of pine and birch admixture — 8 spruce, 1 pine, 
1 birch (spruce and pine aped 100 years, birch aped 00 years), 
and with 0.6 occupancy the followinp proved to be the 
crown-covered values: 22 percent of spruce (from 8 to 28 cm 
in thickness), 6 percent of birch (from 16 to 28 cm in thick¬ 
ness), and there were no pine at all covered by crowns. 
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\nalyF is of mature tnixed standp pboweH that ap the 
stand ornnnanpy is increased more trees of lower tbieVnesp 
classes (8-12 cm) were found under tbe crov-ns of other trees. 
For evamnle, in tbe stand *4 spruce, 1 nine, and 1 birch 
(spruce and nine a?ed 1(W years, birch ared 00 years), with 
occupancy 0.0, site class HI, and dol"romoshnik type forest 
the trees were located under crowns, in relation to thickness 
classes, in the followinc order: 

Id 20 2h 

31 17 2 
2 2 — 

In mixed spruce stands arred from PO to 120 years, for 
different occupancy rates on tbe averare there were 23 per¬ 
cent of spruce, 3-5 percent of pine, and 0 percent of birch 
under crowns. 

In over-mature mixed spruce stands of site class 1'' 
the admixture of nine and birch did not exceed 3 units, here, 
pine independently of the proportion of its admixture was not 
at all to be found under crowns. 3ut the admixture of birch 
aced from 10" to 120 years in stands with occupancy rates from 
0.8 to 1.0 were partly located under crowns (from 5 12 per¬ 
cent). Spruce predominating in the stand composition was lo¬ 
cated under crowns to the extent of from and in some cases 
to lío percent, tn accordance with the foretroine, when inter¬ 
preting the composition of stands from aerial photographs the 
coefficients for spruce and for birch can he understated in 
the stand makeup. 

•whus, based on a count of trees from their crown par- 
ticination in the stand canopy, it can he stated that of the 
predominant tree species trrowinc in the Taina zone the most 
represented in the horizontal projection of the canopy out of 
all the total number of trees is aspen followed by pine, 
bircb, and least of all spruce. 

in interpretine aerial pbotonraphs the very same pro¬ 
portionality is retained in the makeup of species in the 
stand canopy projection. 

On the composition of stand canopy in horizontal pro¬ 
jection. With a decrease in the total number of trees makine 
up the projection of a stand canopy, there is also a chanrre 
in the number of trees in individual tree species constitut me 

Thickness class 
Number of trees 

spruce 
pine 
birch 

V 12 
under crowns: 

?o ?n 
’4 

\0 21 
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the stand. From this, consequently, the composition can also 
vary for that portion of the stand which accounts for the hor¬ 
izontal projection of the canopy. In fact, these variations 
are of exceptional importance in interpreting aerial photo- 
eraphs, therefore we will cite a number of examples based on 
data of sampling areas. 

^n mature and over-mature pine stands in the northern 
Taiea zone, for example, of the site class Til we can en¬ 
counter stands of the two-story type or stands with several 
forest cenerations. Spruce most commonly predominates in the 
second story. It sprouts under the crowns of pine, birch or 
aspen or occupies "windows" in the horizontal projections of 
the stand canopy. individual spruce showinc up in the first 

4 story occupy the free space between crowns in the canopy. 

,.hen deciphering aerial photographs, especially those 
of the larcre-scale catecory, without knowimr biological char¬ 
acteristics of stands we can allow substantial errors in de- 
termininc stand makeup. Calculatincr the composition of the 
horizontal projection of a stand canopy (by the number of 
trees it contains) has revealed the followinp: 

£ Table on following page J 
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/« = anruce: P = pine: B " birc]¡/ 

3 

4 

5 

6 

7 

8 

I. 10 P (200 yrs) + S 
II. 9 S (l60 yrs) 1 B (100 yr 

I. 9 P (165 yrs) 1 B (95 yrs) 
+ S 

II. 10 S (150 yrs) 

10 P (155 yrs) + B (75 yrs) 
+ S (80 yrs) 
5 P (85 yrs) 3 S (75 yrs) 
2 B (65 yrs) 

8 P (190 yrs) 1 S (H 5 yrs 
1 B (70 yrs) 

8 S (155 yrs) 1 B (125 yrs 
1 P (150 yrs) 

0.85 
0.3 

0.8 

0.7 

0.6 

10 

6 S (210 yrs) 2 P (230 yrs 
2 B (100 yrs) 

I. 7 P (130 yrs) 2 S (230 yrs 
1 B (70 yrs) 0*9 

II. 10 S (l50 yrs) °«5 

I. 7 S (130 yrs) 2 S (230 yrs 
IB (70 yrs) 0.7 

lu. 10 S (140 yrs) 0.5 

I. 9 P (140 yrs) 1 B (90 yrs) 0.5 
II. 10 S (130 yrs) 0.4 

0.73 

0.8 

III 

IV 

IV 

IV 

IV 

III 

III 

IV 

9P1S+B 

7P2J1B 

8P1S1B 

6P2S2B 

9P1B+S 

8S2B+P 

7S1P2B 

5S4P1B 

6P3S1B 

5P4S1B 
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Second-story trees (IT) differinc only in heipht (t?y 
15 percent) and entérine into the intervals between canopy 
crowns, vary the ratios in the proportion of species repre¬ 
sentation in the makeup of the stand (sample plots 1, 
9, and 1^), which is correspondinely reflected in the aerial 
photoeraphs. 

The most stähle species in the horizontal protection 
of the canopy proved to Tv hirch. The proportion of its ad¬ 
mixture remained unchanved or was added to hy one unit. In 
addition, in sinele-story stands the admixture of spruce di¬ 
minished since some of it was situated under tree crowns 
(sample plots *4 and 5). In some hirch or aspen stands mixed 
with spruce, instead of U epruce units in the horizontal can¬ 
opy projection, no more than 1-2 units were left. The rest 
of the spruce trees were located under the crowns of decidu¬ 
ous trees or pine. 

Differences in the heichts of tree stands also are 
vitally important here. 

Ty way of an example we present data for *4 sample 
plots: _ 

£ - spruce; P = pine; B - birch; As - iispejj/ 

Sample Plot 
Number Composition 

Age of Dom¬ 
inant Species 

Site 
class 

Occu¬ 
pancy Species 

' Mean tree 
stand heights 

t 

1 

2 

4P 70 
3 As 
2 S 
1 B 

4? I 120 
4 S 
2 B 

I 0.87 

I 0.94 

P 
As 
S 
B 

P 
S 
B 

23 
22 
19 
21 

31 
27 
30 

3 5 S 
4 B 
1 As 

120 II 1.1 S 
B 
As 

25.4 
28.3 
29.2 

4 5 B 
4 S 
1 P 

100 II 0.5 B 
S 
P 

25.5 
20.7 
26.6 
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In the stands, as to averace beiebt sprnre nas belov 
birch, aspen, and pine by 2-5 meters. Not all the spruce trees 
entered into tbe horizontal protections of the stand canopy, 
since some of them were shadowed or situated under the crowns 
of deciduous trees, which understated the proportion of their 

representation in the stand composition. 

In eeneral, the proportion of tbe spruce admixture to 

other species, for example, to pine, oak with linden, always 
as a rule understated the minimum by 1-2 units, and in dense 
stands of saplings or moderate-aced deciduous stands — by up 
to% units. The same was noted also in respect to associates 

of r>ak — linden, maple, and elm. 

In order not to allow errors, when interpretinff, in 
the stand composition, we must study in advance characteris¬ 

tics of tree stands in nature, establish the interrelat n- 
ship between the stand composition and the composition of its 

horizontal canopy projection. Only timely and careful tram- 
ins can help the practitioner to avoid errors m determimnir 

stand composition. 

On heiehts, lencths and widths of the crowns of trees 

makine up the horizontal projection of the stand canopy. 
amplitude of variations between heiehts of trees compris me 

the horizontal projection of the stand canopy is somewhat 
less than for the total number of trees formme tree stands 
of forest elements. The smallest fluctuations in the heiehts 
of trees comprisine horizontal projections of a canopy are 
observed in closed aspen, and secondarily in birch stands. 
The same has been observed also in pine stands. The ereates 
fluctuations in tree heights in the horizontal projection of 
the canopy occur in spruce stands, particularly if they con¬ 

sist of several forest senerations. 

To illustrate the foreeoine, let us eive several ex¬ 

amples. In a pure BO-year-old birch stand, site class 11, 
and occupancy 0.8, the difference between averaee tree heiehts 
in the lower and hicher thickness classes varied up to in.5 
meters, variations in crown lenetb — up to 0.1 meters, and 

in crown widths -- up to 2.9 meters. 

if, however, we calculate the averaee heieht of trees 

comprisine the horizontal projection of the stand canopy, in 
precisely the same way as we usually calculate the averaee 
heiehts of tree stands, forest elements, then the difference 
between the mean, greatest, and smallest tree heights will be 
k meters (for 68 percent), and the corresponding value for 
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rrown leneths — 4.9 meters (t/7 percent), anrt crown widths 

— 1.7 meters (^1 percent). 

In a 100-year-old birch stand, site class ÎT, occupancy 
o.H, the difference in averaee tree heights as between lower 
and higher thickness classes equals 11.7 meters, for Ip — 
7.0 meters, and for 0C — 5.3 meters; but amone the very same 
trees making up the horizontal projection of the canopy, the 
difference proved less: for height, 3.5 meters (7° percent), 
for lr — 3.7 meters (47 percent), and for '>r — 3.? meters 
(bo percent). These indexes (in relative values) prove to 
he similar to data given above for PO-year-old birch stands. 

In these stands the average heights of trees oompris- 
ing the horizontal projection of stand canopy proved to be 
higher than the general average stand heights, and this is 
already of specific importance in respect to the measurement 

interpretation of tree stands. 

in order to discover whether the occupancy of stands 
affects amplitudes of fluctuations in tree heights, in lr, 
and in l)c within the limits of forest elements in the horizon¬ 
tal projection of stand canopies, let us compare birch-spruce 
stands uniform in appraisal characteristics, but differing in 

ocpupancy rates (0.5 and 0.7). 

® 
® ■ 

¿) ® © 

LtíOlüND: 1 — fluctuations in meter between; 2 — 
occupancy 0.5; 3 — for the entire stand; 4 — 
for trees in the horizontal projection of the 
stand canopy; 5 — birch; 6 — spruce; 7 — occu¬ 
pancy 0.7; 8 — for the entire stand; 9 — for 
trees in the horizontal projection of the stand 
canopy; 10 — lc; 11 — 1)0. 
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Ab the ocoupancy rate is increased from 0.5 to 0.7, 
the extent of difference in heiehts as between trees in the 
horizontal projection of the canopy for spruce decreases, 
hut rises for birch. Difference in the crown leneth is re¬ 
tained almost at its former level, but the difference in 
crown width for spruce in an occupancy of O.g is increased, 
while that for birch is decreased. Thus, for an occupancy 
of 0.5, there will be more crowns of spruce trees differine 
in size in the horizontal projection of the canopy, and for 
an occupancy of 0.7, more of bird’. 

Tn a birch-aspen stand composition 5 birch, 5 aspen, 
ace Un years, occupancy 0.7, and site class iii, the ampli¬ 
tude of variations weve characterized by the followinc table. 

fOT REPRODUCIBLE 

LSOCND: 1 — fluctuations in meters as between; 
2 — for the entire stand; 1 — birch; 4 — as¬ 
pen* 5 _ for trees in the horizontal projection 
of the stand canopy; 6 — lc; 7 — hr. 

In this stand fluctuations between appraisal indexes 
were alieht as between aspen and birch. 

In this stand of site class ITT the difference be¬ 
tween these indexes as a whole was less than in the site 
class T stand. 

The averace heieht for the stand (forest element) of 
aspen was 20.6 meters, but for the trees male inc up the com¬ 
position of the canopy, 21.1 meters, and the difference 
amounted to +0.5 meter. The averace heieht of a birch stand 
of trees of a forest element was 19.0 meters, but for trees 
entering into the projection of the canopy, 24.4 meters, and 
the difference also was +0.5 meter. 

for 
The heieht up to the greatest 

the aspen than for the birch, by 
crown width was 
1.5 meters, but 

larger 
the 

- 36 - 



crown leneth wan 1.1 meters less in the case of the aspen 
compared to the birch. The spread of crowns from the aver- 
ace heipht was percent for the hirch, and n percent for 
aspen. 

in a horizontal projection of a canopy of site class 
1H, variations in the average heiehts of hirch and aspen 
tree stands were creator than in the case of a site class 1 
stand, smaller for crown width for hirch and aspen, and 
creator for aspen when crown lencth was compared. 

Let us look further at an aspen-pine stand of comno- 
s it ion 5 aspen, 5 pine, ace years, occupancy and site 
class 1. 

LSfïlîXD: 1 — variations in meters as between; 
2 — for the entire stand; 3 — aspen; U — pine; 
5 — for trees in the horizontal projection of 
the stand canopy; 6 — lc; 7 — 

Tn the horizontal projection of the stand canopy var¬ 
iations in heieht were 57 percent less in the case of pine 
compared to aspen, 13 percent less for l)r as between these 
two species, and twice as créât for lc as between these same 
two species. 

The extent of crowns was 55 percent for aspen, and 36 
percent for pine, with respect to the averace height of tree 
stands (forest element). The averace crown lencth in the 
case of pine was on the averace 3 meters less than for aspen. 
But the averace Dc values for aspen and pine were approximate¬ 
ly the same, at 3*2 meters. 

If we compare pure aspen stands with homoceneous mixed 
aspen-pine stands, then we will see that the pine admixture 
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in the horizontal projection of the canopy of such Stande 
rechices the variation in h and Ip for aspen. 

difference in averace heiehts of «onlines and 
averace-aeod pine stands commrod in 11 the averace heiehts 
of trees comprisinc their canopy projection, based on the 
data of several sample plots, is listed below. 

© © ® ^ 
© ^ 

Graphics 
NOÿREPRODUCIBLE 

L jc r 1 — sample plot number; 2 — composi¬ 
tion of stand and ace; 3 — occupancy; *4 — site 
class; 5 -- averace heieht in meters; 6 — of 
stand; 7 — of trees in projection of stand 
canopy; 8 -- difference in meters; 0 -- 10 pine 
(20);’ 10 — 10 pine (50); 11 — 8 pine (50) 2 
spruce (50); 12 — 0 pine (2b) 1 birch (¿0); 
13 — 9 pine (35) 1 birch (4o); it» — 10 pine 
(50) + spruce, birch; 15 — 8 pine (20) 1 
spruce, 1 birch; 16 -- 10 pine (35^ + birch; 
17 — 9 pine (60! 1 spruce (60); 18 — 10 pine 
(100). 

In stands of younc trees 20 years of aee of different 
occupancy rates and site classes (I—ITT), differences in 
averace heiehts prove to be about the same (+1.5 meters), 
and the ereatest difference in heiehts was found for aces 
50-6O years independently of occupancy rates, while in the 
period of the most pronounced differentiation of trees in 
site classes T and II, it was hieher (+2.2 and +3.0) than in 
site class TIT (+1.8 meters). 
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In 100-year-old pine proves, occupancy 0,7, site class 

III, this same difference was considerably less (+0,7 meter) 
owing to a reduction in height increment. Consequently, the 
difference in average tree stand heights in the horizontal 
canopy projection of the stands rose up to the 60-year age 
mark, after which it dropped off considerably. The fluctua¬ 
tion in heights here was also less. 

From the data considered it is clear that in horizon¬ 
tal projections of the canopy of stands differing in apprais¬ 
al indexes, the range of fluctuations in h, lc, and Dc is 
predominantly less compared with the mean indexes for stands 
as a whole, and less often remains the same as this latter 
class. The greatest crown length was observed for spruce, 
followed by birch and pine, and least of all for aspen. The 
lower botmdary of the stand was most highly located in aspen 
tree stands, while in spruce tree stands it descended some¬ 
times very shallowly, terminating close to the ground surface, 
while birch and pine occupied a position intermediate to 
these. The height up to the greatest crown width, of impor¬ 
tance in interpreting appraisal features of stands, was high¬ 
est of all for the aspen, followed by pine, birch, and spruce. 

Spruce admixture bréales up tiie canopy of closed birch 
and aspen stands, increasing its visibility "in depth". In 
pure densely closed aspen groves the visibility below "in 
depth" is the lowest. As the age rises in pure deciduous and 
mixed stands, the range of variations in stand projection by 
height, Dc, and crown lengths is reduced. The range of varia¬ 
tions is also reduced for tree stands made up of deciduous 
species in terms of h, lc, and Dc as stand occupancy is re¬ 
duced, but for spruce, in contrast, an increase is the rule. 

The above-noted characteristics of stands must be taken 
into accoimt, in particular, when measuring heights of tree 
stands for individual species. 

Closure of canopy and stand occupancy. To determine 

occupancy of stands when interpreting flat aerial photographs, 
one must resort to using the index of canopy closure, pre¬ 
viously establishing the interrelationships between these two 
quantities. Accumulating material allows us at present to 

report the following. 

In pure birch stands 80-100 years of age, site class 

II, with occupancy from 0.8 and higher, canopy closure is 
commonly 0.1 less than occupancy. In general, in fact, as 
the stand age increases, canopy closure of such stands is re¬ 

duced. 
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In pure aspen stands canopy closure is most commonly 
0.1 hieher and less often equal to stand occupancy. Aspen 
stands compared to stands of other species differ by hieher 
occupancy and greater canopy closure. Intervals between 
crowns in such stands are covered by branches owing to the 
high light requirements of aspen, which considerably reduces 

the possibility of inspecting the stands "in depth." 

In mixed birch-aspen stands of different ag'S, site 

classes, and occupancy rates, canopy closure is most commonly 
equal to occupancy, but in the case of group admixture is 0.1- 

0.2 higher than occupancy. 

On sample plots in birch-spruce stands canopy closure 
proved to be lower than stand occupancy. Thus, spruce ad¬ 
mixture to birch stands reduced the canopy closure and in¬ 
creased the discernability of such stands "in depth." 

In an aspen-pine stand 5 aspen, 5 pine, aged 60 years, 
occupancy 0.6, and site class I, canopy closure was 0.1 high¬ 
er than occupancy. In a pure aspen stand, with otherwise the 
same appraisal characteristics, stand closure was also 0.1 
higher than occupancy. In nature and extent of closure aspen 
and pine stands are similar to each other, whence follows the 
finding that pine admixture to aspen does not introduce sub¬ 
stantial changes into the canopy closure of such stands. 

Tine and aspen admixture to birch and birch-spruce 
stands increases their canopy closure. In birch and birch- 
spruce stands per se, canopy closure is lower than occupancy 

rate. 

Tn spruce stands aged 100-120 years with an admixture 
of up to 5 >mits of birch and ¿4 units of pine, and site class 
TIT, the following relationship was noted between canopy 
closure and occupancy. For occupancies of 0.3-0.4, canopy 
closure coincided with occupancy; in the same stands, but 
with occupancy of 0.5, canopy closure was 0.1 less than oc¬ 

cupancy . 

Of two spruce stands with occupancies of 0.9, in the 
one in which the proportion of birch and pine admixture was 
brought to 6 units, the canopy closure was 0.1 higher than 
occupancy, while in the other stand in which the proportion 
of pine and birch admixture was one-half as great, canopy 
closure proved to be 2 units less. This example is quite 

convincing. 
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Tn íiencral, in spruce stands canopy closure in aerial 
photographs shows up to he less than stand occupancy, while 
in pine stands as a rule the opposite is the case. 

In mature and over-mature cedar stands crown closure 
is from 0.2 to 0.5 loss than occupancy. This is wholly un¬ 
derstandable since in the stride trees of hieher thickness 
classes predominate, and there are sizable openings between 
crowns in the canopy. The Greatest difference between these 
indexes has been observed in mixed stands of cedar, pine, 
birch, and spruce. In addition, the larcer the difference 
between occupancy and crown closure (0.2-0.3), the more the 
number of trees, especially spruce, that are found under the 
stand canopy. 

In pure averace-aced and maturing pine stands of site 
classes T-III, crown closure is close to occupancy, and with 
increase in age becomes less than occupancy. This difference 
usually does not exceed 0,1, and less often 0.2. 

Spruce admixture to pine, birch, and aspen, even in 
mature ace, reduces canopy closure of such stands from 1.2- 
0.2 to as much as 0.3. Research on this subject has been 
reported by V. S. Moiseyev, I. N. Machupin, A. Ya. Zhukov, 
A. N. Polyakov, A. M. lerezin, T. A. Trunov, and N. 0. I bar in. 

In conclusion we must note that the examples civon 
above Graphically demonstrate the role and importance of 
studyinp stand canopy for forest interpretation of aerial 
photocraphs. Accumulation of data in this direction allows 
us to establish more definite interrelationships both between 
appraisal indexes of stand canopies as well as between the 
nature of their imacinc in aerial photocraphs. 

The presence of such interrelationships will be the 
basis for settinc up correlations in canop> structure and 
mathematical validation of measurement methods of determining 
appraisal indexes of stands. 

The data cited graphically evidence the role that the 
study of stands — a complex natural environment — plays for 
their interpretation from aerial photographs. 
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CHAI 'P¿U 2 

Î.ÎATI!VIATICAL VODáUW OF TIV’Ul -TTAXOS 

■\y mathomatiral nodelimr no rofor to a method of in- 
vcstiratinc timher stands. It must not ho confused \vi1h 
stereosconic nodols o1') t ai nod from aerial photographs in s t o r— 
eopliotoirrammotr ic instrumonts. ','a thonat ical model incr expands 
the theory of timher stand study, simplifies derivation of 
approx ¡national relationships amone; nnpraisal indexes, and 
alióos us to find nor. methods of measurement and determina¬ 
tion of timher stand indexes from aerial nhotoeranhs and on 
site. 

Tn present-day methods of investieat ion mathematioal 
modeling of a variety of phenomena is uidely used not merely 
in the physical and mathematical sciences hut also in hiol- 
ocy. essentially, modelinrr physical and biological processes 
consists of renroducinr: actual objects on artificially selec¬ 
ted or constructed analocuen. fine of the problems of model¬ 
ing is hold to be reproduction of external similarity between 
the real-life object and its schematic analogue. Depend ins 
on the phenomena we are investi sat inrr, the models can be Geo¬ 
metric analogues (fibres), physical constructs, mathematical 
equations, and thoir representation on electronic computers. 
■”he advantages of models include the foot that they allow us 
to malee quantitative measurements of complex phenomena and 
processes. /e hnow that real-life objeets are not always 
susceptible to direct measurement or require extremely la¬ 
borious and costly wort- oyer a period nf many year? for this 
purpose, but with models there is the opportunity of varying 
all characteristics of the phenomenon under different sets 
of conditions and combinations specified from our inspection. 
Tn a number of cases the mathematical model allows us to di¬ 
gress from qualitative features of the object or process we 
are studyinc. 
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Use of principies of cybernetics and ttie theory of 
similarity has led to much easier compilation and investisa- 
tion of animate nature. Advances in mathematical and physi¬ 
cal modeling of physiological and biological nrocesses have 
raised hopes for the successful application of mathematical 
modelimr in studyinc: phytocenoses. 

Heometrical analorrues of timber stands all mv ns fo 
find new mathematical relationships between appraisal indexes 
and to explore variation of these indexes in the overall view 
_ on analogy with variation cf indexes in actual tree stands 
over their entire growth. The mathematical functions derived 
from ‘Teomoi r i cal anal ornes will, of course, yield only n tren- 
eral representation of the actual timber stands. T’owever, 
treneral mathematical equations can then be made specific and 
refined by sampling, real-life measurements in timber stands 
differing in conditions of habitat, composition of snecies, 
are, and forest typer. Vathematical models also allow us to 
find new methods of measurement and determination of apprais¬ 
al indexes. One method of mathematical modelinr can he cited 
as the method of point systems and sets developed by the au¬ 
thor for modelinr timber stands and other discrete (discon¬ 
tinuous) phenomena that can be reduced to noint sets. Tbe 
models obtained by this method are beinc used in derivin'! 
mathematical functions and findinc new methods of determining 
indexes of tree stands. 

T. Uathematical Relationship between Gpacinrr and dumber of 
points in Point Systems 

If we want to determine the density of a forest T and 
tbe mean spacinc between trees 1, we have to Tnow the rela¬ 
tionship between these quantities. The relationship between 
\ and 1 is a particular case of the relationship between tbe 
number of discrete points (objects) and snneinirs between them 
in point systems and sets. Therefore, let us look at the so¬ 
lution of this problem in the creneral case. 

Initially, the problem of findine a relationsbin be¬ 
tween distance 1 and number of points v for a rriven area P 
arose in the course of investicrat ine other material [7]. 
Rased on the investigations made, it proved possible to find 
at first an approximational relationship, and then a precise 
formula for the relationship between U and 1 which later 
could be applied to tbe study of forests and other phenomena 
capable of beinp reduced to point systems and sets. 
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We can form a recular system of points on a plane V>y 

placinc the points jn the renters of recular conticuous ceo- 

metric fieures. 

Tf we draw on a plane two mutually perpendicular sys¬ 

tems of straight lines equally spaced from each other, then 
we cet a network of squares. By placinc the points in the^ 
centers of these squares, we cet a recular square system cf 
points. It is not difficult to construct rhombic, circular, 

rectangular, triangular and other point systems. 

Tn an elementary way, the number of points on a 
given area P can be determined approximately by dividing P 
by the area of a small figure in the center of which the 
points lie. V/e take as the distance between points the length 
1, a square of which expresses the si/e of the area enclosed 
by the small figure. 

Tf we take as the small area a square having the side 
1, then the number of points in the area P will be 

When P = 1 hectare, Ni = 10,000/lf, and = IOO//Ñ1. 

Formula (1) has been used in forest appraisal to de¬ 

termine tree spacing 1 or forest density N [3» 5*0* 

Tf we place the points in the centers of small areas 

that are mutually contiguous circles of diameters 1^, the 
number of points 

When P = 1 hectare, N2 = 12,73ft/l|» and lg = 112.R/VÑ2* 

Placemen'" of points in the centers of rhombuses with 
a small diagonal equal to the side of the rhombus I3 gives us 

'• /,- 1.0751/3- (2) 

lïhen P = 1 hectare, J\Tj = 11,550//3. ani* *3 s /07-5/)^3. 

It is clear formulas (1), (2), and (3) that the values 

of N and 1 for the same area are not the same when the points 
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lie in the centers of different ¡reometrical small figures. 

Consequently, different values of 1 for the same P and will 
correspond to values of N calculated from the ratio of P and 
the size of the areas of small figures. This is to he ex¬ 
pected since the small figures enclose different areas. The 
relationship between ?» and 1 in these cases is not established 
directly, but rather indirectly. 

It is of the greatest practical and theoretical inter¬ 
est to establish a direct relationship between N and 1, by¬ 
passing all intermediate constructions and procedures. It is 
also important to obtain such a system of points in which all 
spacings between neighboring points would be the same, and 
not different, as occurs in point systems and formulas (1), 
(2), and (3)* Finally, it is desirable to find such a sys¬ 
tem of points for which we will obtain the largest number of 
points N for a given, large enough area P for a specified 
smallest spacing 1 between points. These properties are ex¬ 
hibited by a system of points located at the apexes of adjoin¬ 
ing equilateral triangles or identical rhombuses with small 
diagonal equal to the rhombus side. This kind of system is 
also forned by points located at the centers of contiguous 
circles with a radius equal to half the distance 1 between 
(Figure 11). 

We then find the formula of the function ft = F(l) 

this most remarkable system of points. Let us take a square 
of area P with side D. ilithin the square let us draw straight 
lines parallel to its vertical side at a distance equal to the 
large diagonal of the rhombus described above, that is, at the 
distance VfT* Then we will draw straight lines parallel to 
the horizontal side of the square at a distance equal to half 
the side of the rhombus, that is, 0.5*1. By talcing the upper 
left angle of the square as the location of the apex of the 
first equilateral triangle and using the points of intersec¬ 
tion of the lines, we will construct a system of contiguous 
triangles or rhombuses for the entire square. As a result, 
wo obtain a system of points located at the apexes of the 
equilateral triangles at the identical spacing 1 between all 
neighboring points. Let us now find a relationship between 
K and 1 under the condition that all points will lie within 
the square or on its sides and will not go beyond its bounds. 
Then the number of points on the horizontal straight line will 
be 

V7fr+1' 
and the number of points on the vertical straight line, including 
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Ficure 11. Repulnr system of points. 

p0lnt9 shifted to the riel t W half the larce diagonal of the 

rhombus, _ 

'‘a“-75—H- 

The proddot nilor • r\.er will eive the «peral maximum numher 
of points in the square 

^1=(75^)(771+ ') w 
Formula (U) is valirl civen the condition of equality 

otTvcen tie number of points on all horizontal straight lines. 

tq a result of the periodic shiftinc of rhombus apexes 
ron the left vertical side by half the distance of the ar.e 
iatonal, the lencth of the horizontal straieht lines will 
i+#»rnatplv (every other) tahe on the values of T) or 1 *. 
l-V^* Therefore, the number of points on the horizontal 
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lines will be 

or nV = J)-0 5rK3_ ,1 
hmr TV? 

+ 1 

The number of horizontal lines with tbe number of 
points n")10r is equal to 0.5 nver. Consequently, when 

= n"pnr f^e totftl number of tbe points in a square is ralru- 

1 ateri from formula (^1, but when n"^0« îi*bor for nnR 
point, tbe total number of points will be 

+0(^+‘) -05-&+1 lB> 

Sinne tbe number of points ran only be an inteeer, then 
in raloulations from formulas (tí) anfl (5), we must select only 
integers, and fractions (obtained as tbe result of division) 
are completely disreearded. Formulas (^) and (5' are kept for 
any values of I) and F at the locality, map, or other plane, 
and only units of measurement will cbanire, since in derivine 
tbe formulas neither the quantities b, F, and 1 nor iheir di¬ 

mensions were involved, 

Aben !) = 1 hectare, 1 will be expressed in meters, and 
when P = 1 decimeter2, 1 will be expressed in millimeters, 

and so on. 

For practical use there is no need to perform on each 
occasion complex calculations of N and 1 from formulas (^4) 

and (5). 

Table 1 rives N and 1 calculated from formulas (¿4) and 

(5), where N denotes the lareest number of points that is 
possible to place in tbe riven area P for a riven 1. in this 
table tbe values of 1 are riven at intervals of 0,5, but \ 
can be calculated from formulas (¿I) and (5) for any fraction 

of 1 values. 

Tn those cases when it is required to know the rela¬ 
tionship between area P and the quantities ?> and 1, we can 
use the approximations! formulas (6), (?)» and (R) obtained 
by establishinr correlational ties between these three quan¬ 
tities, The rtrijn^al formulas (*4) and (5) underlie the ba¬ 
sis of the multiple correlation of N, 1, and P. 
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Table 1 

.then N 1000 

/v-122-ir: P-O.WP: 

’Vben N = IbOO - 5000 

N-l.i-Çr. P-0Í3M» 1°/^ <7> 

Vhen N > 5^00 

/V-1,166^-; P-0.MW l-)/^. W 

Formulas (6), (7), and (8) can be used in caloulatine 
1 and n for any ficures of the area P. 

Formulas (*4) and (5) eive the maximum number of points 
for areas. If the squares are superimposed on a system of 
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points formed by the apexes of ad.loinimr equilateral triangles 
(or a system of points in the centers of rhombuses with a small 
diagonal equal to the side of the rhombus), in an arbitrary or¬ 
der (orientation), then the relationship between N, 1, and P 
is determined bv formula (9) derived by the author in the study 
[13] 

/V —1 IM _£ ^ 
fa 

Since the areas of forest plots in most cases are ir- 
repular in outline, it becomes necessary to determine X from 
1 and P by the relationship of these quantities in formulas 
(4), (5), (6), (7), (8), and (9). In these cases it is use¬ 
ful to transform the irregular contour of the forest plot in¬ 
to an equidimensional square and then to calculate the total 
ntimber of points usine the above-indicated formulas. I'owever, 
we must take into account the fact that in the equidimensional 
square it is probable that there will be a fuller placement of 
points compared to the irreeular confieuration of the forest 
plot. 

As was remarked on earlier, the not wholly satisfactory 
formula (1) is used in forest appraisal to calculate forest 
density N, tree snaciner 1, and the size of sampling plots for 
the purpose of studyine the pattern of stand rrowth, determin- 
inc occupancv, and subsequent appraisal of timber stand re¬ 
serves [3, 59]. 

Formula (1) (rives understated values of 1\T for the same 
1 values (cf Table ?); thus, when 1 = 5, formula (1) cives N 
= 400, hut when formulas (5) and (4) are used, N = 492. Con¬ 
sequently, when usiner formula (1), we will always eet a lower 
forest density N, which leads correspond indy to understatine 
occupancy, and subsequently understatine timber stand reserve 
for the same tree spacincs, determined in forests or from aer¬ 
ial photoçraphs. 

In determininc the size of samplinir plots ensuring that 
they include only 200 trees, formula (1) results in their over¬ 
statement. Thus, when 1 = 8 meters, it is required to super¬ 
impose in the forest 1.3-hectare-sized sampling plots, while 
from formulas (4) and (5) it is sufficient to lay out plots of 
1.0 hectare size for areas of the same 200 trees, that is, one- 
third less, which leads to a considerable reduction in field 
appraisal work, and savings in time and money. Table 2 gives 
the values of N and 1 and the sizes of sampling plots P when 
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thoy include 200 trees, where ?\ 
tare from forinula (1), '’/4 — from 

value of the sampline plot in 
— the same quantity from 

V . 

the 
and Pit 

denotes tree density per hec- 
formulas (^) and (5)» 1*1 
hectares from formula ill, 
formulas (^) and (51* 

Prom the forecoinc it is clear 
it is best to use formulas ('t) and (5) or Table 1 

that in forest appraisal 

Table 2 

GRAPHICS 
NOT REPRODUCIBLE 

Ll. Transformation of Point Sets to Point Systems 

In practice we have to deal not only with recnilar sys¬ 
tem of points, but also with arbitrary arrangement of points 
(discrete obiects) in which distances between neichborinr 
points (objects) are not equal to each other, which in ceneral 

is the case encountered in nature. 

The problem of findine a mathematical relationship be¬ 
tween N and 1 in the case of arbitrary variation in distances 
between points located chaotically apart from any visible or¬ 
der has proven to be very difficult. But establishing such a 
relationship is altocether necessary, since trees in forests 
are located unevenly, and distances between trees differ, 
which means that one obviously cannot apply to them a rela¬ 
tionship between >’ and 1 that obtains for recular point sys¬ 
tems. The tasfc wo face must be solved in such a way, if not 
directly, then by some indirect mathematical procedure. 



Tn at-tempt ine tn find approarT-ee to the mathematical 
solution of this problem, the idea of lookinc at a forest, 
that is, trees, as a particular example of a point set arose. 
Actually, if we tal<e as the point location the centers of 
trunks, then the totality of these discrete objects from the 
mathematical point of view can be recarded as a point set in 
an area P. 

We will define point set. to refer to any number of ar¬ 
bitrarily arraneed points on an area P at different spacinrs 
between neicbborinc noints. 

I.nt there be a recular system of points with a rela¬ 
tionship between N and 1 established for them by formula, and 
a point set in which the dependence between >. and 1 is un¬ 
known to us and which we desire to find by an indirect approach. 
This case, in ceneral, is very commonly encountered in science. 
For example, the irrecular physical body liarth cannot be di¬ 
rectly expressed in mathematical formulas, Accordincly, recu¬ 
lar ceometric analocues are used — a sphere or an ellipsoid 
of revolution -- and for these ficures all mathematical cal¬ 
culations in ceodesy and cartocraphy are carried out. 

Essentially, from the premise point of view, when we 
have a point set and we cannot directly find a mathematical 
expression of the relationship of N and 1 in 1he set, then 
there remains the same method as applied in ceodesy, that is, 
to attempt to find some recular ceometrical analocue of the 
point set. 

Ve can take by way of such an analocue a recular system 
of points located at the apexes of adjoininc equilateral tri- 
ancles . 

A mathematical expression of the relationship between 
y and 1 has been found for this system of points. The problem 
here consists of relatinc the set and the system, and then 
usine formulas (^) and (5) fer a mathematical description of 
the set. That then can serve as the relatinc link between the 
set and the system of points? 

The idea of convertinc the point set into a recular 
system of points was proposed by us to find the factor relatinc 
the set and system of points. 

Let there be a set of points located at any suitable 
distances from each other on an area P (for example, a square), 
but necessarily over the entire square P, and not in any one 
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part of it. 'Te will carry out here deliheratoly a shiftine of 
the points in the area in such a way that they occupy positions 
correspondinç to the locations of the points in a reeular sys¬ 
tem. that is, at the apexes of the adjoining equilateral tri¬ 
angles. Thus, the set of points is converted or transformed 
into a regular system. As a result of this deliberate or ac¬ 
tive displacement of points in the area P, an ordinary regular 
system of points is formed which, as shown earlier, is governed 
by equations (4) and (5) as to the relationship between £ and 
1. Consequently, if there are N points on the area Pt Jhe 
distance between them in the formed system of points will be 
1 obtained from equations (4) and (5) or from Table 1 based on 

N. 
Thus, the first link in the relationship between the 

point set and the point system is given by the translation of 
the former into the latter. As a result of this transforma¬ 
tion we obtain some 1, but how this 1 is associated with dis¬ 
tances in the point set is not known to us. And is there in 
general some relationship between 1 and the set of different 
1, among the set points? When we know N, then it is easy to 
obtain 1 from Table 2. Tn practice it is of importance to be 
able to determine 1 when N is unknown. 

It follows from the foregoing that the main problem 
here boils down to looking for the relationship between 1 with 
the totality of distances li in the point set. Tf we were 
able to find this relationship, then the entire problem of 
mathematically describing a set via a system of points would 

be solved. 

Let us assume that a set of points Nj is arranged on 
the area P, where Ni and P remain constants. The points are 
placed in arbitrary fashion, but over the entire area P, and 
not in any one part of it, that is, just as trees are located 

in a forest plot. 

Let us connect all neighboring points by straight lines 
in such a way that they form the totality of adjoining tri¬ 
angles. The straight lines are drawn between the nearest 
neighboring points, that is, the shortest straight lij¡oe are 
selected, not one of which must intersect with ai?y 
straight line outside the apex of the triangle within the 
bounds of the area P. In this way we get a set of ap~ 
ranged at the apexes of non-equilateral triangles, but the 
regular system is formed by equilateral triangles. 
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We will now study the two acrsreeates of these trianples 

expressing the point set and the system of points. 

Let us make measurements of all sides of the agereeate 

of non-ecpiilateral triangles and determine the mean length of 

the side or the mean distance'between the points in the set, 

that is, 

where* 

2 i 

P 
total length of all sides of the triangle in the 

area P, 
number of sides of the aggregate of non-equHat¬ 

era! triangles. 

As an example, we will examine a set of points of N e 

30 in an area P * 1 decimeter2. 

Figure 12 shows the arbitrary placement of 30 points. 
After they were connected by straight lines according to the 
above-indicated rule, an aggregate of non-equilateral trian¬ 
gles was formed. All 72 sides of the triangles were precisely 
measured, and then the following were calculated: the mean 
distance 1*0 * 2.14 cm, the variance vj = 28.5$, and disper¬ 

sion <T 2. 

Figure 13 depicts a still more uneven placemen*, of 
points, and we see here even their group arrangement which 
produces a quite decided difference in the length of the tri¬ 

angle sides. The values of lMf), vg, and 0^2 calculated 
from the measured sides. 

In spite of the great imevenness in point placement and 
the high variance (vo * 42.8$), the mean distance between points 
1% = 2.16. Figure 11 shows a regular system of points with 
Nj s 30 and Ij * 2.15 ®m obtained from Nj * 3b from Table 1. 
In the regular system of points the variance v * d. 

Comparison of the mean differences for the set of 

points in Figures 11, 12, and 13 shows that they are all equal 

to each other, namely, 1*0 = l"o * 2.16 1* « 

2.15. 

Therefore, when N * 30 and P = const the mean distance 

between points in different sets is equal to the distance li 

obtained from Nj * 30 from Table 1. 
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Fieure 1?# Point set. 

Ami thus, if we have a set of points X in an area P, 
then after transforminR the point set into a recular system 
of points we obtain the same distance between the points Ij 
equal to the distance taken from Table 1 with respect to N and 
at the same time equal to the mean distance between all points 
in the set. Consequently, any point set can be transformed 
via 10 = li to a repular system of points in which the delib¬ 
erate or effective variation in point disposition does not up¬ 
set the relationship between N and 1, that is, it remains con¬ 
stant in spite of the fact that the point placement in the 
area P is chanced. 

The procedure of convertinc (nr reducine) any point 
set to a recular system of points allows ns to deal with the 
former .lust as with the latter. 

Xow we can, by determininp the mean distance between 
points in a point set, find the number of points in this set 
from Table 1 and, vice versa, from the known number of points 
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Picure 13. Irrecular point set. 

in the set determine the mean distance between points, tab Inc 

this also from Table 1. 

nie quality 1Q * ia obtained from the point sets in 
a volume = 30 and for variances from 0 to 43 percent. To 
verify the conclusion about tb® equality 10 = li we tool; a 
point set of volume V = points in a sincle bectare (or y\ 
= ?/)2 in 0.42 bectare). '’’bis set is the totality of trees in 
a larce forest plot. The distances between all trees in this 
forest tract were measured on the spot. Tn all, these dis¬ 

tances numbered 706 measurements. 

lased on tbe data of the 7°6 distance measurements the 

followine quantities were calculated: the mean distance 10 * 
4.43, variance v = 4^., and dispersion. ve cet = U ,'J meters 
from^"able 1 for K = Consequently, in this case 10 * 
which confirms tbe conclusion of the applicability of the re¬ 

lationship !\ and 1 in systems of points to point sets. 

Measurements of 8O6 distances between trees in the 

second forest plot (b.rt hectare in area) cave the mean distance 
10 s 5.17 meters for a variance v = The number of trees 
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in the forest, plot X = ^88 (or N2 = 203 for 0.^ hectare). ve 
obtain li * 5.025 meters from Table 1 for T. = Íí88. here also 
\n l{, but the deviation of only r-i cm can be more proper¬ 
ly related to errors in measurinc distances between trees In 
the forest than to the incorrectness of the conclusion about 

the equality 10 = h* Ani1 thu8» tbe experimental measurements 
confirm the equality 10 * h* ;rna11 Practically neelifri- 
ble deviations of 10 from li can exist, but they can be ne- 
glected. Some presuppositions about the theoretical proof of 

the equality 10 = li are presented below. 

Let P * const and Ni * const. ’?e obtain li from Table 
1 for Ni. After measuring all sides of the non-equilateral 
triangles in the point set, we determine the mean distance 10. 

Sow we will reason from the principle of proof from the 

contrary well known in mathematics. Let us assume that lo w 

li• Then the inequalities 10 > li or lo < U ^ 
valid, but in this case the equality Ni w N0 or the inequali¬ 
ties < Ki and i:0 > Ki must be valid in this case as 
well. Hut this cannot be the case, since we earlier premised 
that in the area P the number of points >T = const, that is, 
Ni = r0, and this is possible only for the equality 10 = 1¾. 
This proof would be correct if for the same value of K the 
distance 1 under formulas (¿0 and (5) would be unique. Since 

the number of points N is a discrete variable aT^ cari only be 
an integer, then for the same N there must be several values 
of 1, though in rigorous, precisely known Units of variance 
of 1 and of variations A\ from the mean value of 1 for each 
given Thus, for example, when X = 3nf the value of 1 can 
be equal to both 21 and 22 ( '’able 1), but in no way can be 
equal to 20 or 23, since for these 1 values the number of 
points P will be, respectively, 33 and 2?, and not 30. 

Consequently, when N = 3° the value of 1^ can take on 

values from 21 to 22. If we take the mean value 1*0 =t21‘5._ 
in the general case when K = const the value of = 1 « ±AX 
with decrease in 1 and increase in X the value A1 will 
decrease and in practical terms it can be neglected. But the¬ 

oretically we must assume that for each such value + lo 
will differ from 1^. Therefore, a small difference between 
10 and li observed in the experiment is wholly accountable 
and to be expected. In conclusion we note the general sig¬ 
nificance of the mathematical relationship of X and 1 in point 
sets, since it can be used for any discrete object and phe¬ 

nomenon that forms a point set. 

- 56 - 



Formulas (4) and (5) are applicable to any plant com¬ 
munities, or brush, low brush, subshrub, grassy and other 
vegetation consisting of discretely located plant individuals 
which can from the mathematical point of view be considered 
as point sets (just as trees in a forest). 

The point method of Investigation has been found pos¬ 
sible to apply also to continuous phenomena. Thus, for ex¬ 
ample, this is done in respect to study of terrain [13, 14]. 
Without this method in geomorphology, various investigators 
of the same area would get non-comparable results on the dis¬ 
articulation of terrain. 

This method is also applicable in deriving formulas of 
the visibility range in forests and the protective depths of 
a forest formulas of the traversibi1ity of a forest, canopy 
closure, classification of forests by density, and for methods 
of determining forest density and mean tree spacing. 

In this example, in several other cases, the very same 
mathematical formula proved applicable to solving the most 
diverse problems. To illustrate, formulating and mathemati¬ 
cally expressing only one regular relationship of two to three 
variables of a point set led to the solution of a long series 
of different practical problems. 

V/e investigated point sets, but with equal validity we 
can also investigate any other sets, for example, sets of tri¬ 
angles, their sides and angles, etc. 

In solving the last-named practical problems it was of 
interest to relate sides and apexes of the set of triangles. 

Let us assume that we have any convenient set of neigh¬ 
boring (freely chosen) triangles (of volume A ) with the 
number of sides (triangles)0 and the number of apexes (tri¬ 
angles) N. The following relationship exists between the var¬ 
iables A » § * and N in any set of any number of triangles 
(including equilateral): 

We can be easily convinced of the validity of this 
equality if we construct any set of adjoining triangles. 

The relationship between the number of apexes (points, 
objects) and the number of sides (distances) is necessary in 
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practice in determininc the number of trees between which we 
have to measure distances when we know the number of distances 
of a samplinc afteretratiop necessary in determininc the mean 
distance ln with desired precision and confidence interval. 

Usine the equations civen above, we obtain an approxi- 
mational formula to determine the overall lencth of the lines 

(triancle sides) in the area P. 

Since 

-- a - I 

then 

From formula (7) 

A7a=l2. 

Then 

»«122^ + íoCA-l) 00) 

As we can see from formula (1^), to determine the over¬ 
all lencth of lines in the area P it is necessary to count the 
number of triangles A formed by these lines, and to ^ejmine 
by a samplinc method the mean distance between Poi^8 
objects) of the sot. The equality (10) can be applied also in 
determininc the overall lencth of roads on maps. 

jt is important to know the overall lencth of such ®y8” 
terns of lines in an area P as horizontals or any other isol mes 
on maps in solvinc many scientific and practical problems. 

V,e can determine the overall lencth of isolines from 

the formula 

D-tnQ+kk) OD 

.here. ^ ^ 0Terall lenirth of ieoHnes In cm In an area of size 
2 X 2 cm; 
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n = irroateflt nnmlier of iBolines intorsentert by a 
Btraipht lino 2 cm in lenetb drawn perpendion- 
lar to the isolinee; 

Ic = number of bends of isolines (depressions) in a 

square 2 x 2 cm in size; 
h = averairo length of the camber of isolines alone the 

depressions. 

The overall lencth of isolines in an area 1 decimeter^ 

in size will be 

Ds-*2Bn.(2+Ak) OV 

A sampline method is used to determine T)g, and as sam- 
pline nlots — squares 2 x 2 cm in size (for a low frequency 
of isolines the size of the square is increased to 4 x cm 

and even to 10 x 10 cm). 

Transformation of point sets into rernlar systems of 
points allows us to establish a relationship between them via 
the mean distance between points in the set and to obtain a 
mathematical characteristic of the totality of distances in 
any point set solely from one index — from the mean distance. 
In practical terms it is important to know the mathematical 
characteristic of these distances in more detail, for example, 
how many and which distances can be encountered in a eiven set 
if we know the mean distance or any other variable expressing 
the ceneral characteristic of the totality of distances. 

The new problem essentially means discovering a func¬ 
tion of the distribution of distances among points in a set. 
The solution of this problem is broken down into two stages. 
The first stage consists of the possibility of finding a cen¬ 
eral correlation of the distribution of distances intrinsic to 

any point set. 

The second stage consists in discovering a specific and 
wholly satisfactory series (function) for the distribution of 
distances characteristic solely of the given natural point 
set, for example, the correlation of the distribution of dis¬ 
tances among trees in a natural forest. Particular series and 
functions of distance distribution, their stability and regu¬ 
larity are determined by the specific nature of each point 
set, by the effect, for example, of a large number of factors 
on the arrangement, growth, and development of troes in the 
given geographical area. This specific detail will also govern 
the form of the function of the distribution of distances among 
trees or among other plants. 
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This rough outline is the relationship amone general 
Ians of distribution in a point set and particular functions 
of distribution of distances characteristic only of a given 
natural phenomenon which can be viewed as a particular case 
of a point set. 

5. Mathematical Modeling of the Placement, Density, and Size 
of Tree Crowns in the Development Dynamics of Tree Stands and 
an Experimental Method of Determining Forest Density and Tree 
Spacings 

•Ve know that as tree stands increase in age, forest 
density is reduced, and crown sizes increased. Rased on the 
study of the dynamics of how these variables change, we have 
constructed a geometrical model reflecting their status at 
the most critical periods of tree-stand development. 

This model gives the first approximation to actuality, 
but it is wholly suitable in investigating variation in the 
structure of crown imaging on aerial photographs of various 
scales and for searching for approaches to a sampling method 
of determining forest density and mean tree spacings. 

Figure 14 presents geometrical models in which the 
placement of crowns in the following scales is shown: 1:2,000, 
1:6,000, 1:10,000, and 1:15,000. Four models of crown imaging 
a, b, c, and d are shown in each of the figures, corresponding 
to the four gradations of density K and crown diameters Dc that 
are close to the actual fact. Figure lii presents an exam {no¬ 
tion of variance of direct measurement of 1 and calculation of 
K within the limits of sampling plots. 

Determination of 10 can be done in two ways: 

direct measurement of distances between crown images 
and 

direct count of the number of crown images with subse¬ 
quent conversion to 10 from Table 1. 

We can measure 1 among a group of neighboring trees or 
among crowns arranged in the form of a strip. 

Figure 14 shows along the boundaries b, c, and d a 
group of five to six crowns. The number of groups — from 1 
to 3, and the total number of measured distances are, respec¬ 
tively, 7» 14, and 21. 
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The deviation of the mean 10 obtained by measurement 
in two groups from the true 1 does not exceed 0.2 meter (con¬ 
verted at the locality). 

We take a narrow rectangle 5 x 0.5 cm on the scale li 
2,000 as the strip sample. '.Ve measure 1 successively along 
the boundaries of the strip between crown centers. Experi¬ 
mental data show that the deviations of 10 from 1 for a are 
close to 0,9 meter, and for b to 0.4 meter. 

Determination of 10 by the crown counting method can 
be done in two steps: 

by counting crowns in the square or rectangle with sub¬ 
sequent conversion to N per hectare and obtaining of 10 from 
Table 1; 

by counting the crowns in the narrow strip (rectangle) 
with subsequent division of the number of crowns by the strip 
length. 

Figure 14a shows a square 2 x 2 cm in size (0.16 hec¬ 
tare), Figure 14b, c — 1 x 1 cm (0.04 hectare), and Figure 
l4ci — 0.5 x 0.5 cm (0.1 hectare). The number of such samples 
is two to three. The conversion from the number of crowns to 
N per hectare is achieved from the expression 

where: 
n = number of crowns in square (or rectangle); 
P = area of square (rectangle) expressed in hectares. 

Under this method the deviation of 10 from 1 proved to 
be equal to 0.2 meter. Instead of squares we can taire samples 
in the form of narrow rectangles. Figure l4a shows three nar¬ 
row strips 5 x 0.5 cm in size. Crowns entering into the rec¬ 
tangle for half and more of their area are counted in each 
strip. The mean 10 was obtained by dividing the strip length 
by the number of crowns it contains. The value of 10 was de¬ 
termined with an error of about 0.5 meter. In Figure 14c 
samples of the following sizes were tested: 2 x 0.5 cm (0.04 
hectare) and 3 x 0.3 cm (O.036 hectare). The mean 10 was de¬ 
termined with an error of about 0.2 meter. 

As the scale of aerial photographs is reduced, narrow 
rectangles are converted into ordinary straight lines. Thus, 
a rectangle 100 meters in length and 5 meters wide at the 
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locality will bo imoirort in a 1:10fono-scale aerial photorrraph 
by a straicrbt 1 cm loin: anti 0,5 mm tbicfr, and on a l:?of000- 
scale aerial pbotocrraph it will be converted into a thin 
straight line 0,5 cm loner anri 0,25 mm tbicTf. Transformation 
of narrow sample plots into linear plots a?lowR us to use 
straight linos to determine 10 in aerial pbotn>trapbs. 

In Fin ire l^b ami c we bave talen three straiebt lines 
'l cm in lemrtb and 0,2 mm thick« ’"ben we counted the crowns 
intersected by the strniirbt line and tancent to it, "be mean 
10 was obtained by dividing the lennrtb of the lines by the 
number or crowns. "be deviation of 10 from 1] proved to bo 

about 0.2-0,6 meter (at the locality’', 

in Picure l(<d we used three straiebt lines 2 cm lone, 
o.l mm thick, and 1 cm lone and 0.1 mm thick. 7n the first 
case, 10 was determined wit1, an error of 0,1 meter, and in 
the second — 0,2 meter. Consequently, samples in the form 
of straieht lines will eive eood precision of 10 determina¬ 
tion for a laree enoueh density of crown images on aerial 
nhotoeraphs. Tn this experiment we tested six methods and 
made 06 variants process irr more than 600 measurements. The 
e>rper imentally-dor i v^d methods of determininc ln and v were 

tested and verified in ibe aerial photoeraphs and in the 

field. 

6. Mathomatical Podel of Canopy Closure ami Approx imational 
Rolat ionsl in ’.etween Closure, Density, Crown "'iameter, and 

Tn ter-Crown ripeninc 

Tn studying approximational quantitative relationships 
between canopy closure C, forest density cro^vn diameter D^, 

and inter-crown, openinrr A f'» rrni construct a simplified 
mathematical model of the tree stand without takinc into ac¬ 
count the story status and curvature of tree disposition. 
Quantitative relationships obtained by means of a model will 
cive only a ceneral picture, a method of investicat in? for 
subsequent refinement of inierrelationsbins in specific tree 

stands. 

Canopy closure ran vary fro" C = 1 to C = c,i and less. 

’be effect of canopy closure depends on forest density 
moan distance between trees 1, crown diameter !)r, and the 

nature of tree placement in the forest plot. Tn practice, 
cover inc properties of the forest are sometimes characterized 
by the value of the oneninc, interval, or distance between 
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crowns 
há I— Di 

expressed in crown diameters. 

t 

Ve Icnow that a specific interrelationship does exist 
between forest characteristics. In our case it is important 
to find even an approximational relationship between C, 1, N, 
De» 

Canopy closure increases as the forest becomes denser 
and with reduction in the mean tree spacing. Under average 
conditions this function is more or less .justified if we do 
not take cognizance of other factors that affect the value C. 
Canopy closure increases with rise in density only up to a 
certain limit, after the attainment of which a further in¬ 
crease in N does not lead to an increase in C, for example, 
after formation of C = 1. The nature of tree placement also 
has a substantial bearing. Tn the event of a strongly pro¬ 
nounced sloping or grouped tree placement, with increase in 
K closure rises more slowly than for the case of uniform tree 
placement. 

The value C depends to a greater extent on crown sizes. 
For the same density K, but for different Dc closure can vary 
within appreciable limits. 

The question also arises as to what crown value we must 
take in determining C. Tn any forest plot we will encounter 
trees that have crowns of different sizes. Independently of 
species composition crown diameters of individual trees will 
not be the same. 

Thus, the inequality of Dn of individual trees in the 
forest plot is a natural inevitability. Measurement of each 
tree is too laborious. Therefore, to determine C we have to 
pick an average Dc. This is all the more justified in that 
a regular distritnition of trees with respect to Dc close to 
the normal distribution is observed in forests (section 2d). 

Let us take a forest plot with a large number of trees 
located uniformly over the entire area, and measure the Dc of 
each tree. Let ns calculate the average nr and obtain devia¬ 
tions ¿ dc = I)c - D°n. Tn absolute value A Dp will be small, 
with either plus or minus sign. It is obvious that the great¬ 
est number of trees will have D0 close to I)n0. 
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In the simplifier! model of a tree stand under consider¬ 
ation (the crowns i e not overlapping), to determine I) it is 
important to know not the value of the individual deviations 
A Dc, hut the effect of the total of these deviations on 

the precision of calculating canopy closure when using the 
average Let us assume that by the measurements we obtain 
the actual overall area occupied by the crowns of all individ¬ 
ual trees. If we divide this area by the number of crowns, 
then we get the average crown area. Obviously, independently 
of the value of crow deviations of individual trees from the 
mean crown area, the product of the latter by the number of 
crowns will give the same overall area. Since the crown area 
is taken as equal to the area of a circle with diameter D°c, 
then all the foregoing will retain its effect also for the 
mean diameter l)°r. 

Consequently, to determine C we have to establish as 
precisely as possible the size of the mean value T)0C which 
would be equal to Ho actual moan crown diameter obtained by 
measuring crowns of all trees .n the forest plot. For given 
N and !)c the average crown area will be 

A/»« 

LtSGEM): 1 — 1)2C 
and canopy closure 

C*o*785-10'Wg 03) 

LEGEND: 1 — D2C 

where: 
0 = canopy closure in fractions of unity; 
F = forest density (number of trees per hectare); 

Dn = mean crow diameter in meters. 
Example. For the simplified model (crows do not overlap) for 
N = 407 and Dc = 4 meters, canopy closure from formula (13) 
will be 

C- 7IS-1«' 7» 407'4*- JO'7 *715-0612« 10'7- 511fftt mO,* 

For specific forest plots in which determination has 
been made of the mean 1 and N, canopy closure calculated from 
formula (13) will be quite close to the actual value of C. 
however, it is important for us to establish an approximate 
relationship between C, N, and Dn in the general case. This 
is possible only if the approximate relationship between for¬ 
est density N and crow diameter value Dc will be know. Thus, 

a young forest aged IO-15 years will have trees 
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per hectare, and an old forest aeed 130-150 years will have 
only 100-200 trunks per hectare. But with increase in asre 
of forest the heicht and thickness of trees increases, as 
does also crown diameter Dr. 

Consequently, with increasinc forest asinc an increase 
in Dc and a reduction in forest density v is observed. The 
approximational nature of the variation in the quantities N, 
I)0, d-j., and h in ilie schematic form is shown in rable B for 
mixe»1 stands. 

Table 3 

© © 

® Graphics 
not@®:produciblé 

LiGSNDt 1 — forest are; 2 — v, individtials 
per hectare; 3 — 10-15-year-old younc forest; 

— 30-year-old nole-like forest, [zherdnyak]; 
5 — moderate-acred forest, 5n years; ^ — ma- 
turinc forest 50-70 years of acre; 7 — mature 
forest. 00-110 years of aee; P — old (over¬ 
mature) forest 100 years of ace and older; 
0 — dt; 10 — nc. 

".'hen we tak^Jjito account the nnproximat ional rela¬ 
tionship of N and 1)r and the fact that the area of the canopy 
protection (that is, the canopy closure C) is usually less 
than the overall area of the projections of crowns of all in¬ 
dividual trees (owinc to the unevenness of tree placement in 
the area and overlappinc of crowns), closure was calculated 
from formula (13). In calculât inc C we took the following 
values of l)c: for N = 986 and higher Dr = 3 meters; for N 
ranginc from 765 to 585» n0 = 3.15; fer N ranging from 402 
to 24?, î)c = 4 meters; for N rancing from 195 to 195, nc = 
4.5; and for N rancing from 85 to 14, 1)n = 5 meters. 
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A curve of closure was constructed fron calculated 
values of C and > (Fiirure 13), and this curve was somewhat 
smoothed for the purnose of findimr a smoother variation of 
])c as a function of chamrine As a result, we arrived at 
Table . 

GRAPHICS 

Ficure 13. interrelationship between canopy 
closure, tree spacincs, anf! inter-crown open- 
imrs. LlXïïM): bK = br. 

In forest appraisal, in addition to canopy closure it 
is required to determine further stand occupancy, Stand oc¬ 
cupancy is expressed pist as is closure, in fractions of u- 
nity and is determined from the formula /t\ 

LSGGNDi 1 — cejvnn; ^ — enormal 

0 
0 
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^"iriven = total cross-sectional areas of trees in one 
hectare of the piven (subscript) stand; 

^normal = total cross-sectional areas of normal (sub 
script) stand, that is, when p = 1. 

Occupancy p and closure 0 are intimately related. TJi 
rect measurement of 21 Pen yen forests is very involved. 
Therefore, appraisers often determine p from C. 

Table 4 
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Li'XrfiKD: 1 — 1 in meters; 2 — N = number 
of trees per hectare; 3 ^ = canopy clos 
ure; 4 — À d = inter-crown spacinp; 
5 — Dn. 

7. Mathematical Modelinp of Tree Stands to Determine Visi¬ 

bility Raupe 

In visual estimation appraisal, the selected stands 
are examined usually from a clearinp or with sighting rods. 
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The precision of the appraisal rests on the detail in the scan 
of the stands over the entire area between the siehtinc rods, 
and the detail of the scan is determined by the visibility 
ranee in the particular stands. Obviously, the distance be¬ 
tween siehtine rods to ensure a thorough scan of the appraised 
plot must equal twice the visibility ranee. The precision of 
visual estimation appraisal will be reduced as the difference 
in distance between sicrhtinrr rods is increased and with the 
increase in doubled visibility ranee, since part of the forest 
lyinp outside the field of view will be estimated on analoey 
with the observed areas adjoininq the siehtinp rods over the 
extent of the visibility ranee. Thus, preliminary hnowledpe 
even of the approximate visibility ranee in forests allows us 
to more oroperly take note of the distance between siphtine 
rods, reduce their number, and thus speed up and lower the 
costs of field work in forest manaeement. 

A knowledpe of the detail in what is visible in differ¬ 
ent forests is necessary in compilinp topoc-raphic descriptions 
for the purpose of providing information to persons movinp to 
a settled locality on foot or on vehicles. 

Topographers determine visibility ranpe in forests by 
the followinp method: a person is dispatched in the desired 
direction, he is kept in sipht until he is barely visible with 
the naked eye, and then the distance up to him is measured 
alonp a straipht line. 

More or less reliable information about the visibility 
ranpe in each forest tract can be obtained either by direct 
field observations in the majority of directions, but not by 
any sinple direction. However, in collectinp information for 
topopraphic descriptions no one can determine ranpe of visi¬ 
bility for most directions, since this would require too much 
t ime. 

Ranpe of visibility depends on many factors, and so it 
is very difficult to calculate in advance the actual ranpe of 
visibility in a piven expanse of forest, ’lut for peneral 
judpment about the conditions of pround observation in the 
forest it is important to know even thouph approximately, the 
averape ranpe of visibility. 

To determine the approximate visibility ranpe, we can 
take a count of not all variable factors that have a bearinp 
on the visibility ranpe, but only the principal, more or less 
constant factors for any forest at the piven period of time, 
that is, the density of the forest N and the mean tree thick¬ 
ness dj;. 
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"i"'irr1 ’nowHrir mortel of the prof i le 
of a fltnml of treee iiKort in rtorivinc the 
for^mln of the visibility rr*n«re in forests, 

let it be required to rtetermin-’ the visibility rantre 
in a band of forest of v.irtth a and l^n-t^ 1 , density ' , am! 
r’ea’i’ tree t^iehnoss rt^. 

Tot us assume that all 
distributed v.ithin the Units 

fj»iar*cj arM ”iore or less evenly 
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reqr.outly, the condition of total non-visibility in 
forent can lie o\**iressed by the foil o*"inv equal ity: 
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’'’bo quantity L charaotori7,os rnnrro of visibility into 
the for?ot only in tli"» oaae that the lencith a ii o(iuation (1*1) 
oq’îalR ’) lunorclinp; to formula (15). 

Substitutin': in equation (IS) the ripfht-haml member of 
equation (15) instead of a and subst itut inr: ÜÜN = nî., we ar¬ 
rive at formula (10) expressinc; the ranche of visibility in the 
forest in meters , lot* 

('«) 

L .jG ¿¿N il • 1 —— ^vis 
flms, from known 2» and dt we can calculate the ranpe of visi¬ 
bility, that is, the distance Lyja at which total non-visibil¬ 
ity of the object results. Tn order not to have to calculate 
Lvis each time from formula (19), Table 5 has been compiled, 
from which it is easy to determine Lvis in meters for the most 
widespread values of N and dt in cm. 

If in a forest the mean distance between trees 1=6 
meters, and d-t = '¿¿ cm, then from Table 5 the visibility ranee 
in such a forest Lvis = 13^ meters. Usine the relationship of 

!, with 1 we ein obtain kyis from 1 and df which are determined 
from aerial photos usine methods described in the following 
chapters. Consequently, the approximate visibility ranee in 
the forest can be determined also under office conditions from 
laree-scale aerial photocraphs, and in any direction of inter¬ 
est to us and with any desired frequency. 

For a level locality in the absence of brush, under- 
irrowtb, and species of trees with crowns more than 2 meters 
above the earth, the table will cive, though an approximate, 
but still a quite satisfactory idea about the visibility ranee 
in the forest. In winter Lvie determined from formula (lb) 
will be still closer to the actual Lvja at the locality. The 
effect of terrain on Lvis is taken into account by ordinary 
methods usine topographic mans. For distances less than those 
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Table 5 
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LEGEND: 1 — 1 in meters; 2 — N * number 
of trees per hectare; 3 — dt = wean tree 
diameter in cm. 

indicated in the table, the visibility range will depend on 
all other conditions and factors whose consideration is pos¬ 
sible only by direct observation in the field. 

In thick brush the very limited range of visibility is 
obvious even without calculations. In spruce forests with 
tree crowns beginning almost at the ground, the visibility 
range is sharply reduced by approximately as many times as the 
crown diameters Dc are thicker than the trunks d^. The mini¬ 
mum visibility range would probably be noted for the case when 
the observation line will be at the level of the widest part 
of the tree crowns, which is most characteristic of spruce 
stands. To obtain the minimum visibility range, the table 
values of Lyis will have to be reduced by k = D0/dt times or 
calculated from the following formula: 

r V* hu=~Ñt¡; 
For dt values from 15 to 34 cm, the coefficient k ^ 1?, for 
d-t <. 15 cm k <^20, and when d^ ^ 34 cm k ^ 14. 

Lyis values calculated from formula (19) were verified 
with field determinations of visibility range in fairly dense 
forests. For example, in a mixed forest of pine, birch, and 
spruce with 1=^ meters and dm * 25 cm, the visibility range 
on the spot was 50-60 meters, but according to the formula 
Lvis = 53 meters. In a birch-pine forest with 1 * 2.5-3 meters 
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and dt - 11 cm, the field Lyis was 5° meters. The calculated 

I,vie also proved to he 50 meters. 

8. Principal Formulas in the Sampling Method of Investigation 

Let us assume that we have a very large number of any 
kind of objects whatever and we decided to know the character¬ 
istic of the entire aggregate of these objects with respect to 
some feature they exhibit. This problem posed can be solved 
by two methods: by continuous examination of all the objects 

or only part of them. 

The theory of the sampling method takes into account 
that organization of sampling under which non-continuous or 
individual observations, measurements, or counts would give 
characteristics close to the values of these characteristics 
in the entire aggregate of the objects under study. 

As the basis of the sampling method we have the law of 
large numbers, which is quite well expressed by a theorem of 
the great Russian mathematician P. L. Chebyshev: 

p(|Z-¿l<eí-»f ftp« /L—co, (21) 
Legend: 1 — for 

that is, for a large enough number n of variables with proba¬ 
bility p as close as we like to unity¿ we can obtain deviations 
£ of the mathematical expectation ä from the arithmetic mean 
X, as small as we like in absolute value, of several independ¬ 
ent random variables. 

By way of an illustration of the importance of the sam¬ 
pling method in actual practice, let us consider only one ex¬ 
ample. Let us assume that on a 1:100,000-scale map it is re¬ 
quired to show the mean distance between trees just as was 
done in respect to mean height and thickness of trees. 

For an average forest density of 500 trees per hectare, 
to determine the mean distance between trees in the locality 
occupying only 1 decimeter2 of the map, it would be necessary 
to measure more than ten million distances 1. 

If it takes a minute to measure a single distance, then 
for the complete measurement of all distances among these trees 
about 70 years would be required. 

The advantages and the practical importance of the sam¬ 
pling method are plain to see. 
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The aampline method can he used as follows: 

for plottinc distribution series or series of percent¬ 
age ratio of objects with respect to any characteristic they 

exhibit; 

to determine mean values of a characteristic in an ap- 

prefsate of objects; 

to establish relationships between two and more charac¬ 

teristics of the objects. 

We will introduce the followine symbols for the subse¬ 
quent exposition of the main concepts and formulas in the sam- 

pline method: 

3 = ireneral population, that is, the total number of 
all objects that are to be investicated; 

s s sample population, that is, the number of that por¬ 
tion of the objects to be subjected to observation, measure¬ 

ment, or counts; 

p = probability, frequency, or proportion of objects 
exhibit inp the pi ven feature in the ireneral or sample popula¬ 

tion; 

t = normal deviation in the ranpe of probabilities; 

= dispersion of the feature in the ireneral or sam¬ 

ple population; 

V = variance of the peñera! or sample population; 

A= desired precision of sample determination of the 
proportion or averace value of the feature studied in the popu¬ 

lation of objects; 

xn = arithmetic mean value of the feature in the pen- 
eral or sample population. 

In repeated sampline the sampled objects will return 
apain once to the peneral population, but in non-repeated sam- 
plinp they will not be returned. Non-repeated samplinp is al¬ 
ways more precise than repeated sampline, however the mean er¬ 
ror of the former differs from the latter by the coefficient 
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which is loss than unity, but for a larire ireneral population 
is very close to unity. 

Tn rleterminimr the characteristics of a forest, non- 
repeateri sampliner will have the highest value. 

Objects can be sarrwiled nui of a creneral population by 
two methods: repionalized and mechanical. 

In the reg iona 1 i zed ( "tvn i cal11 ) method of sampl vnp the 
examination is conducted by reeicns, parts, or croups exhibit¬ 
ing hi plier uniformity in the feature under study than occurs 
in the non-subdivided population. 

Thus, in detorminine forest density the entire area of 
the forest tract is divided up on aerial photneraphs into in¬ 
dividual areas or sections differinc from each other in density 
of trees, and a separate samplinc is taken in each recion. 

Under the mechanical method units of the samplinc pop¬ 
ulation are located uniformly over the entire ccneral popula¬ 
tion. For example, the area of the entire repion is divided 
into equal smaller subareas and the samplinc population in¬ 
cludes a small portion of these subareas chosen at random in 
chessboard fashion or in some other manner. This method en¬ 
sures uniformity in selection of the necessary number of ob¬ 
jects from the entire area of the forest tract. 

The repionalized method of samplinc is more precise 
than the mechanical, since its mean error is less than the er¬ 
ror of the mechanical method. 

In calculâtinc the number of observations s, estimate 
of precision Æ , and its confidence interval in samplinc de¬ 
termination of the proportion and the mean value of the fea¬ 
tures of the population of objects under study, it suffices 
to be able to use a small number of principal formulas. 

The precision A or the moan error of determination of 
the proportion (percent ratio) of objects in non-repeatod sam¬ 
pl inp is calculated from the formula 

t.y (as) 
The number of observations made in the sample popula¬ 

tion s that is necessary in doterminine the proportion with a 
desired precision A and with desired probability under the 
non-repeated samplinc approach is determined by the formula 
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s (24) sA*+tt,a-j>) 

The precision, or the error, of the sampling determina¬ 

tion of the mean value of the characteristic is 0®ln,/1^ed. 
der the non-repeated sampling approach from formula ¡25), out 
under the repeated sampling approach from formula (26): 

-4-:. (as) 
i26) 

The number of observations made in the sampling popula¬ 

tion s necessary in determining the mean value of the feature 
with desired probability and precision A is calculated from 
formulas (2?) and (28) under the non-repeated sampling approach 

and from formulas (29) and (30) under the repeated sampling 
approach: 

0-1)41+755- 

fW>$ 

PV 

(28) 

@0) 

In formulas (28) and (30) A is expressed in percent- 

ages. 

In the case of large values of S, the number of obser¬ 

vations a for non-repeated sampling can be determined from 

formulas (29) and (30), and the precision of the mean value 
from formula (26). 

The variance is calculated from the expression 
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It is clear from formulas (23) - (30) that the preci¬ 
sion of the sampling method depends on the dispersion 
variance v, and the variables S nnd p of the oreneral popula¬ 
tion. But these characteristics of the peneral population are 
unknown to us. As a consequence we have to replace these 
characteristics by quantities clonely similar to them that we 
can find either by a small sampling or by an indirect approach, 
or else we are forced to use known data established for sim¬ 
ilar populations. 

Let us now look by way of an example at several typ¬ 
ical problems associated with the use of the sampling method. 

Calculation of the number of observations and the pre- 
cist to of the sampling determination of the mean thickness 
(diameter) of trees dt is carried out from formulas (25) - 
(3°)« For this it is necessary that we know the variance of 
tree thickness. It is known that the variance of dt in the 
case of pine Vpjne = 20-25 percent, but for birch vi}jrch = 
28.8 percent. The value of the variance decreases with in¬ 
crease in forest age. In complex and mixed stands the var¬ 
iance is greater than in homogeneous and single-story forests. 
On an average we can take v = 25 percent. Then the number of 
trees required for determining the mean d°t with a precision 
A = 10 percent and confidence interval p = 0.5 (t = 2) will 

be 

,# 

4 2» 

The precision of determination of the mean d°t under specified 
sampling conditions is calculated from formulas (25) or (26). 
If we measure d^ for s = 10 trees, then when t = 2 and dis¬ 
persion * 25, the precision of determination of the mean 
d°t will be of the order of A = 3 cm. 

Since there is a relationship between N and 1 for de¬ 
termination of forest thickness X and the mean tree spacing ln, 
it is necessary to know only one of these quantities. How¬ 
ever, 10 corresponds to 1 only in the case of the continuous 
measurement of distances between trees, which is practically 
impossible to carry out owing to the very laborious burden of 
this operation. 

Table 6 shows the total number of trees at a locality 
corresponding to an area on the map of 1 decimeter2, for a 
forest density N per hectare. 
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Table 6 

víy ,v » 60 A/=W N ^ toce 

"GRAPHICS 
NOT REPRODUCIBLE 

Lecend; 1 — map scale 

In practical terms, we will be forced to determine ln 
by measurinp only a small number of distances between trees, 
that is, use t.be sampline met bod. In this case tbe problem 
will boil down to findine that sampline 1 wbicb would be 
closer to 10 arrived at from thorough measurements. 

It is obvious that tbe precision of the sampline deter¬ 
mination of ln will depend on the ranee of fluctuations of in¬ 
dividual llt l?,...ln in the forest plot. Let us determine 
how many distances we must measure in order to obtain a 10 with 
desired precision A . 

Calculation of the number s of measured distances anil 
the precision A of the sampling determination of 1Q is made 
from formulas (25) and (30). Let it now be required that we 
determine the mean distance between trees ln with a precision 
^ s 20 percent and confidence interval p = 0.05. 

To determine the sampline population s from formula 
(30), it is necessary to Lnow the variance vj and the normal¬ 
ized deviation of t. We will select the value of t for P 
from the table of probabilities eiven in [13» 25]. Lot the 
variance of tbe distances \\ be 35 percent. 

Men P = O.05, t = 2. Then the number of measured dis¬ 
tances 4-JP- sr 12 

but the number of trees between it is necessary to measure 1 
will be 7. For p = O.00, t = 3, and the number s= 2?. If 
we take A = 15, then when t = 2 the value s = ?0, mt the 
number of trees = 10. 

In practice we can determine the value 
proximate way by the small sampling method or 
values in the aerial photographs. 

of v\ in an ap- 
from standard 1 
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Lot ns now assume that we have made a sampling deter¬ 
mination and desire to know the precision A with which we 
obtained 10 that under the priver sampling conditions is cal¬ 
culated from formula (25). 

’Ve can find the forest density N in an approximate way 
by the small sampling method, that is, by counting the number 
of trees in small subplots or by measuring 1 in them. From 
Table 1 ue obtain S for 1. Let us assume that S = 400, the 
number of measured distances s = 15, and the probability with 
which we will guarantee the quantity A is O.05 percent fsic, 
should be 0.95] for t = 2. In forests of moderate density 
the dispersion a2 = ¿I. Since we estimate the precision of 
the already made determination of 10, we will have a sampling 
O 2 which we can use in calculating A . Under these sam¬ 

pling conditions, that is, for S = 400, s = 15, t = 2, and 
<5 2 = 4, the precision of determination of the mean distance 

10 will be 

Under those conditions when it is difficult to deter¬ 
mine S, an estimate of the precision of the sampling 10 can 
be made from formula (26), 

The sampling determination of the mean distance from 
aerial photographs can be made mechanically as well as hy the 
regionalized sampling methods. 

The mechanical method of sampling consists in covering 
the forest tract evenly on the aerial photograph with small 
subareas, for example, in chessboard fashion. Direct measure¬ 
ment of 1 is made for a small number of these subareas. The 
mean of these areas is taken as the average distance between 
trees in the entire tract. This method can give satisfactory 
results if the trees are evenly enough distributed over the 
entire area of the tract. The method will find application 
in those cases when it is required to estimate the forest tract 
as a whole in terms of the number of trees it contains and in 
terms of the overall stock. 

For large differences in forest density in individual 
parts of the tract it is advisable to use the regionalized 
sampling method instead of the mechanical method. 

The regionalized sampling method consists of prelimin¬ 
ary visual-estimation regionalization of the forest tract and 
individual plots differing from each other in forest density. 
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For this purpose first sections with the highest and smallest 
density of photographic images of tree crowns are marked off 
on the aerial photograph, and then intermediate areas readily 
discernible to the eye by the density of crown images therein 
are singled out. We know that young trees have very high 
density of tree stands and delicate crowns. With increase in 
age forests gradually thin out, but crown sizes increase. 
These differences in crown sizes produce easily noticeable 
differences in the structure of their photographic imaging on 
aerial photographs which must in fact be taken into account, 
when marking off piote in the forest tract. 

A separate sampling is taken within the bounds of the 
selected plots, for which the plot is more or less evenly cov¬ 
ered with small subareas. Direct measurement of 1 or counts 
N are made within the limits of two or three of the most typ¬ 
ical subareas of the plot. 
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CHAPTER 3 

STATISTICAL CORRELATION OF THE DISTRIBUTION OF 
TREE SPAGINGS IN TREE STANDS 

9. Diatribiitinn of Distances Between Points in Point Sets 

Tn Fi cures 12 and 13 two point sets are shown in their 
general form. To judge the distribution of distances between 
points in Figures 12 and 13 the following were determined: 
mean distance 10, mean square deviation & , and the variance 
of distances vj for each set. Table 7 lists the results of a 
count made of the number of deviations expressed in terms of 
the mean square deviation for the point set in Figure 12. The 
percentage of deviations f percent and the accumulated fre¬ 
quencies wac were calculated from the number of deviations m; 
the accumulated frequencies were compared with the probabilities 
p in the integral law of normal distribution. 

Table 7 

0.68.1 
0,954 
0,997 

0 llóCNO- 

Table 8 gives analogous data on the distribution of 
distances in the point set shown in Figure 13. 
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It is olear from Tables 7 and 8 that more than per¬ 

cent of the distances between the points lie within the limits 
lo ± Ö or 10(1 + 0.01 v), and not one distance exceeded the 
limits 10 ± 3<5 and, accordingly, finally the values of the 
deviations” à 1 (from the mean 10) expressed in units of ö . 
Based on these (experimental) data, it can he assumed that 
the distribution of deviations A 1 corresponds to the nor¬ 
mal distribution, and that from ln and O' (or v) we can de¬ 
termine the percentage of those distances (that is, their 
distribution) in point sets. Of course, the distribution of 
1 in units of 10 ± kC cives only a eeneral idea of the 
probable distribution type and, as experimental measurements 
have shown, the accumulated frequencies wac prove to be even 
greater than the theoretical probabilities p of the normal 
law of distribution. Although investigation of the distribu¬ 
tion of 1 in point sets more properly relates to interests of 
theory in mathematics, therefore we will limit ourselves to 
explaining the general nature of the distribution of 1 in 

point sets. 

Small samplings — this is a wholly essential stage 
of major statistical investigations. These afford at com¬ 
paratively small outlays of time and effort discovering ap¬ 
proaches for further exploration and establishing in prelim¬ 
inary form the probable distribution type and the extent of 
its stability. Sometimes small samplings provide the basis 
in general of not having to undertake subsequent large sta¬ 
tistical efforts, since given hypotheses are clearly refuted 
with their data. Of the series of small samplings we will 
make only one, that relates to a forest tract in Voscow Oblast. 
Based on data of field measurements of distances between trees 
(with species composition 0 birch 1 pine and mean values h = 

22 meters and dt = 25 cm) the following were calculated: ln 
z 4.9^ meters; <5 =+ 1.98; and v = 4n percent. 

Table 0 gives cumulated frequencies war of the empir¬ 
ical distribution of distances and the probability p of the 
normal distribution. As we can see from Table 9, wac and p 
are close to each other in value, and we can presuppose that 
in large sampling as well (made in the general population of 
distances) we will not encounter distances greater than 10 + 
30 , with a probability almost equal to unity. 

Distribution of distances can be expressed either in 
terms of ö or v. '.Vhen 1 is expressed in terms of the var¬ 
iance v, the following simple relationships are used: 
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Then 

since , therefore 

A 7¾ *4(1 ±Oi&v)*zitt±^o 

v.'e obtain in a similar way 

± 0,02t) -/, ± i. 
(1*<» 1*003« -/,±3. 

Tahle 8 

o ® 

GRAPHICS 
NOT REPRODUCIBLE ra,,,e 0 

© ® 

/fei-v/l /-- /„;y - 

For all subsequent investicrations unit intervals of 
the series of distance distribution expressed in fractions of 
the mean distance (at intervals of 0,2) were adopted. The 
practical and theoretical convenience of these Intervals is 
that uradations of the distribution ser/es remain unchaneed, 
independently of change in mean distances, since for any mean 
distance the interval 0.2*lo is retained. Tahinc intervals 
smaller than 0,2 does not make any sense, since it is not 
necessary to take into account variations in distances be¬ 
tween trees that are less than 0.5 or 1 meter, for the tree 
thickness often amounts to 0,5 meter and in this case the 
minimum distance between two trees will be 1.0 meter. 
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Table 10 gives an empirical series of distance dis¬ 

tributions in this forest tract. It gives a more detailed 
characteristic of the type of distance distribution compared 

with the characteristic of the distribution of 1 in terms of 
gradations of cj or v in Table 9. It is clear from Table 
10 how distances are grouped to the right and to the left of 

lo» and at what percentage different 1 values are encountered. 
The gradual decrease of f percent from the distribution cen¬ 
ter 1.0 or lo» which is clearly suggestive of a curve close 
to the normal distribution, is plainly evident. Based on em¬ 
pirical series of distance distribution in small samplings 
the possible distribution type and the extent of stability 
of frequencies of the distribution series can be seen. How¬ 
ever, experimental data of small samplings do not afford 
adequate ground for a decisive conclusion on the specific 
type, and more so on the theoretical distribution function 
reproducing the distribution of distances in the general pop¬ 
ulation. For this we have to have large enough and independ¬ 
ent samplings in different forests. Such large samplings 
were obtained later, and their mathematical treatment is con¬ 
ducted in subsequent sections of the text. 

Table 10 

i i 

1.0 

It • il I 

> .: .1 ■' 

1 t ÍM 

a : h » r o |> ¿ ■'> " 

U ! ‘ » I J 0 

h j \ti 
i i<>.( 

© " GRAPHICS " 
NOT REPRODUCIBLE 

(D L¡ i let;* h h r o p h a i x r 1 •• •' 

.,. ¡ s ’ : • ; 1 

0 > Tar il p ) f U t ,1 

; •( . 16 ! P-,1 I 7 13,1 li.f. : '1,0 , l. '« ! • 

Legend: A — gradation of series with 0.2 
interval; B — series intervals when 10 * 
4.94; C — frequency m in intervals of the 
series; D — f percent — frequency in per¬ 
centages 
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Forestere and appraisers at the end of the last cen¬ 
tury and in the first decades of this century, especially in 
the Soviet period, investigated and discovered correlations 
in the distribution of trees by thickness and height, in form 
coefficients, in overall total of cross-sectional areas in 
thickness classes, and in wood reserves. The following state¬ 
ment of Professor N. V. Tret*yaJcov ie valid: "If tree stands 

of a forest element have so regular a distribution of trees 
by thickness, then this means that the appraisal here will 
follow an authentic theory" [5^]. All these correlations in 
the distribution of trees by given features relate to a sta¬ 
tistical type of correlation, but this does not in any way 
diminish their importance in science and practical work, since 
they express those stable relationships intrinsic to the na¬ 
ture of the very phenomena. 

A great deal of attention has been given to studying 
variations in density in relation to age of stands. The grad¬ 
ual decrease in density with age observed in forests was taken 
as the basis of compiling tables showing the growth pattern of 
normal stands in which the largest number of trees per hectare 
is found in young forests, and the smallest — in the oldest 
(over-mature) forests. Actually, no precise data on forest 
density at any forest age have been established, but in ta¬ 
bles of the growth pattern of stands the probable, though cal¬ 
culated, density is given by dividing the total cross-sectional 
areas of the normal stand for an occupancy equal to unity by 
the cross-sectional area of a single tree, also taken as nor¬ 
mal . 

Since the density of a forest is associated with tree 
spacing, then naturally as the forest age is increased tree 
spacing also rises. However, foresters and appraisers have 
been mainly engaged in studying variability of forest density, 
and not tree spacings. 

In 1918 G. R. 2ytingen investigated the question of 
what effect forest density has on growth of pine stands [61]. 
He noted that as pine increases in age from 3 to 18 years the 
variance of density is reduced from to 23.5 percent. One 
of the first studies on variability of tree spacing in spruce 
forests was conducted by A. I. Leskov [38], 

A. I. Leskov observed that there is an increase in * ^ 
mean tree spacing with increase in forest age. As a conse¬ 
quence of natural thinning in the forest specific values of 

lo and V are established under which an equilibrium of the 
tree stand is attained, associated with ensuring minimum 
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feerlinir area for normal tree growth. Reducing this area leads 
to the death of some of the trees in the stand. The well- 
known Russian forest specialist l’rofessor G. F. Morozov on- 
served that for the highest variances v the most intensive 
thinning of forests is noted. These researchers concluded 
that tree spacing in stands is an important characteristic 
of the interplay between trees and the biologically caused 

forest development. 

In 1952 I'. P. Anuchin noted that the question of mean 
tree spacings was still little studied [3]* 

'Ve have been unable to find any other studies by oth¬ 
er authors aimed at discovering statistical correlation of 
the distribution of tree spacings in a natural forest either 
in the Soviet or in the foreign literature. 

In geobotany Doctor of Geographical Sciences S. V. 
Viktorov formulated a theory of a geobotanioal method of in¬ 
vestigation in geology and hydrogeology [10]. I!e tool: as 
the basis of this method plant spacings in non-woody plant 
communities, he concluded that the mean distance between 
plants is a quantity summing up complex interrelationships 
of plant development in a given locality and that it is a 
highly important characteristic of plant communities. The 
promise and practical fertility of S. V. Viktorov’s ideas 
was confirmed by the fact that types of plant distance dis¬ 
tribution proved to be extremely good indicators of site 
conditions, presence of specific soils, depth of groundwater, 
its mineralization, salinity, and freshness, as well as the 
composition of rocks and geographical structure. Ye. A. 
Vostokovoa in 1°52 employed the ratio of distances between 
chee grass individuals for indicating groundwater depth and 
its mineralization. In these studies, graphs of the ratio 
of distances were constructed in general without mathematical 
determination of the series and functions of distance distri— 

bution. 

The author has had occasion to study distances between 
trees since 1<Mi in the interests of representing topographic 
information about forests on state topographic maps. 

Since 19^5, a representation of mean tree distances 
has been given on topographic maps. To develop calculation 
methods of determining traversibi1ity and other properties 
of forests, we must know the percentage of given distances 
that we can encounter in moving through 1orests. 7n attempt¬ 
ing to solve these practical problems it became necessary to 
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provide theoretical validation for methods of determining 
mean tree spacings, which inevitably entailed arranging for 
studies on the possibility of establishing a law of distance 
distribution. Experimental measurements were made of dis¬ 
tances in small forest areas for this purpose in 10^6-1052. 
Sample measurements of distances allowed us to discover a 
certain degree of stability in the frequencies of distribu¬ 
tion series and to sketch a hypothesis on the possible type 
of distance distribution. However, small samplings still did 
not yield adequate grounds for a final conclusion on the law 
of distance distribution, though they did point the way to 
highly interesting conclusions that were subsequently wholly 
confirmed. 

With cooperation of co-workers at the All-Union Amal¬ 

gamation Lesproyekt I). A. Kozlovskiy, F. A. Sergeyev, and A. 
F. Kruchinin, field measurements were made of distances be¬ 
tween trees in large forest plots with sampling volume up to 
700-1,000 distances. Precise maps were drawn on a 1:100 

scale for these plots with the placement of each tree, pro¬ 
jection of each crown, and so on. 

The experimental materials allowed us to check theo¬ 

retical premises on the function of tree spacing distribution 
for forests. 

Theoretically, rigorous mathematical proof of the dis¬ 

tance distribution function is required at the very least in 
the following stages of research: 

verification of the hypothesis that two independent 
sampling populations belong to the same general population; 

investigation of the excess and asymmetry of experi¬ 
mental distribution curves; 

verification of the agreement of empirical and theo¬ 
retical distribution functions with the aid of the appropri¬ 

ate criteria. 

10. Checking the Hypothesis that Independent Sampling Dis¬ 
tribution Functions Belong to the Same Type 

¿Ve will consider all distances in large forest tracts 
as the general population of tree spacings. It is clearly 
infeasible to measure all distances in all forests of the 
temperate zone of the European part of the USSR. Therefore 
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the la* of the distribution of distances in a general popula¬ 
tion must be found by a sampling method. If we take at the 
▼ery least even two large samplings independent of each other 
for two forest tracts, then the absence or presence of sim¬ 
ilarity in the distribution series in these samplings will 
testify either that these distribution series belong to the 
same distribution type characteristic of the distribution of 
distances in the general population, or that the series are 
not identical and, consequently, that the general population 
does not contain any stable and single type of distance dis¬ 
tribution. To put it more simply, essentially the investiga¬ 
tion boiled down to the situation that if distribution series 
in individual sampling tree stands are the same, then we can 
assume that this same distance distribution will hold for oth¬ 
er tree stands. This is tantamount to the situation in which 
for other similar forests there are no grounds to anticipate 
any other distribution that differs sharply from the distri¬ 
bution obtained in the independent large samplings. 

Large samplings 7OO-8OO distances in volume in the two 
different forest tracts were obtained by measuring distances 
between all trees at the locality. 

Table 11 and Figure 17 present composite data of an 
empirical series of distance distributions for the plot No 1, 
and Table 12 and Figure 18 — for the plot No 2. 

The mean distance 10 = 4.4 meters, the mean square 
deviation C * 1.9, and variance v * 43.2 percent were calcu¬ 
lated from the variance series of plot No 1 (Table 11), and 
from the variance series of plot No 2 (Table 12) — 1© * 5.1, 
O * 2.1, and v * 41.3 percent. 

Now we have all the data we need for analytical veri¬ 
fication of the hypothesis that two independent large samplings 
belong to the same general population. 

Let us assume that we have two empirical distribution 
functions Fi (1) and F2 (1) for sampling volumes of ni and n2* 
For continuous functions and for sampling volumes ni > 50 
and n2 5°, criteria are developed that allow us to estab¬ 
lish the identity or deviation of two independent functions 
Fi (1) and F2 (1). As a measure of the deviation of the two 
functions, we take the mathematical difference Dnin2» t>iat lB» 

a**—(o) 
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Table 11 

® 

GtAPHICS 
NOT REPRODUCIBLE 

Lepend: A — intervals; 3 — interval 
limits; C — frequency m; 3 — frequency 
fraction [chastost*] w 

If the hypothesis on the identity of the two experi¬ 
mental distributions is valid, that is, Fj (1) = Fp (1^ or 
any 1, then the quantity 

u 

is povemed in an approximate way by Kolmogorov's law of dis¬ 
tribution P(/1 ) independently of the type of function F(x), 

for any ^ > 0. 

!f the hypothesis is valid, then 

for a given level of significance (X = n.05. 

If however 

(M 

(3Ü 

* 
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Table 12 

I 

i 

■) (-(10 I i ' 
5.1 I '.1 ’ • 

». - •', « * 'il 

.(' 
ú i. 

!ü 

not REPRODUCIBLE 

r i 

!. -, 
1 i 

Legend: A — Intervals; B — interval 

limits; C — frequency m; D — frequency 

fraction [chastoet*] w 

then the hypothesis that the functions Fi (1) and Fg (1) be¬ 
long to the same distribution type must be refuted. 

Table 13 lists calculations of Dnjng for two empirical 

distributions Fi (1) and F2 (D* 

As we can see from Table 13» the maximum value of hn}n2 

= O.O32. 

The law of distribution of P() and the values of 
were calculated and are given in courses on the theory of prob¬ 

ability and mathematical statistics [25, ^3]. 

The book [13] has a table of the values of P( /1 ) and 
X . ffe take the value of X for a fully adequate level of 
significance or = O.05, which corresponds to the confidence 
interval p « 0.95. When P( Ä ) = O.05, we find X * 1*358 

[13] from the table. 

The volumes of our samplings were ni » 706 and n2 * 
806. We calculate the following quantity from ni, n2, and 

1 kY^-0W. (3T) 
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Table 13 
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Since 

*4,4= ® *31 < OWû-x^j/^â. 

then the hypothesis that the distribution functions Fj (1) and 

Fg (1) belong to the same distribution type has been confirmed. 
The probability of the hypothesis is very high, equal to the 
confidence interval p = 1 - or = 0.95, and the values of Dmn, 
obtained from the experimental distribution series lie with-1 2 
in the limits of the permissible values 0.07. 

Thus, we can with a confidence of 0.95 assert that the 
distribution of distances in any other analogous forests will 
be identical Fi (1) = F2 (1) = F (1) and sufficiently stable, 
which evidences that there is a correlation between the in¬ 
vestigated series of distance distributions. Naturally, this 
correlation is plainly statistical in nature owing to the ef¬ 
fect of numerous factors that have a bearing on tree place¬ 
ment at the locality and the distribution of tree spacings. 
The verification made that the two independent experimental 
distribution series have a common origin is quite essential 
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at the very outset of our investi cat ion. Tf we had from ex¬ 

periment been convinced that the functions Fi (1> and F2 U1 
were not identical, then no subsequent investications would 

be of use, for we would not have a confirmation of the concept 
that the sought-for correlation does exist in nature, that is, 
in the forest. Then the direction of our investications would 
have been chanced, we would have shifted to a new hypothesis, 
set up new aims, and followed other approaches. But confirma¬ 
tion of the first hypothesis gives us quite adequate grounds 
for further investigation to find a specific form of the func¬ 

tion of the distribution of tree spacings. 

11. Investigation of Asymmetry of Experimental Distribution 

Functions 

The monotypicity of the distribution series established 

above, Fi (1) and F2 (1), thus far does not afford a clear 
idea of the specific form of distribution fimction, since it 
in general can be any of a set of functions. Therefore, now 
our problem boils down to finding out of the set of probable 
distribution functions the unique, most precisely reproduced 
actual distribution of distances 1 in forests. ’Ve can esti¬ 
mate here in an approximate way about what the distribution 
type is from the nature and value of frequency fractions 
rchastosti] in empirical distribution series, and more graph¬ 
ically from histograms constructed on the basis of calculated 
distribution densities. The histograms are suggestive of 
bell-shaped curves, which affords grounds to presuppose that 
there is a close relationship between experimental distribu¬ 

tions and some form of the normal distribution. 

However, to be confident of this, we must conduct an 

analytical verification of the symmetry or asymmetry of the 
distribution curves. For this purpose, Table 14 lists cal¬ 
culations of the asymmetry coefficient of the variation series 

Fi (1), and Table 15 does this for the series F2 (1). The 
asymmetry coefficients were calculated from the following 

formuias ^ ^ 

where ^=1 - 1« 

The approximate value of the asymmetry coefficient can 

be calculated from the following expression*. 

A— 
where = mode. 
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rical. 

Ve know that when A = 0, the series is always symmet- 

GRAPHICS^ 
NOT REPRODUCIBLE Tahle 111 

/ I 

1' o 

4‘>,7 
17.7 
-.,7 
0.7 
0,0 
0.7 

\ LI 
►•17.7 
-i-42.7 
• Sf), I 

. ; ;.M 

-.i 

l iM ). > 
><67 ¡ 
161,7 

■sh.iS 
0.0 

V !, •_> 
■* 

; <■ u .2 

1W >>. ' 

» »)!: 

• » » 

’ ! i 

.i i, 
i • > i 

From data in Tahle 1*4, the asymmetry coefficient for 

the series Fi (1) is * , 
ñ\ ia +-QOf 

that is, the curve of the distribution Fi (1) has a very small 
right-handed (positive) asymmetry, which evidences that the 
mean 10 lies to the right of the mode V0. This is also con¬ 
firmed by the fact that the theoretical mean obtained from 
formulas (4) and (5) is 1*0 = 4.4, that is, somewhat less than 

the experimental mean 10 = 4.43. Since A.\ then this 
distribution series can he assumed symmetrical. 

From Table 15, the asymmetry coefficient of the series 

F2 (1) is 

that is, the series F? (D also has a small right-sided (pos¬ 
itive) asymmetry, which once more evidences that there is 
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monotypicity of the investigated experimental distribution 

series. 

Table 15 

1 
2 
3 
4 
5 
6 
7 
H 
y 
10 
11 
12 

1.1 
2.1 
3.1 
4.1 
5.1 
6.1 
7.1 
6.1 
«.1 

10.1 
U.l 
12.1 

til h - it 

Hi 
70 
KXj 
145 
3 ' 
IH 

i. 
(0 
'» « 1 
II 

I 

•H» 

-4 
-3 
—2 
A 
0 

+1 
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4-6 
4-7 

10 
y 
4 
I 
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Since 0 and À2 °> ve can confidently assert 
that there is no sharply pronounced asymmetry in the experi¬ 
mental series Fi (1) and F2 (1). This supports grounds to 
conclude that these series are not related to the distribu¬ 
tion type that differs sharply from the normal distribution 

in which 1*0. 
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12. Investigation of Excess of Experimental Distribution 
Functions 

To discover the type of the distribution curve it ie 
important to know not only the absence of symmetryy but aleo 
the marked positive or negative excessf since the curve can 
be sharply skewed upward or by the canopy (low-lying). Ver¬ 
ification of the presence or absence of a sharply positive 
or negative excess in two distribution series is necessary 
also to judge the similarity or difference in frequency frac¬ 
tions of two experimental functions Fi (1) and F2 (1). Wien 
there is a decided difference in the frequency fractions of 

equivalent intervals in the distribution Fj (1) and F2 (1), 
their inclusion in a single distribution type F (1) is in 
doubt. 

The excess is calculated from the 

where A = !< - 10. 
At the central moments 

-3. (*0) 
H 

We know that in the normal distribution the excess K 
= 0. 

following formulât 

os 

Table 16 presents calculations of the excess Ki of the 
experimental distribution curve Fi (1), and Table 1? — the 
excess K2 for the curve F2 (1). It is clear from these tables 
and the calculations made below that Ki = +0.06, and K2 * 
-O.07. 

The excesses Kj and K2 are very small and, which is 
most remarkable, have different signs. The slight value of 
the excesses and their different signs evidence that both 

experimental distributions Fi (1) and F2 (1) are very similar 
to each other, and their small deviations upwards and down¬ 
wards from some mean distribution curve are random in nature. 
Since in the normal distribution the excess K » 0, and in 
the investigated experimental distributions the excess is 
close to zero, then we can assume that along with the earlier 
noted symmetry the empirical distributions Fi (1) and F2 (1) 
refer to one of the forms of the normal distribution type. 

However, for a final conclusion it is necessary to 
make an analytical verification of this assumption by using 
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more powerful agreement criteria. '.Vo con use the chi2 crite¬ 
rion (I . Pearson) and the criterion of Academician A. IS. Kol- 
moeorov as such criteria. But this requires that we first 
find the theoretical function of the distribution of distances 

Fi (w). 

13. Determination of the Theoretical Function of the Distance 

Distribution 

Discoverinp and appraising the distribution law from 

sampling data represents one of the main scientific problems 

in mathematical statistics [25]« In those cases when it is 
found that the theoretical distribution law appertains to a 
specific family or type of distributions, then the problem of 
finding the distribution law of the quantity under investiga¬ 

tion boils down to finding unknown parameters of the given 
type of distribution function. It is precisely with the aim 
of determining these parameters that in most cases the sta¬ 

tistical study itself is conducted If precise parametric 
values are known, the distribution law for the given quantity 
is determined fully. In our case, out of the set of possible 
forms of normal distribution functions it is necessary to 
find a unique function. This is possible only when we know 
the numerical expressions of the parameters of the sought-for 

function. 

The theoretical distribution function ?i (w) is usually 

calculated from experimental data using the function of the 

normalized normal distribution curve 

^<g:~ÿ4r e 1 0}!) 
where f^ÍLzlL. 

#• 

The values of Z+ are taken from special tables given 

in courses on mathematical statistics [^3]» 

The book [13] contains a table of the values of Zt for 

t from 0 to 3.59. nrdinates of the theoretical distribution 

curve are calculated from the formulai 

where A* =1 Interval of lj values. 

Table 18 lists calculations of the theoretical distri¬ 

bution function Fi (wi) from the data of the experimental dis¬ 
tribution Fj (1), and Table 19 — calculations of the function 

Fl (1V2) for tl16 series Fg (!)• 

- 98 - 



Table 16 

GRAPHICS 
NOT REPRODUCIBLE ^ 17 

- 99 - 



Table 18 
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Table 19 

\A 
2 A 
3. 
4. ' 

t 
fj t 
7.1 
M 
9.1 

10.1 
U.l 
12,1 

0.023 
0.W7 
0. \X 
0. ISO 
0.1H3 
0.140 
0,119 
0.074 
0,03.5 
0.020 
0,003 
0,002 

—4 
-3 
-2 
-I 
-0 

i 
*) * 
3 
4 
5 
b 
7 

1.90Í. 
1.427 
0,930 
0,476 
0.000 
0,476 
0,9» 
1.427 
1,906 
7,380 
2,800 
3.340 

0.0631 
0,1442 
0,2541 
0,3565 
0,1969 
0.3565 
O 2441 
0.1442 
0,0651 
0.0235 
0,0067 
0,0015 

o.ax; 
0.070 
0,121 
0,170 
0.191 
0,169 
0,121 
0,070 
0,036 
0,011 
0,004 
0.001 

/Â=*5fl; *=-2,1; A/-1.0; -=—0.476. 
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Figure 19. Theoretical and empirical dis¬ 
tribution curves for tree spacings in plot 
No 1. Legend: A — distribtition t; 
B — theoretical curve Fi (wi): C — empi¬ 
rical curve Fi (1). 

Figure 19 shows the theoretical distribution curve 
Fi (wj) and the empirical distribution curve Fi (1). 

Figure 20 shows the theoretical distribution curve 
Fi (W2) and the empirical curve F2 (1). 

Comparison of the frequency fractions of the empirical 
and theoretical distributions (in Tables 18 and 19), and also 
their curves in Figures I9 and 20 confirm that they are very 
close in agreement, and this evidences that there is identity 
between the distribution functions. y 
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Fisure 20. Theoretical awl empiri¬ 
cal curves of the distribution of 
distances between trees in plot To 
2 

H is also important to note the fact that theoretical 
functioreFi (wj) and Fi (w2) for two independent empirical 
distribution series Fi (1) and F2 (1) are very similar to each 
other in values of frequency fractions in equivalent intervals, 
which confirms the stability of the distance distribution, 
however, simple comparison of curves and frequency fractions 
of four distribution series is not enough to corroborate the 
normality of the distance distribution. This requires an an¬ 
alytical verification of agreement between theoretical and 
empirical distribution functions usine: the appropriate crite¬ 
ria. 

14. Verification of Agreement letween Smpirical and Theore¬ 
tical Distribution Functions [Jsing the chi2 Criterion 

The chi2 criterion is based on comparison of the fre¬ 
quencies of experimental and theoretical distribution series. 
Verification of the hypothesis of the distribution law using 
the J.. Pearson criterion has several limitations, where in¬ 
terpretation of the verification results is not free of arbi¬ 
trariness. The criterion is used for series that have large 
enough sampling volume and a sufficient value of frequencies 
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in tho r.treme intervals nf tlie distribution series, wliere the 

number of intervals in the series must not be less than five. 
The criterion can load to erroneous conclusions if in the in¬ 
tervals at tho ends of the scries the frequencies prove to be 

very small. For cxamnlo, v.hon taJ:inp into account in the Fj 
(1) series the two last intervals, we n;et chi2 = 34.72. For 
this chi2 value we can wi'bout adequate grounds conclude that 
there is disparity between experimental and theoretical dis¬ 
tributions. In this case the lad: of agreement more properly 
refers to the extreme intervals containing low frequencies, 

and agroonent can prove to be very good in all of the rest of 
the main part of the series. Owing to these characteristics 
in the use of the criterion, it is recommended that the ex¬ 
treme intervals be combined into the single following inter¬ 

val . 

i’o appraise observed and theoretical distributions, 

the criterion is expressed as follows: 

(42) 

where: 
m = frequency of empirical series; 
F(n) = frequency of theoretical distribution series. 

In calculating F(m) tables of the normalized Laplace 
function <J) (t) arc usually used. In our case we can use the 
previously calculated data of tho theoretical distribution 
fmictions Fi (wj) and Fi (v.2) and obtain theoretical frequen¬ 
cies from tho expression F(m) = w”. 

The rule of agreement verification consists in compar¬ 
ing the calculated chi2 with the value of chi2q determined 
from Table 8 in tho bool; [28] for the suitably chosen signif¬ 
icance level 0( and the number of degrees of freedom !:. The 
number of degrees of freedom I< = i - c - 1, where i = number 
of intervals in the series, and c ® number o£ parameters to 
be estimated in calculating F(wî. If cbi2 ^ chi2«, then the 
deviation between tho sampling and the presumed theoretical 
distribution is held not to bo substantial and the hypothesis 
under verification is tal:en as valid. ..ben chi2 chi2q, the 
proposed hypothesis is refuted. 

,0 must note that the criterion chi2 requires in each 
specific case careful selection of the significance level and 
the permissible values of chi2q corresponding to it. Essen¬ 
tially, the significance level ( Of = 2 percent, or = 1 per¬ 
cent, 0< = °»1 percent, and Of= 0.3 percent) is that the 
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events correspondinp to it are 
impossible owing to their low 
p = 0.001, and p = O.OO3). 

in practical terms regarded as 
probability (p = 0.02, p = 0.01, 

If we take the significance level ex'/100, then we as¬ 
sume that the probability of the criterion chi2 falling with¬ 
in the region of permissible values of chi2q is 1 - ar/iuo. 
Therefore, the lower the significance level, the smaller is 
the probability of refuting the valid hypothesis. However, a 
low significance level affords grounds for the assertion that 
the calculated values of the criterion chi2 do not contradict 
the liypothesis being tested, but only barely. Dut as the sig¬ 
nificance level is reduced the sensitivity of the criterion 

drops off. 

Tn our case the problem is somewhat simplified since 
we wish to verify only the non-contradictoryness of experi¬ 

mental Fi (1) and F2 (D with the 
and Fi (w2) calculated earlier and 
ifiod as to several other criteria 

theoretical functions Fi (wj) 
qualitatively already yer- 
of distribution normality. 

Here we are interested in the significance level guaranteeing 
against rejection of the valid distribution hypothesis. Tf we 
take = 2 percent or = 0.3 percent, then we can assume 
that the probability that chi2 exceeds the permissible value 

small, that is, 0.02 or 0,003. This 
grounds for regarding this event as 
The probability, in fact, that chi2 
of permissible chi2q values is very 
0.997, that is, close to unity, which 
total certainty. Only in 2 percent 
cases can we anticipate discrepancies 

chi^q will be extremely 
low probability affords 
practically impossible, 
falls within the region 
great, equal to 0,08 or 
is tantamount to almost 
or in 0.3 percent of all-— - .... . 
between the observed facts and the adopted distribution hypo¬ 
thesis. It is clear from Table 20 that chi22 = 14.45, and 
k = i - 3 = 6. For a significance level 0( = 2 percent and 
Ic ä 6, the permissible chi2no = 15*D. Since chi 2 = 1 • 5 

< 15.0 * chi2«-, then we 

distribution 
Fi (w2). 

q2’ 
of F2 (1) does not 

42 
can assume that the experimental 

contradict the theoretical 

For Fi (1) and Fi (wi), Table 21 gives chiZj = 19.586. 
and k = 6. The non-contradictoryness of the function Fj 
to the experimental distribution Fi (1) corresponds to the 
significance level <* *0.3 percent, since when Ic = 6 and 

) s 0.003, the value of chi2qi * 20.0. 

Table 20 gives calculations of the criterion chi22 for 
the functions F2 (1) Fi (w2), and Table 21 -- for the 
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criterion chi2^ for the distribution functions Fi (1) and 
( Wj ). 

Though the criterion chi2 is often used, it still ex¬ 
hibits several drawbacks and points of arbitrariness in in¬ 
terpreting the results of verifying agreement between distri¬ 
butions. Therefore, it is always worth while to to check 
agreement between distributions by using other criteria. The 
criterion of Academician A. N. Kolmogorov is recognized as a 
more powerful criterion. 

In the interests of theoretical rigor, we will verify 
agreement between distribution fimctions by using this crite¬ 
rion. 
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15. Verifyinp Agreement Between Empirical and Theoretical 
Distribution Functions by Usine the A. v. 1 olmoenrov Crite¬ 

rion 

The agreement criterion of Academician A. X. I olmoeorov 
can be used in appraising samnline distribution functions also 
in those cases when the law of distribution or the form of the 
function describing the distribution of the quantity in the 
general population is not known to us. 

Only one continuity condition is imposed on the func¬ 
tion. Use of the criterion also presupposes that the empiri¬ 
cal function is formulated from quantities that are non-grouped 
in the intervals. 

However, with some degree of approximation the confi¬ 
dence appraisal of the function F(l) will operative also in 
the case when the intervals of the distribution series will 
be small enough, in our case all these conditions are met. 
The intervals of 1 are taken very small, only 0.2 10, such 
that when lo = 5 this yields 0.5 meter. There is practically 
no necessity to take smaller-sized intervals, since tree 
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spacirçs of 0.5 meter are encountered very infrequently and 
are not of importance from tlie practical and theoretical points 
of view. 

The criterion of A. Î». ! olnocrnrov is founded on a com¬ 
parison of the accumulated frequency fractions of the empiri¬ 
cal distribution series with the data of the intecral function 
of the theoretical distribution hy dotormininp the maximum de¬ 
viation between them and its estimate with respect to the dis¬ 
tribution function P( A ). 

Let us denote the function of cumulative frequency frac¬ 
tions of the empirical distribution wacemp, and the integral 
function of the proposed theoretical distribution »^theor* 

Then, for large samplings the probability P(/l ) is 
such that the maximum deviation of the frequency fractions 
•vacenrp ” waotheor exceeds a specified number Acan be 
determined in an approximate wav from the function 

2¡ A3) 
A~ — 

The probabilities P(A ) for different A values have 
been calculated by Professor X. V. Smirnov from formula (*J3), 
and they can be found in courses on mathematical statistics. 
They are also in the book [13]. 

The maximum difference in the cumulative frequency 
fractions is denoted by • „ 

(44) 
Legend : 1 -- nacompi 2 - wactheor 

Vhe value of A in these calculations is determined 
from the expression 

k^OVñ (44) 

where n = scope of sampling. 

.’e will write out the probability P( A ) from a calcu¬ 
lated A from a special table. Tf F(A ) proves to be very 
small, that is, smaller than h.oi or 0.05, thon the proposed 
theoretical distribution is not in agreement with the empiri¬ 
cal distribution. ’.Then P( A ) is greater than 0.01 (0.05) the 
agreement between the distributions under study is deemed to 
bo corroborated. 

- 107 - 



Table 22 liste calcmlations of empirical and theoreti¬ 
cal cumulative frequency fractions for determination of the 
maximum value of D in the distribution series Fg (D &nd Fi 
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We can plainly see from Table 22 that the maximum I) = 
'vacenm ” wactheor s °»025* The scope of sampling n = 806. 
Thennip 

For A = 0.71 from the table of P(^ ) values we find 
r2(/l ) = °»69. Since P2Í X ) = 0.69 > 0.005, then we can as 
sort that the distribution of distances between trees agrees 
well with the theoretical normal distribution calculated for 
the appropriate values of the parameters lo» • 

An appraisal of agreement can be made using A. N. Kol¬ 
mogorov's criterion also by stipulating the criterion of sig¬ 
nificance q or probability p = 1 - q. Let us assume that we 
talce as a measure of confidence p = O.95, which corresponds 
to the significance level q = O.05, or 5 percent. Mien q = 
0.5 the value Aq = 1.358 (cf tables for P(A ) and ^ in 
tho book [13]). Then the range of acceptable values will be: 

,) JJL. = 41-- -3 o. '48. 
J / » >01) 

The value Dq * 0.048 is the region of permissible deviations 
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for a 5-percent confidence probability. Tf the calculated D 

zone of permissible deviations Dq, then agreement between em¬ 
pirical and theoretical distributions is held quite good and 
trustworthy. 

In our case D = O.025 0.048 = Dq, therefore agree¬ 
ment between the distribution functions F2 (1) and Fi (W2) is 
confirmed. 

The A. N. l olmogorov criterion can also be employed 
when using cumulative frequencies m of empirical and theore¬ 
tical distributions. 

In Table 23 the original data for the use of this crite¬ 
rion are calculated not from frequency fractions, but from the 
frequencies of the distribution series Fj (1) and Fj (wj). 

NOT 
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Legend: 1 — memp; 2 — macemp; 3 — wtheor; 

^ mtheor* 5 mactheor» ^ niacemp “ 

mactheor 

It is clear from Table 23 that = macemp - 

= 19# In this case D is expressed in percentages, but to cal- 
calculate A it is necessary to express D in frequency frac¬ 
tions, that is, to divide D by the sampling scope n. 

Then A = D Vñ/n = 1)/ V~n. 

The sampling size nj = ?06. 'Che calculated 

X,ans. 
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We find P^/l ) = 0.681 from the table of ) values for ^ = 0.713. 

Since P1( /Î) > 0.05, then we must take the agreement between the second 
pair of empirical and theoretical distributions as good. 

In this way the A. N. Kolmogorov criterion also confirms the 
agreement between empirical and theoretical distributions. 

16. Conclusions on the Statistical Correlation of Tree Spacing 
Distribution in Tree Stands 

This examination of empirical of empirical and theoretical dis¬ 
tributions and the derivation of the function of theoretical distribu¬ 
tion of spacings confirms the identity of the distribution series and 
their stability, which affords adequate grounds to speak about the 
axistence of a natural correlation of tree spacing distribution in forests. 
We have been convinced that the empirical functions of two distribution 
series are identical to each other, that is, F^(l) = F2(l)» It has also 

proven to be the case that theoretical distribution functions agree well 
with empirical functions and with each other, that is, F^(w^) = ^ (w2)= 

=F1 (1) F2(l). SnuOl variations in frequency fractions of empirical 
distribution series about the theoretical distribution function are 
wholly expected for any statistical correlation, all the more so for 
sampling distribution series. 

In the general population, the distribution of spacings will ul¬ 
timately coincide with the theoretical distribution function F(w) given 
the very essentials of investigating mass random phenomena. 

Table 24 lists values of frequency fractions expressed in percen¬ 
tages for each interval of all four distribution series, that is, two 
empirical F1 (1) and F2(l) and the two theoretical series F^w.^) and 

F1(w2) corresponding to these, and also the empirical Faamp(l) obtained 
on the basis of small sampling (Table 10). 

It is clear from Table 24 that even Faamp(l) obtained from small 

sampling has good agreement with the rest of the distribution series for 
the main intervals. 

Figure 21 shows the integral curve of the normalized normal dis¬ 
tribution theoretical distribution Fl(w1) and the empirical distribution 

curves F (1) and F2(l) constructed from cumulative frequency fractions. 
In this figure, the good agreement between all distribution curves is 
particularly graphic and distinctly evident. 
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Since the theoretical distribution functions F^v^) and F1(w2) give 

identical distribution series, then we can select as the single function 
of distance distribution either of these two functions. Therefore, the 
function of the law of tree spacing distribution in a natural forest can 
in general form be written as follows: 

[ It 1 _ F® 
After substituting nuaerical values for all parameters (10 = 4*4; 

¿5 = 1.9; ¿I = 0.9), the final form of the distribution distribution 
function will be: y — 4+«- 

f TOT" cm 
The statistical function (47) actually acquires a single-valued 

appearance, since it has only a single variable 1, that is, tree spacing. 
We can, of course, in actual practice form a unique distribution series 
by adding two theoretical distribution series, but their frequency frac¬ 
tions in each interval are so close that obtaining mean frequency fraction 
values would lead to their variation by only 0.1 or 0.2 percent. There¬ 
fore, we can altogether limit ourselves to the distribution series F^(w^). 

Since the function of the law of distance /tree spacir^7 distri¬ 
bution that we have found is one of the forms of the normal law of dis¬ 
tribution, it is obvious that it retains all qualities of the distribution 
of / relative to & and v. 

Table 24 
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Accordingly, the distribution of 1 for known and v retains 
the ratios shown in Table 25. 

However, the distribution series in intervals of the mean tree 
spacing is more convenient, since to discover the percentage of given 
distances in a forest, it suffices to determine only the mean distance, 
then to use the ratios in Table 25 it is further necessary to determine 

or v, but this is too laborious, while in this case also we get 
from Table 25 vastly less detailed information on the percentage ratio 
of distances than from the distribution series of F^(wi). 

In conclusion, we note that the distribution scries F-^v) will 
be valid for mature stands growing umer ordinary, normal conditions 
and with variance v --= 40 percent. There are as yet no grounds to 
assert definitively that this series will be retained with pre¬ 
cision in young stands as well as in forests with habitat conditions 
sharply differing from ordinary (soil-cliraatic and geographic), since 
we do not have available to us large enough amounts of experimental 
data. Therefore, it is required to conduct additional experimental 
studies for these forests; these investigations will afford a refine¬ 
ment of the parameters of the statistical function of tree spacing 
distribution. 

Since intervals of the distribution spacing series are taken 
independently of specific values of the mean spacing, then by setting 
ary mean 10 we can calculate the distribution for ary spacings 1, 
which in fact has been done in Table 26 for mean spacings from 2 to 
15 meters. 

From Table 26 it is no trouble to determine the percentage of 
any spacings in the forest if we know 10, Let 1=5 meters, then 
the distances 1=8 meters in the given forest wSll be only 7.3 per¬ 
cent of the total number of all spacings. 

It is clear from the distribution series that 49.2 percent of 
all spacings are less than 10, and 50.8 percent — greater than 1 , 
that is, all spacings in the forest will be divided into two equal 
parts. 

Distances equal to 1.2 1Q and smaller prove to amount to about 
75 percent, which is of weighty practical importance for estimating 
traversibility of the forest, since we can with a probability close 
to unity assert that in 75 cases out of 100 we will encounter precisely 
such distances in moving through the given forest. 
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Figure 21. Integral curves of tree spacing dis¬ 
tribution. Fj and F2 = empirical, F = theoreti¬ 

cal . 

legend: 1 — wacc 

Thus, for example, in a forest tract with mean 10 = 
6 meters, in 75 out of 100 cases we will encounter tree spa- 
cings equal to 7.2 meters and less, which gives a good idea 
about the traversibility of the particular forest. 

Table 26, as was shov/n in section 38» is in need of 
refinement for small and large tree spacings. 

The correlation of tree spacing distribution affords 
the possibility of solving many practical problems. 

The scientific importance of discovering the statis¬ 
tical correlation of tree spacing distribution in natural 
forests needs no comment, for discovering any law of nature 
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introduces a definite contribution to understanding correla¬ 
tions of our material world. Today a new correlation has been 
established in forestry (forest appraisal) and topography 
along with earlier discovered correlations of the distribution 
of trees by thickness, height, and other features. This once 
again confirms the principles of materialist dialectics on the 
imiversal interrelatedness of phenomena and the accessibility 
of the world to our cognition. 

In topography, cartography, and forest appraisal the 
law of distance distribution affords a stable scientific and 
theoretical basis for practical methods of determining mean 
distances in forests and from aerial photographs. 

In forest appraisal the correlation of distance dis¬ 
tribution, along with solving purely scientific problems with 
respect to study of the forest as a plant comimmity, can be 
employed also in arriving at methods of determining timber 
stand reserves. However, it appears worth while to conduct 
experimental studies on refining the parameters in the func¬ 
tion of tree spacing distribution in several other zones and 
other forest age classes. 

From the scientific and practical points of view the 
distribution of tree spacingo and spacings between any other 
plants is intimately bound up with how the plants are arranged 
in the particular locality in their natural development under 
the effect of the many factors of the site. 
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Accordingly, several assumptions on the types of tree 

(plant) location and the probable types of distance distribu¬ 
tion corresponding to them are of interest. 

Theoretical treatment of this separate research area 
bears practical importance in elaborating principles for using 
the distribution curves and their main parameters as indicators 
of site conditions (for example, soils, groundwater mineraliza¬ 
tion, etc.). These problems are taken up in Chapter 10. 
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CHAPTER 4 

STATISTICAL CORRELATIONS OF DTSTRI HUTTON op 
TREES n STANDS BY TP Id.NESS, PBTGITT, AND 
CRO'VN DIAMETERS 

I?. Correlation of Distribution of Trees by Thickness 

Correlation of tree distribution by thickness has been 
studied by Russian and foreign foresters since the end of the 
last century. 

The German professor Weisse studied the problem of 
mean tree diameter in forests. lie found that the tree that 
is average in thickness will divide all trees in the forest 
into two approximately equal parts — thinner (57.5 percent) 
and thicker (42.5 percent) than the mean tree. This correla¬ 
tion was then confirmed for almost all tree species. 

At the end of the last century the Hungarian profes¬ 
sor Fekete investigated the correlation of tree distribution 
by thickness in spruce stands and drew up a table of the per¬ 
centage ratio of trees by thickness, starting with the thin¬ 
nest tree in the forest. 

The Austrian forester Schiffel expressed tree diameters 
in fractions of mean thickness and called these variables re¬ 
duction numbers. He compiled a table of tree distribution by 
thickness with an interval of ten percent (from the thinnest 
to the thickest tree in the forest). 

The most extensive theoretical generalization about 
the correlation of tree distribution by thickness were made 
by Professor N. V. Tret*yakov [55, 54] and by A. V. Tyurin 
[57, 58]» A. V. Tyurin examined distribution series relying 
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on data of test stations in Switzerland, Sweden, Germany, 

Austria, Finland, and Russia for young and old forests. As 
a result of the experimental distribution series of trees by 
natural thickness classes that he drew up, Professor A. V. 
Tyurin concluded that the pattern of distribution of trees 
by thickness depends neither on the species nor on the site 
class, but on the stand occupancy and only in part does it 
depend on forest ace, while depending strongly on maintenance 
fellings [58]. 

In his study [57], A. V. Tyurin observed that the law 
of distribution of trees by thickness applies to all forests 
he investigated within the USSR and within countries of west¬ 
ern Europe. lie also held that this law in general applies to 
young, mature, and over-mature forests [57]. 

In the study [58], A. V. Tyurin presents experimental 
distribution series for thin-stern, moderate-stem, and thick- 
stem stands. 

A. V. Tyurin constructed a distribution curve from ex¬ 
perimental distribution series. The graph of the curve is 
suggestive of the normal distribution curve. As a result, he 
concluded that distribution of trees by thickness is expressed 
by the normal Gauss-Laplace curve. We must, however, note 
that Professor A. V. Tyurin did not determine the theoretical 
curve of the function and in his works does not derive equa¬ 
tions of this function. Therefore, any conclusion of the 
similarity of the experimental tree spacing distribution se¬ 
ries with the normal distribution is essentially correct, but 
theoretically has not been proven. As far as we know, the 
literature on sylviculture and forest appraisal in general 
does not contain the derivation of the equation of the func¬ 
tion of the distribution of trees by thickness. The corre¬ 
lated series of distribution of trees by thickness, validated 
by Professor A. V. Tyurin, is given in Table 2?. 

Table 2? 

Ofi 0,* 0,7 0,f Ofi t,0 1,1 1j2 1,4 i¿ |,7 
0.7 3,5 ¢0 fé,t »MIM IHM 63 3,3 0,1 
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Tt is found that in a uniform stand the highest per¬ 
centage of trees are of a thickness close to the mean value. 
Trees thinner than the mean diameter are encountered in the 
amount of 57.25 percent, and those thicker — 42.75 percent. 
The diameter of the thickest tree is 1.75 d°-tree» ani1 

thinnest — 0.5 d0tree* 

Further, Professor A. V. Tyurin calculated the sums 
of cross-sectional areas of trees and obtained the following 
percentage ratio of cross-sectional areas! trees thicker 
than the mean tree amounted to 40.35 percent, and those thin¬ 
ner — 59.65 percent of the total of the cross-sectional area. 
This ratio is important in determining yield by approximate 
methods, since the basic yield is made up of trees close to 

d°tree and larger than d°tree» that is, trees of the main 
canopy, the projection of the upper part of which is imaged 

on aerial photographs. 

For topographic cartography, we must take cognizance 
of the distribution of trees by thickness in developing meth¬ 
ods of determining mean tree thickness in forests and from 
aerial photographs, and also in determining correction coef¬ 
ficients in mean tree spacings measured on aerial photographs. 
Table 28 has been compiled on the basis of the correlation of 
distribution of trees by thickness. This table allows us to 
find the percentage of trees of a specified thickness dtree 
from the known mean thickness dOtree in the given forest tract 
for d°tree values from 10 to 40 cm at intervals of 2 cm and 
with a certain amount of smoothing of d-tree to whole centi¬ 

meters . 

Let us assume that the mean tree thickness found in 
the field or from aerial photographs, d°m = 20 cm, and we 
wish to know the percentage of trees of thickness d-^ee = 1° 
cm. It is clear from Table 28 that there will be about lb.4 
percent of such trees in the stand. 

18. Correlation of the Statistical Functions of Tree Distri¬ 
bution by Thickness and Tree Spacing 

Careful inspection of the tree spacing distribution 
series reveals a closeness between the values of f percent 
in spacing intervals of 0.2 and in tree thickness intervals 
of 0.1 in the distribution series of Professor A. V. Tyurin. 
More detailed study of these two different distribution se¬ 
ries revealed that the tree thickness distribution series 
expressed in fractions of the mean diameter shows a closeness 
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Leeend: 1 — percentage of trees of a civen 
thickness out of the total number of stems in 

the forest per hectare; 2 — r1ntree 

in value of f percent with the tree spacing distribution se¬ 
ries expressed in fractions of the mean spacing. Table 29 
lists distribution series in dtree and in 1. By comparing 

the values of fd^ge l,ercent anfl fl percent, the similarity 

of the series shows up easily. 

© 

© 

Table 29 

Legend: 1 — k(detree); 2 — fdtree 

The question naturally arises: is this coincidence of 

numerical values f percent in the tree distribution series by 

dtree and by 1 a coincidence or a sign that there are natural 
correlations in the development of a forest as a plant commu¬ 

nity? Since each distribution series taken separately is 
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orderly, confirmed by experimental data, then it appears prob¬ 
able to assume that the similarity in numerical values of f$ 
is also not random, but a consequence of the manifestation of 
relationships between the main features of the tree community 
(by a logically caused process development and the stable ex¬ 
istence of this community in nature). 

The fact we discovered that there is aereement between 
values of f percent in intervals of 0.1 for dm and in intervals 
of 0.2 for 1 has compelled specialists in forestry and botan¬ 
ists to reflect on the causes of this phenomenon. 

The interrelationship of distribution series in dtree 
and in 1 is of interest from the mathematical point of view. 
The issue is that if numerical values of f$> are close to each 
other, then it is obvious that there must be a closeness be¬ 
tween theoretical functions of these distribution series as 
well. Therefore, an attempt was made, even thouph approximate, 
to find the theoretical function of tree distribution by thick¬ 
ness and to compare it with the tree spacine distribution func¬ 
tion. 

The literature familiar to the author has not been 
foimd to contain data on the statistical distribution function 
F(dtree)« There is only a numerically expressed experimental 
distribution series of dtree* Field data of the forest plot 
No 1 were used for the approximational determination of the 
function F(dtree)* ïn this Plot d<Hree = 29.6 ^ 30 cm, h0 
= 22.2 meters, and species composition 6 pine 4 spruce. There 
were no experimental data about tf, therefore we have to de¬ 
termine G from the mean variance of thickness for pines vpjne 
= 20 percent foimd by Docent V. I. Levin f3] and for bircn — 
from N. P. Anuchin f3] vbirch = 28.8 percent. The textbook 
on forest appraisal by Professor V. I . Zakharov contains data 
on this question. 

Taking vc = 20 percent, let us allow an error, for the 
species composition in the plot is mixed — pine and spruce. 
But owing to the absence of precise data on v and «7, we use 
approximational data, since it was important to us to discover 
only a general pattern of the extent of similarity between 
theoretical functions F(l) and F(dtree)* Mean values of the 
intervals in dtree were taken from Table 28 for d°tree = 3°* 
The values of the intervals k(d°tree) and the frequency frac¬ 
tion Wj were adopted from the distribution series of Professor 
A. V. Tyurin. 
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ßiven this set of conditions, we get 

Legend: 1 — ^pine ^ 
•y—i®- '6. 

A . *- J 1IIO 
and 41 d/<y = 3/6 = °»5, since the intervals Ad1 are given 
every 3 cm (cf Table 28). 

Now we have all the data we need to calculate an ap¬ 
proximate theoretical distribution function 

Legend: 1 — dtreei 2 — d2tree 

Table 36 lists calculations of the function F(d^ree). 
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After substituting parameters in formula (4P) we ob¬ 
tain the theoretical function of the distribution of trees 
by thickness 

0,6 
«-*)• 

Legend: ^ = [subscript] tree 

(M) 

Tables 36 and 26 were used to draw up Table 31 in which 
the f percent values are listed for theoretical functions F(l) 
and F(d^ree). 
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r(n.- 
F (dm)' 

Table 31 

3,5 7,3 T20 16 9 19 6 16 9 1*0 7-3 -35 

J5 bC 1*1 Hi 199 Hb 1*1 6« 3ff 09 

It Is clear from Table 31 that theoretical functions 
F(1) and F(dtree) ar° extremely close in value, in spite of 
the fact that F(ritree) Is determined from approximational dis¬ 
tribution parameters. It is obvious that if there are precise 
parameters of the function of distribution of trees by thick¬ 
ness available, there will be an identical theoretical func¬ 
tion of tree spacing distribution, that is, F(d-tree) F(l). 
Consequently, the assumption that there is a consistent sim¬ 
ilarity between the functions F(d-tree) an(3 F(l) will have 
some basis. '.Ye must hold that further investigations of this 
important and interesting question will allow us to speak 
more confidently about similarity and interrelationships of 
the distribution functions F(l) and F(dtree) anrt factors 
underlying this similarity. 

The theoretical function of the distribution of the 
trees by thickness (^9) that we defined in '"able 3^ can serve 
as the first approximation to the mathematical expression of 
the experimental distribution series. 

19. Correlation of Tree Distribution by lieiebt 

The correlation of tree distribution by height estab¬ 
lished by foresters for homogeneous stands is expressed by ar 
asymmetrical distribution curve. Professors áchiffel, Î.. V. 
Tret'yak ov, A. V. Tyurin, and >!. V. Davidov, Docent V. 3. 
Levin, and others have been engaged in clarifying and explor¬ 
ing this correlation. 

Table 32 gives a series of tree distribution by height 
established by Professor h. V. Davidov. 

Table 32 

/ (kt) 0,V5 0,tn ÕJ7* 9,910 09460 VtO I 000 \ 0M> 1 030 \ )00 Í 145 
/% 0 10 Î0 X 40 50 60 TO 90 90 100 
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The intervals nf the series Mhn) are expressed in 
fractions of mean height. In forest appraisal these inter¬ 
vals are called reduction numbers for heiprht and are arrived 
at by dividing eiven beichte by the average stand height. 
Setting any mean height values, we can obtain the values of 
all heights encountered in the eiven forest section by mul¬ 

tiplying T:(h) by the given ho* 

In contrast to the series of tree distribution by 
height, V. V. Davidov gives the number of trees of a given 
height out of the total number of trees in the forest plot 
not for each interval Hhn) considered separately, but in 
the form of cumulative frequencies expressed then in per¬ 

centages f percent. 

Starting with the lowest trees to the highest, for 
each gradation of the series the percentage of trees is sum¬ 
med up and this overall percentage f percent is then listed 
in Table 32. Thus, for example, trees that are hn in height 
and shorter will represent 60 percent of all trees in the 
plot, but trees that have h = 0,87 ho and smaller will ac¬ 
count for only 20 percent. All trees from the lowest to the 
highest total 100 percent. Starting from the distribution 
series, the highest tree in the stand has hmax ^ ho» 
that io, 15 percent above the mean tree height; and the short¬ 

est tree has hmin Ä 0»7 ho> that is» 3° PQrcent leBS than 
the mean tree height. 

The correlation of tree distribution by height has 
quite a bearing on the proper approach to determining aver¬ 
age heights in forests and especially from aerial photographs 
in which it is primarily the upper section of the forest can¬ 
opy that shows iip. For these same purposes it is important 
to know the variance of tree heights. 3ased on data of Pro¬ 
fessor V. k. Zakharov D] and Professor A. k. Kondrat'yev, 
the variance of the heights of pine forests vpjne * o-8 per¬ 
cent, and the variance of the heights of birch stands, from 
data of Professor K. P. Anuchin [3], is v>,irob = 8-l° Per¬ 
cent. A relatively small variance of height allows us to 
determine the mean forest height from aerial photographs 
with adequate precision, however, we must always bear in 
mind that the earlier listed v values relate to homogeneous 
stands. Obviously, in non-homogeneous and mixed stands var- 
iar.ce of height will be somewhat higher than 10 percent (v 
will increase in strongly pronounced double-story stands). 

To solve practical problems it is important to know 
the distribution of heights for these different mean height 
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values. For this parpóse Table 33 has been drawn up, from 
which one can determine the percentage of trees of a given 

height for a known mean height h0 of the forest plot. 

Table 33 
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legendt 1 — overall percentage of traes 
of a given height of the total number of 

stems in the forest plot 

Scientifically, in our view it is necessary to con¬ 

duct studies on determining the theoretical function of tree 
distribution by height and its correlation with theoretical 
functions of tree distribution by thickness and tree spacing. 

If in approximate terme we take the normal distribu¬ 
tion as the theoretical function of tree distribution by 
height, then we can obtain approximate relationships between 

hmax» ho,*h» and vh that are of practical importance for 
the sampling method of determining appraisi*,.! indexes in the 
forget and from aerial photographs. Given these assumptions 

M* (SB) 

Legends 1 — or 
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From the empirical distribution series 

A»«,«1 .ISA, MJIN (51) 
% (?) 

Legendi 1 -- or 
Then i i \ 

\m0,06*0«0,01 tr^A* ha ^»0.057/4. (52) 

Legendi 1 — or 
If we determine h0 in the forest or from aerial photographs, 
then we can obtain approximate values of <*h and vj, 
stand from the expressions (52). 

20. Correlation of Tree Distribution by Crown Diameters 

Materials of research on sizes and forms of crowns of 
different tree species are presented in works by Professors 
G. G. Samoylovich [4?, 48, 50, 51, and 54], N. I. Baranov 
[4], and other authors. 

Study of the correlation of tree distribution by crown 
diameters is of practical interest in determining crown clo¬ 
sure from aerial photographs with the aim of estimating oc¬ 
cupancy and yield of stands as well as the concealing proper¬ 
ties of forests. 

knowledge of the series of distribution of trees by 
crown size is necessary also to determine tree thickness with 
the aid of tables of the correlational tie between height, 
thickness, and crown diameter. It is also wholly possible 
to elucidate multiple correlation between values Dc, h, and 
dtree* which will allow us to determine tree thickness by De 
and h measured on aerial photographs. 

The study [14] presents the suggestion that tree dis¬ 
tribution by crown size is close to the normal distribution. 
However, it has not subsequently been able to derive the 
function of crown distribution owing to the lack of materials 
on measurement of Dq in localities. 

Obtaining experimental data that can be considered as 
large samplings with a volume of up to 300 measured crowns 
made it possible to determine a model series of tree distri¬ 
bution by crown size and the approximation of theoretical 
function of tree dlstrloution by crown diameter. 

Field measurements of the crowns of 262 trees on the 
forest plot No 1 (compositions first story 6 pine 4 spruce, 
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second story 10 spruce, occupancy 0.81, age 60 years, and 
site class T) were used hy us to determine the crown dis¬ 
tribution function. 

Table lists counts made of crowns at intervals ex¬ 
pressed in fractions of the mean crown diameter, calculations 
of main crown diameter, mean square deviation, and variance 
of crowns. Table 35 lists calculations of the theoretical 
function of tree distribution by crown size, that is 

f5B) 

Legend: * * [subscript] crown 

The theoretical function of tree distribution by crown 

diameter is as follows: 

mi 
W (H) 

Table 3^ 

© 

GRAPHICS 
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Legend: 1 — intervals, Dci 2 — frequency, m; 
3 — frequency in percent 

The calculated values are as follows: i)°c = 3.5» 
= ± 1.05, and vc = 30 percent. 

Figure 22 presents the curve of tree distribution by 

(Town size. 

From Table 36 it is clear that almost ?0 percent of 
the crowns are of a diameter close to the mean crown diameter, 
that is, they are included in the limits from 0.8 D°c to 1.2 

D°c. 
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The variance of crowns was found equal to vc = 3° per¬ 

cent. that is, somewhat greater than was assumed. However, 
this coefficient vc was obtained when talcing into account all 
crowns (trees in the first and second storys) for a mixed 
forest consisting of pine and spruce. In homogeneous stands 
the crown variance will evidently be less than JO percent. 
Tn practical terms, the percentage of trees that have mean 
crown size is close to 30 percent. More than 90 percent of 
the crowns are concentrated within the limits from 0,6 to 
1.4 D°c. The curve of distribution of crowns compared to 
the curve of distribution of distances proved to be more 
elongated upward and with a more abrupt descent toward the 

X axis (Figure 22). 

The approximate series of tree distribution by crown 

size gives a theoretical foundation for developing practical 

methods of determining mean D00 from aerial photographs and 
allowing for characteristics of distribution of D0 in deter¬ 
mining mean tree spacings and crown closure by the method of 

counting crowns along straight lines. 
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button. 
Legends A — DCJ B — D°c 

Later étudiés on correlatione of experimental crown 
distribution series were published by G. G. Samoylovich» A. 
Ta. Zhukov, and A. N. Polyakov (cf Chapter 1). 
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CHÀPTSR 5 

correlational functions of tree stand appraisal 
INDICATORS 

21. Remarks on Correlations and Precision of Statistical 
Variables 

When we study the relationship between three or more 
variables, we are dealing with multiple correlation. The 
variables between which correlations can obtain in this case 
are taken as the mean quantities that serve to generalize 
representatives of tree sets. 

In each stand there are trees of different height and 
thickhess. In practice it is important to characterize the 
entire population of trees by height and thickness. To do 
this, the mean ho and d°tree are determined. Then, knowing 
the laws of distribution of h and dm, we obtain a full idea 
of the heights and thicknesses of all trees in the plot. 

The problem of whether there is a stable relationship 
between the mean h0 and d°tree in different plot sections has 
arisen. If such a relationship holds in nature, then ob¬ 
viously we can find its quantitative expression in the form 
of mathematical equations, and from the equations calculate 
tables of numerical values of height and thickness. The 
presence of a quantitatively expressed relationship between 
two variables has valuable practical advantages, allowing us 
instead of measuring two variables to measure just one, and 
to take the second one from the table of correlation between 

the two. 

Successful use of aerial photographs for forest ap¬ 
praisal, resumption of topographic maps, and the use of 
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aerial methods in science and practice as a whole hinge on 
efforts to find correlations. 

We know that a well-defined function has been observed 
betoeen troe height end thlckneee. The first problem of re- 
search is to find a numerical expression of this function, 
and the second — to appraise the closeness of the relation¬ 
ship and the precision that this relationship can yield when 

determining dtree frora measured h or Dc. 

The third problem is determined by the practical value 
of drawing up the smallest number of correlation tables. Tbe 
most convenient and simplest case is compiling a jingle ta¬ 
ble suitable in its precision for the largest number of for¬ 
est types and for the greatest area in which forest tracts 
are located. If a single table does not ensure the desired 
precision, then we are compelled to prepare several tables 
for the biggest geographical zones, and then the subzones, 
oblasts, and forest-plant regions. By gradual approximation, 
we can find the smallest number of tables suitable for the 
largest territory of forest expanses. 

This line of research at present is possible because 
in forest appraisal enormous experimental material has piled 
up over many decades and numerous tables of the growth pat¬ 
tern of normal stands have been compiled in which data on 
height and thickness of trees are given for pure homogeneous 

stands. 

Tables of growth pattern afford probable heights and 
thicknesses for each species with a breakdown sometimes into 
se^en site classes. They have been drawn up only for a num¬ 
ber of oblasts of the USSR. Finally, foresters and appraisers 
are not wholly unanimous in appraising tables of stand growth 
rattern (local and universal), and all the more so in the 
methods by which they were compiled, for the concept of nor¬ 
mal stands that underlies them has been placed in serious 
doubt scientifically and practically. 

Tn forest appraisal appraisers determine height and 
thickness not fr growth pattern tables, but from field meaii 
urements in the forest. Tn field topographic work the same 
thing is done. But now we can from aerial photographs meas¬ 
ure just the height, and read off the thickness from correla¬ 
tion tables which we had to prepare earlier. This requires 
that we find a correlation equation of the type h * F(d,n) 
from experimental data of measurement of mean tree heights 
and thicknesses in different forest plots. 
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However, lief ore ire find the correlational equation a 
number of remarks about the precision of the tables needed in 
practice and about the actual concept of precision of statis¬ 

tical variables are in order. 

The concept precision of determination of mean statis¬ 

tical variables h© d°tree differs from the ordinary concept 
of measuring height or thickness of a given tree. 

The mean h0 and d°tree we statistical characteristics 
of a set of trees. They are only parameters of a consistent 
distribution series of trees by height and thickness. There¬ 

fore, precision of h0 and d°tree determination is more cor¬ 
rectly the precision of determination of the distribution se¬ 

ries parameters. 

We can measure any given tree with a high degree of 
precision down to millimeters, but if the selected tree dif¬ 
fers sharply from the mean in height and thickness, then the 
highest precision in measuring this tree does not amount to 
anything, since it is not a parameter of the distribution se¬ 
ries. Consequently, the main concern is to faithfully deter¬ 
mine precisely the mean height and thickness that most fully 
reproduce the distribution series of the given set of trees 

with different heights and thicknesses. If the mean d°tree 

will be improperly selected, imprecisely, then the distribu¬ 
tion series will deviate sharply from the actual. Thus, pre¬ 

cision in determining the mean d0treei paramountly and above 

all, must be estimated by the deviations of the two distribu¬ 

tion series obtained for different mean do-tree values. For 

example, let the true (precise) mean d-tree = 20 cm» and the 
mean d^tree determined in the forest plot * 22 cm. We will 

try out here two distribution series of trees by thickness 

for dtree = 20 cm and d°tree = 22 cm (Table 37)« 

Table 37 

9,1 S.f ftfjl.l 1M.lt, I 13,1 1,4 «3 1,} 1.« 4.S .,1 

Ac-tt <1 U 'mV1* It »»Ml*»»»» 
<■„.22 11 11 It It » » M M » tt » It It 
Um +1 +1 +1 -)4 44 4* 4» 44 41 43 « 41 4» 

Legends m « [subscript] tree 

It is clear from Table 37 that a 2-cm error in deter¬ 
mination of the mean thickness gives a different ratio of 
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trees by thickness. When d°tree = ^ cm» the number of trees 
with greater thickness is increased. From the standpoint of 
determining the yield, this leads to its overstatement, and 
from the viewpoint of estimating traversibility, an impres¬ 
sion is given of greater obstacles to vehicle passaee than is 

the actual case. 

Thus, the problem of precision in determining d°tree 
is bound up with permissible precision in solution of prac¬ 
tical problems, for example, precision in determination of 

timber yield, etc. 

Tn estimating permissible deviations we must also bear 
in mind the divisibility of dividing up plots by value of 
d°tree* In the course of ocular appraisal, it is customary 
to differentiate plots in which the difference between mean 

d°tree I® greater than 4 cm. 

Finally, in estimating the precision of correlations, 
we must start from the physical sense of the statistical var¬ 
iables and use stochastic methods of estimating precision. 
If, for example, the correlation table gives practically ac¬ 
ceptable deviations for most forest plots with a probability 
close to unity, then this is sufficient for us to use the 
deviations in actual practice, for we cannot expect more from 
statistical variables since it is useless to require that na¬ 
ture itself not provide the relationships and correlations 
under study as being statistical in character. 

Taking into account the foregoing, studies were made 
aiming at finding the correlation equation h = F(dtree). 

22. Determination of Correlation Equation Relating Thickness 

and Height of Trees 

Actual measurements of mean heights and thicknesses of 
trees in 297 forest plots mainly in Moscow and Tul'skaya ob¬ 
lasts served as the basis for determining the correlation equa¬ 

tion h = Fid-tree)» 

We will designate the original mean heights H° and the 

mean thicknesses d°. 

Let us group H° and d° in distribution series with in¬ 
tervals ¿H « 2 meters and Ad » 2 cm. We denote by *Jn(1 
d mean interval values. To calculate the equation H = Fi”tree'* 
we present the distribution series in the form of a correla¬ 

tion network given in Table 38. 
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All the original data IIo and d° are located in the 
cells of the network which are determined hy the intervals 
II and d. As the result of summing » o the units in o&ch c©!1» 
we obtain the frequency of the distribution series in H and 
d. Thus, for example, in the intervals H = 4 and d = 4, the 
frequency m = 5. Since we are searching for the function h 
- F(dtree)» th©11 first we obtain the conventional mean height 
values 

75 £//«. 
mj (55) 

for each interval d. 

The overall frequency ny for each interval d and also 
the calculated ITd and d are listed in Table 39. 

The conventional mean Hd values calculated from formula 
Í55) are listed in Table 40. 

Table 
* -n i . 

# * 

’ i- : 1' . 

'» r » 

i • > < i 
• •> • 

5» *• • . - . o .•■'.H 0 

; *.»; • . ;o >2 ,i H 'ó* ;• 

In the general case, the problem reduces to determin¬ 
ing the equation 

ThA narametere a«, ai, and a? of equation (56) are usually 
bought for under the condition of minimum total of squares of 
the deviations of theoretical curve from empirical curve 
formed by the values Hd and d from Table 39. 

Solving the equations for large values of !Td and d is 
extremely involved. To simplify the calculations, we replace 
th^variables H and d by their Aviations from the mean arith- 
metió values, that is, H - H0 and d - d0, jbu. 
divide by the intervals Ah = 2 and Ad * 2 of the distnbi 
tion series, which ultimately gives us small values 
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0 

30,7 

The values of H* and d* are given in Table 38. As a 
result of these simplifications, we obtain new values for the 
intervals, that is, H* and d* instead of H and d. 

The entry of the new values H* gives rise to the need 
to calculate new conventional moan ïï1^ values for each new d' 
value from the following expression: 

■ _ 

Calculations of H*d for each d* interval, using formula (58), 
are listed in Table 41. 
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Table 42 Rives calculated values of d't and fre¬ 
quency nw from which we will now solve an equation of the 
(59) type, but with small values of fT*^ and d* instead of 
larcce d and ÏÏ^. 

Table 42 
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According t<< familiar rulesj to obtain paraniötorB a» 
b, and c of tho correlation equation 

, . w . 

it is necessary that 

r> 1,. ,1 -\-bd - L.. - 1111. (W) 
y.** ' 

and the partial derivative 

After differentiation and transformation, we obtain a system 
of equations (62), from which we then will determine the co¬ 

efficients a, b, and c. 

a fi , b 2 tn/i i- c 2 nijd ^ n</h ; 

V* V V * V’ •—•• 
a ^ ’VJ - * 2d m'-'i hC 2d 2 Hd î 

b ^ mß -P c 2 s 2 m¿ *Hd • (62) V & m/i t- 

Xie know the variables nvi, d*, and IT'd from Table 42. 
Therefore, to solve the system of equations (62) it is re¬ 
quired only to calculate d*2, d*3, and d»4, and we obtain the 
remaining values via multiplication by m^, d', and IT ^ and 
subsequent summing up of the products. Table 42 gives the 
corresponding calculations on the basis of which the system 
of equations (63) with unknown coefficients a, b, and c was 

obta ined : 247(i - 454Ô + 55#k — 95; 

- 404a+ 5 594*-17 632c =»3545; 
5 59 lu -- 17 6326-f-225 038c =»— 10547. (63) 

Solving equations (63) in the usual way, we find the 

coefficients a, b, and c. 

Dividing all the equations by the coefficients of a, 

Ret n --l,53i + 18,83f—— 0,32; 
-0 + 12.32^-3^-7.8¾ i. 
0-3,15»+40.25^-^1.8¾ J4 (*e 

Let us subtract the first equation from the second and 
third and arrive at two equatione with two unknowns 

-10,796 +20,0k—7,5; r| 
- 1,626 + 1,67. ^ (65) 

* 
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Dividing equation« (65) fcy the coefficients of h, we get 

-t 1,37c—4-0,27, 
from whence 

—o.«» M 

Substituting the numerical value of c in equation (65), 

we find _ 1,62*+21.42(-0,0231)- -1,37 

from whence , 10f 
'TêãT 

■*0,67. <jB7; 

Substituting numerical values of c and b in equation 

( 64), « sot ^ 1)83(0M) + 0.32, 

from whence jcoí 

<twV46-0¿2-1,13 ^ 

Substituting the numerical values of the coefficients 
a. b, and c into equation (59), we will determine the sought- 
for correlation equation relating height and thickness of 

trees, that is, H'-1,13+0,67^-0.023^. («8 

ïïe now convert from II* and d* to II and d from equations (57), 

that is, 

Then equation (69) takes on the following form: 

-2^--1,,3+0.67^--^)-O.OB3(£y*)*. 

rf-22 

170) 

ÏÏe can use equation (79) to calculate the table of 
the relationship between H and dtj^g. For example, when 
d+rftft - 22, we obtain II * 20.26, and when dtree = 10, II = 
10.56. However, it is best to find a correlation equation 
relating II and d^ree in a final form. After the appropriate 
transformations, we find the following equation: 

0-1,1TW-0OttC* (71) 
Table 44 of tho correlation between h and d-tree ha8 

been calculated from equation (71). 

The curve of the correlation between h and dtree» 
based on data in Table 44, is shown in Figure 23. The theo¬ 
retical and empirical curves almost fully agree. Since out 

of 296 forest plots we only have three plots with H greater 

than 28 and dtree greater than 36, then naturally the values 
of H and dtree calculated from equation (71) exceeding these 

values will essentially be extrapolated. 

♦ 
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Legend: m = [subscript] tree 

¿quation (71) and Table 44 reveal an almost complete 

cessation of increase in beiebt in an old forest, while the 
thickness still continues to rise. This phenomenon has in 
fact been observed in actual forests, which is accountable 
biologically i since further increase in height produces 
unstable tree condition, while an increase in thickness pro¬ 
motes stability. However, we can anticipate for forests in 
the northern and Siberian zones where the habitat conditions 
differ sharply from the central-European zones that the ex¬ 

trapolated H ‘and dtree "’i11 according to equation he 
close to the actual ratios of tree height and thickness, for 
under those conditions on attainment of a specific H at an 
advanced age height remains almost constant, but thickness 
continues to rise, which is in fact expressed by the equa¬ 

tion (71) H > 29 meters and d > 40 cm. 

The correlation equation (71) ani^ Table 44 have been 
determined for a single zone of small-leaf and coniferous 
forests of the Moscow and Tul’skaya oblasts. Correlational 
equations can be derived by the method here described for any 

other zones and tree stand compositions. 

23. Determination of the Correlation as a Measure of Related- 

ness 

To appraise the closeness of the relationship of the 

rectilinear function, we calculate the correlation coefficient, 

and to estimate the relatedness of the curvilinear function 

we determine the following correlation ratio 

* J?i- <72> 

, 

If ^ * 0, then there is no correlation between H and d-tree* 

If 7 « 1» then a functional relationship does exist 

between H and dtree* 
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Figure 23. Theoretical (b) and empirical (a) 
curves of the correlation between tree height 

and thickness 

If V is close to unity, then this evidences that 
there is a satisfactory and close curvilinear relationship 
between tree height and thickness. To appraise the correla¬ 
tion equation (71) we have derived, we have to determine 
what the value of the correlation ratio is. For this pur¬ 
pose, we will calculate the mean square deviation of conven¬ 
tional mean height IT^ and the complete mean square deviation 
of heights H, that is, 

(73) 

(74) 

* % (75) 

fa) 

% 
. I 

where 

Then 

= 1 - th)‘ , 

%?•*» 

1 / i V X«,- -1 { 2;»- I 
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Formulas (75) and (?6) are very convenient in s impiify- 

inp calculations, since tliey are expressed by small values of 
the intervals H* = (H - Ii0)/ ^ H. Wo already have the values 
of H* and mao in Table 38* 

Table 45 lists calculations of from formula (7^)* 

Table 45 
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Legend: A ~ mac» ^ ““ B*macc> ^ B’^ntac 

We find from formula (75) and Table *J5 

^0= 18+^#-2 = 17,30, 
since H0 * 18, and Ah = 2, 

f ormttla: 

We find the following from formula (76) and Table 45*. 

% 42 VTBT “ (tñt) ^ 3t94- 
’A #- * 

We calculate the variable ffRd froir the followiriir 

Ojlj * S WI4// 4 — H\ . (76) 

We know the value of ïï0, 17 »36, and the values of 1¾ 
have been calculated earlier and are given in Tabic 39. Ta¬ 
ble 46 lists calculations of the remaining indexes in formula 

(78). 
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n0 = 17.36, Ilfs = 301.4, N = 297, and 2 mdff^ 
im Table 46), therefore 

99,442 

and 

Vm //^ 99442 , 

“"V ^ ' 297 

^=-^334 - 301,4 -0,7. (79) 

From formulas (72), (77). and (79) we find the corre¬ 
lation ratio T0, • 

Legend: 1 — H = [subscript] accumulated [cumu¬ 

lative] 

The value of ^ is close to unity, therefore the re¬ 
lationship between tree height and thickness we have found 

in the form of equation (71) is marked by a close and high 
degree of correlation. 
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24« Multiple Correlation Between Height, Thickness, and 

Crown Diameter of Trees 

Tree height and thickness for normal stands maxie up 
of a single species and with different site classes, are 
given instables of stand growth pattern in T54]. 
est management and forest research are conducted by relying 
nn aerial photographs, the need to discover interrelation- 
ships beiKeen crom diameter, heifht, and thickness of trees 
has**long since arisen, since from aerial photographs we can 
measure the first two variables, and determine tree thick¬ 

ness from the correlation table# 

Earlier we determined the correlation equation of the 
function relating two variables — h and dtree* Tn practi¬ 
cal terms, it is important to establish a relationship be¬ 

tween three variables -- h, dtree» and Dc» tlmt ls* t0 8tudy 
multiple correlation. 

Professor G. G. Samoylovich determined the correla¬ 
tion equation relating dtree and Dc.fo? f1”6 girovS® 
mossy pine grove forest type on gradual hummocks for occu- 
nancy rates of 1.0, site class T, and ages 80, 90, 100, and 
110 years [461. Data on the ratio of Dc and dtree are avail¬ 
able in studies [4, 6, 5*0» 

Professor Spurr [US] has indicated that Nash has in¬ 

vestigated a relationship of Dc with d+ree» ^ ?ql“:**on8 of 
this relationship are not to be found in the book [81]. 

We studied experimental materials, and as a 
processing these it turned out that as h is increased by 3 

meters thl thickness dtree increases 
while the crown diameter Dq increases ty °.5 ™®tor: ,A í-St 6 
of the values h, dtree» w1" DC» PulriÎ8Ï1®d the study [8], 
has been compiled îrom these Sata. This approximational ta¬ 
ble of the interrelationship between the three variables has 
been verified by field data of h and dtree ln 111 'or®8t 
tracts on the island of Sakhalin. 

We took as the starting point dtree values, since it 
can be anticipated that tree thickness has been determined by 
the topographers with high precision. 

Verification of this table with experimental data re¬ 
vealed that 86.5 percent of the deviations Ah did not ex- 

ceed 3 meters, and only 14.5 percent ®f ¿h® !??^laîi£ïü ™;ried 
from 3 to 5 meters. It can be assumed that this table is 
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more appropriate for forests in which a slowdown in growth 
increment with ordinary increase in thickness has been ob¬ 
served, that is, for tree stands in which the increase in 
thickness outstrips the increase in height for mature and 
old stands owing to special climatic and geographic condi¬ 
tions of the habitat. Verification of the first table by 
field data of h and d-tree in the forests of Moscow Oblast 
gave satisfactory convergence of h and d-tree UP to ho = 
meters, but when h0 > 18 meters appreciable deviations in 
thickness showed up. 

Later, considerably more material of field height, 
thickness and crown diameter measurements were tapped. 

When deriving the correlation equation (71)» out of 
297 forest plots there were few plots with large h and d-tree 
values (with h >32 and d-tree > 3®)« Therefore, additional 
materials were resorted to, on the basis of which necessary refine¬ 
ments were introduced« Based on all these materials, 

an approximational relationship of Dc with h and d-tree wa-s 
established [10, 11, 13, 14]. 

With small refinements, the multiple correlation be¬ 
tween height, thickness, and crown diameter of trees deter¬ 
mined by the author is listed in Table 47. 

Table 47 

Legend: m » [subscript] tree; k * [subscript] 
crown 
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Tatole 47 was verified toy field data measurements of 
h and dtree in *76 forest plots of Moscow and Tul’skaya oto- 

lasts. 

Tatole 48 lists deviations A d-t;ree of field values 
from tatole values in determination of d^ree from h» 

It is clear from Tatole 48 that the correlation func¬ 
tion in almost 80 cases out of 100 gives wholly satisfactory 
precision in the determination of mean tree thickness from 
measured height. Deviations of more than 4 cm amount to 10 
percent and, as was shown, they refer to the largest h and 
dtree. This is evidently associated with the fact that Ta¬ 
ble 4? gives somewhat of an understatement of dtree values 
in stands with sizable h values and requires some refinement 
in this part, that is, an increase in dtree when dtree > 
28 toy 1-2 cm in each interval. However, toy virtue of the 
statistical nature of the phenomena and the effect of a set 
of factors, we obviously must always anticipate a small num¬ 
ber of deviations greater than 4 cm. 

In determining dtree from field Dc values and Table 
4?, 72 percent of deviations ranging from 0 to 4 cm were ob¬ 
tained, which evidences lesser intimacy of the relationship 
between tree thickness and crown diameter compared to the in¬ 
timacy of the relationship between tree thickness and tree 
height. Therefore, in determining dtree from Dc we get lesser 
precision. 

Mfhen the height h was determined from field dtree ▼a*- 
ues and from Table 47, we obtained 86 percent of deviations 
ranging from 0 to 2 meters, 10 percent ranging from 2 to 3 
meters, and one deviation of 4 meters. 

The correlation Table 4? was obtained from data of 
pine, spruce, and small-leaf stands of Moscow and Tul*skaya 
oblasts, tout it does not take into account the effect of 
the species composition of stands. 

Therefore, we compiled Table 50 in which approximate 
values of h and dtree «re given for ten main tree species. 
Actually, the stands often consist of two to three species. 
In general there were no tables of stand growth pattern for 
mixed forests. Only now have drafts of growth pattern tables 
for mixed stands based on the concept of N. V. Tret'yakov 
begun to appear. 
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For mixed forests, we have to take the value of dtree 
for single h value from Table 50 for each species, and then 
to obtain the mean thickness of trees in the mixed forest 
for the given species ratio. Table 50 also gives approximate 
values of h and dtree* For topographic purposes, such tables 
are best compiled for boundary zones (regions), but for for¬ 
est appraisal -- in each area of forest management work with 
stand growth under local conditions taken account of. 

As investigations of foresters have shown, including 
the German Professor 7eise, the Hungarian Professor Fekete, 
the Austrian forester Schiffel, and others, correlations of 
tree distribution by thickness and height in the forests of 
V/estem Surope are very similar to those indicated correla¬ 
tions for forests in the Suropean part of the USSR. This has 
been confirmed by studies of Professor A. V. Tyurin [57]* 

Works of Professor î<. V. Tret’yakov [54, 55] are vital 
in the study of correlations of the structure of tree stands 
of forest elements. 

3y way of experimentation, Table 47 was verified with 
field data from appraisers, given by V. 1. Kozlovskiy in the 
study [33] for pine groves aged 100 years located in the most 
varied areas (Arkhangel'skaya Oblast, Komi ASSR, Khakasskaya 
Autonomous Oblast, and the Altay). 

Table 49 gives deviations ^ dtree of field dtree 
values from table values in the determination of dtree from 
h and from Table 47. 

Table 49 shows the satisfactory precision of correla¬ 
tion Table ll7» Still, we must underscore that we must not 
be limited to one table for all areas. Multiple correlation 
study must be conducted for several subzones (areas) of USSR 
forests, for the mountainous, southern, broadleaved, and oth¬ 
er forests of the country. 

Table 48 

••V fm 1 m 

1 
/*. 

(V-2 
2-1 

Boaee 6 (£) 

139 
21 
11 
6 

7M 
12,0 
0.2 
3.8 

Table 49 

UmtM » fs 

0-2 
2-4 
4-6 

22 
6 
1 

76,0 
».7 
3.3 

Legend* A -- greater than 6 

# 
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Table 50 

Legends k — birch; D — beech; C — oak; 
D — spruce; £ — linden; F — aspen; G — fir; 
II — pine; I — European alder; J — ash 

25. Classification of Stands by Their Density 

Development of the most applicable classification of 
•tands by their density ie in practical terms essential in 
compiling state topographic maps, and forest and geobotanical 
maps of the country. This problem is no less important for 
forest management and selection of appropriate methods in ap¬ 
praisal and measurement interpretation of aerial photographs. 

It is of interest to discover those critical indexes 
of mean tree spacing which in quantitative form underscore 
qualitative changes in stands at any given age biologically 
caused by development of phytocenoses at the time and space 
of habitat. Such critical indexes of forest density in most 
cases predetermine its timber value as well. 

As far as we know, geobotanical, forestry, topographic, 
and geographic literatures do not contain an agreed-upon and 
valid enough classification of forests by density, which has 
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an adverse effect in the practice of cartography of forested 

localities* Thus, for example, the absence of quantitatively 
specific indexes to classify forest plots in a particular den¬ 
sity class has led to unreconciled recommendations in hand¬ 
books on states topographic operations and those in textbooks. 
Recommendations have been offered whose execution could lead 
to considerable distortion of information about the country’s 
forests on state topographic maps. The diversity and contra¬ 
dictoriness of concepts about forest density has led to unre¬ 
conciled data on the forest station of certain territories} 
and the quantitative indeterminacy of concepts on sparse for¬ 
ests lias hampered their delineation from aerial photographs 
and in localities. 

Let us look at several classifications of stands by 
density to be found in handbooks, textbooks, and manuals. 

On topographic maps forests are subdivided into three groups: 
dense forests, sparse forests, and free-standing trees. In 
actual practice, instructions on topographic work give the 
definition of only the sparse forest type: a sparse forest 
consists of trees growing so infrequently that they do not 
constitute a continuous forest, but still they cannot be in¬ 
dicated as free-standing trees, but later it is added that 

sparse forests do not present obstacles to movement and in the 
absence of thickets visibility is possible for considerable 
distances. Quantitative indeterminacy of these recommenda¬ 
tions is self-evident. 

In another set of instructions the sparse forest sym¬ 
bol is recommended to be used as denoting sections covered by 
trees not less than 4 meters in height and standing apart 
from each other by such distance that motor vehicles can pass 
between them. 

>Ve know that motor vehicles come in different sizes, 
therefore tree spacings required for free travel of vehicles 
into a forest will differ. Thus, a passenger car with a 
load can enter a forest when the mean tree spacing is 1 * 
3-4 meters, but a truck requires 1 « 6-7 meters. For these 
1 values the forest density N will be, respectively, lÿlO, 
765, 340, and 247 trees per hectare. Thus, we again run into 
indeterminacy as to what tree density must be adopted as de¬ 
fining a sparse forest. 

The study [22] recommends that we classify as sparse 
forests plots in which the mean tree spacing is 4 meters and 
greater. 
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The economic value of any particular forest tract un¬ 
der otherwise equal conditions is determined by the thickness, 
height, and density of trees. '.Ve know that young forests dif¬ 
fer in very high density, but contain thin and ah®rt. îre?8 . 
practical terms unsuitable for processing into valuable build¬ 
ing lumber. Tn contrast, mature forests usually have low den¬ 
sity and high and thick stems that afford the highest qualita¬ 
tive construction materials for the national economy. Thus, 
a site class T pine forest aged 20 years can have a density 
of 3,970 stems per hectare, but the lumber yield will be only 
90 cubic meters. The same pine forest at age 140 will have a 
density of only 353 trees per hectare, but the construction 
material yield will be 400 cubic meters. Thus, an old pine 
forest is approximately 10 times less dense than a young for¬ 
est, but in yield of construction materials the former is M 
times more productive than the latter, without even referring 
to the incomparably higher quality of the wood. 

We must xlso note that with increane in forest age 
canopy closure is reduced, where the most widespread stands 
have a closure of 0.4-0.8, but in old deciduous and pine for¬ 
ests of the Siberian Taiga closure amounts to only 0.3-0.H or 
a usual forest density of 150-200 trees per hectare. When 
1 = 4 meters and N * 765, closure is equal to approximately 

O.7-O.8. 

If we define a sparse forest to be one in which 1 * 
4 meters or N * 765, then obviously a mature pine grove with 
N s 353 must unreservedly be designated on state maps with the 
sparse forest symbol. Since when 1 = 4 meters closure C = 
O.7-O.8, and the most widespread stands have C * 0.4-0.8, most 
valuable forests have to be designated as sparse forests, is 
a result of this definition of a sparse forest we would be 
forced to designate mature forest tracts that are the most im¬ 
portant and valuable for the national economy on state topo¬ 
graphic maps with the sparse forest symbol, and depict mainly 
only young forests by green-colored areas. Consequently, the 
above-presented definition of a sparse forest cannot be recom¬ 
mended for actual use. Some specialists suggest that we con¬ 
sider a sparse forest to be one in which tree spacing is equal 
to tree height. This is the advice given ty the author of the 
study [22], but only for larch forests of Siberia and the Far 

Cast. 

Let us assume that two forest tracts have, respectively, 

height h * 5 meters (1 « 5 meters) and h * 35 meters (1 * 35 
meters). In full accord with the definition, both plots must 
be designated on the map as sparse forests, but forest density 
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in the first is N * 492, and in the second only 12 stems per 
hectare. Just as invalid is the recommendation to symbolise 
on maps of Siberia as sparse forests sections which have a 
density ranging from 12 to 492 trees per hectare, but on maps 
of the European part of the USSR — the same symbol is to be 
used to designate sections with N * 765. With this approach 
consistency and unambiguity of symbols is violated — elemen¬ 
tary rules in any cartographic representation. 

It has also been proposed to regard as sparse forests 
those in which crown spacing is equal to five or more crown 
diameters. If we take Dç * 1 and 6 meters, then for 5DC tree 
spacing will range from 6 to 36 meters, but we obviously can¬ 
not accept as useful in delineating sparse forests N values 
ranging from 340 to 12 per hectare. 

Professor V. V. Alekhin in the studies fl, 2] charac¬ 
terizes sparse forests by the presence of 100-150 trees or 
less per hectare. Under this definition, several authors 
have begun to define sparse forests as plots in which one 
tree is encountered in each IOO-150 square meters, where such 
a forest, as they propose, can be sighted through at ground 
level for 50O-6OO meters. 

However, Professor V. V. Alekhin has a different de¬ 
scription of sparse forests, namely 300-500 trees per hectare, 
which sharply disagrees with the first definition. As far as 
visibility or, more properly, visibility range of 500-600 me¬ 
ters is concerned, it depends not only on density, but also 
on tree thicknoss. It is clear from Table 5 that a visibility 
range of 50O-6OO meters can obtain when the density X ranges 
from 340 to 56 trees per hectare, depending on mean dtree* 

In addition to sparse forests, use is also made of the 
term "rediny". Professor V. V. Alekhin writes that close to 
the northern limit of tree cover near interfluves one encoun¬ 
ters only free-standing trees often in the form of a polustlanlk 
[transliterated] hundreds of meters apart. Formations contain¬ 
ing such free-standing trees among the tundra have also been 
called "rediny". However, in forest appraisal forest tracts 
that have an occupancy of the order of 0.1-0.2 are classsified 
as rediny, which of course departs from the concept of rediny 
given above. 

All this evidences that there is now a real practical 
need to develop an applicable classification of forests by 
their density. 

151 



Obviously, this classification must take into account 
the geobotanical characteristics of a forest as a plant com¬ 
munity, its timber value, and other qualities. 

A forest, just as any plant community, possesses a 
definite structure. In the general case the structure of a 
plant community (including forests) can be characterized by 
the following features: species of plants, living forms of 
plants, overall density of stems (or stalks), tree spacing, 
frequency of species and living forms, canopy closure, story 
status, height and thickness of stems (or stalks), external 
appearance, species makeup, age, yield, and the like. 

Differences in structural features give rise to dif¬ 
ferences between plant communities. Kot all features of a 
community are the same in importance. Under a certain ratio 
some features become determining, of prime importance, or 
dominant, while others are secondary, apparently subordinate. 
The meaningfulness of given features depends not only on their 
natural ranking in the structure, but also on the problems 
and points of view from which the community is studied and 
regarded in the interests of the national economy and science. 

First of all it is useful to establish even an approx¬ 
imate limit between what is a forest and what is not, that is, 
to determine what must be classified as a forested locality 
and what must be regarded as free-standing trees or areas not 
covered by forest. 

In forestry and geobotaiQr, a forest is defined as a 
plant community or a population of woody plants which influ¬ 
ence each other and the environment and are correspondingly 
changed in external appearance and structure during the course 
of their development. It must be assumed that the more or 
less pronounced effect of trees on each other and on the en¬ 
vironment is possible only when there is a specific tree den¬ 
sity, canopy closure, and tree spacing. If, for example, 
tree spacing amounts to 100 meters and more,, then obviously 
no-one will call this tract a forest, these are more correctly 
free-standing trees that have practically no effect on each 
other. 

As the distance between trees is reduced and with a 
rise in density the effect of trees on each other and on the 
environment gradually rises. Thus, accumulation of a certain 
number of trees per unit area produces a new quality of the 
locality — it becomes a forest [41], 
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Under what density, closure, or occupancy do individ¬ 
ual trees form a forest? Professor V. G. Nesterov has observed 
that stands of 0,1-0,2 occupancy actually are not yet foreste, 
since in them the effect of the tree population on the environ¬ 
ment and tree interaction are extremely wealcly pronounced. In 
forest appraisal, areas uncovered with forest include plots 
that have been brought under continuous felling, young forests 
of occupancy 0,3 and less, moderate-aged and more mature for¬ 
ests with occupancy of 0.2 and less (rediny). It would assume 
that by following these instructions we can regard as non-for¬ 
est or free-standing trees plots that have an occupancy of 0.3- 
0,2-0.1 and smaller, and as forests only those in which the 
occupancy is greater than 0.3-0,2. But would this solution be 
correct from the general-geographic, geobotanical, and carto¬ 
graphic points of view? 

Let us taJ:o, for example, a tract of forest, of occu¬ 
pancy C.3 with h = 23 meters, dtree = 30 cm, and yield Z « 
130 cub.c meters. Given this occupancy, the approximate den¬ 
sity N = 200, It is obvious that this plot cannot be shown on 
maps as either forest or forested area. Let us now lool: at 
what an occupancy of 0.3 brings us. From the appraisal descrip¬ 
tion we have talcen two plots with occupancies 0.2 and 0.6, but 
with different values of h and dtree* The lumber yield when 
P = 0.2 is Z = 90 cubic meters, but when p = 0.6 only 80 cubic 
meters. In accordance with the above-given data, the first 
plot must be indicated on a map as a non-forest, and the sec¬ 
ond as a forest. But the first plot is more valuable in yield 
(building materials) and would be unreasonable to designate it 
on the map as a non-forest. ’.Then p = 0.2, the density N * 120. 
This is not a dense forest, but nonetheless a forest. Conse¬ 
quently, for an occupancy of 0.2 there are no weighty geobo¬ 
tanical and cartographic grounds for denoting such sections as 
non-forest. 

'••Tien there is an occupancy of 0.1, we must consider the 
species and age in order to establish the approximate forest 
density below which the section of the locality can be deemed 
as non-forest. Of the main forest species, oak stands aged 
160 years at occupancy p = 1.0 have the lowest density, equal 
to approximately l4o individuals per hectare. Obviously, for 
occupancy p = 0.1 we get the most sparsely standing trees, 
since in this case there will be only 1^ stems per hectare. 
’.Then N = 14, mean tree spacing 1 * 30 meters. Obviously, a 
locality with N * 14 and 1 * 30 meters is on the borderline 
of forest and non-forest, that is, singly standing trees, since 
the effect of trees on each other and on the environment will 
practically be absent even for their greatest height h * 30 
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meters. We also must stress that Glavlesookhrana [Main Ad¬ 
ministration of Forestry and Ibrest Conservation] recommends 
In timber felling to leave not less than 15-20 trees per hec¬ 
tare as seed carriers* Thus, the scattering of seeds from a 
tree is equal to approximately one-half h, so that when h = 
30 meters the most permissible distance between trees 1 must 
not be greater than 30 meters. Thus, in felling areas not 
less than 15 trees per hectare must be left standing in order 
to provide conditions for reforestation, while the tree spacing 
1 must not be less than 30 meters. 

Consequently, plots of a locality in which the number 
of trees is 15 and less per hectare and 1 * 30 meters and 
more, can with full justification be classified as part of on 
open, »inf©rested locality with free-standing trees. From the 
timbering point of view, the plots are not of any lumber value. 
In traversability they do not differ from ordinary, non-for- 
ested localities. In cover properties the plots are equivalent 
to an open locality. From this it is clear that the category 
of a forest with N * 15 and 1 * 30 meters must be retained in 
the overall classification of forest by density, since it can 
serve for an approximate delimitation of forest and non-forest, 
sparse forest and free-standing trees. 

We will now attempt to establish a second limit of a 
sparse forest, that is, to solve the question of the density 
that marks the uppermost limit of a sparse forest. As we 
know, forestry organizations appraise forests from the econom¬ 
ic standpoint and subdivide them by yield of building materi¬ 
als per hectare and by levels of merchantability. 

Instructions on forest appraisal stipulate the classi¬ 
fication of forest plots as independent when there is a yield 
difference of 30 cubic meters, and the first yield group in¬ 
cludes plots with Z values up to 50 cubic meters. Forests 
with occupancy of 0.2 are so classified as a matter of course, 
since they can for large h and dtree values have yields of 
about 90 cubic meters and, consequently, enter the second 
yield group. But here for an occupancy of 0.1 even mature 
forests are regarded as so sparse that they cannot be repre¬ 
sented as plots economically profitable for exploitation. 
Additionally, determination of occupancy is carried out with 
a precision up to 0.1. It is obvious that from the lumbering 
viewpoint as well, for all species and forest ages plots of 
0.1 occupancy can be regarded as critical for establishing 
the second limit of sparse forests. Bhder average conditions 
mature forests with occupancy 0,1 will have density N equal 
to about 60 trees per hectare, but the mean tree spacing will 
be about 15 meters (Table 1). The visibility range in such 
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forests in most cases is more than UOO meters in a level lo' 

cality and in the absence of underbrush (Table 

Forest plots of 0.1 and less closure with 1 * 15 me¬ 
ters and more have unsatisfactory conditions of concealment 

from aerial and ground observation. 

When 1 = 15 meters and more universal traversability 

of the forest between trees is ensured for vehicles of any 

size. 

The following gradation of forests by density could 

be usefully associated, from the geobotanical and forestry 
points of view, with the differentiation of the most wide¬ 
spread thinned-out forests, since they, even though distin¬ 
guished by low density, still are frequently encountered in 
localities, especially in northern geobotanical zones. From 
foresters* data, such forests have a density of the order of 
N s 100-200 trees per hectare, a closure of about 0.3-0.4, 
and a yield of up to 150 cubic meters. To secure a yield of 
150 cubic meters per hectare, 150 trees with a volume of one 
cubic meter each are required. Trees attain a stem volume 
of one cubic meter in a mature age with large thickness and 
height. Thus, pine will be one cubic meter in volume for h 

= 27.5 meters and dtree = 32 cm, and larch when h * 26 and 
dtree = 32 cm. 

When N * 150, mean tree spacing 1=0 meters and oc¬ 
cupancy is approximately 0,25—0.3» Occupancy rates of 0,3— 
0.4 are considered very low. Obviously, plots with density 
N from 60 to I50 and 1 from 15 to 9 meters can be classified 

as low-density forests. 

Such forests are traversable between trees by most ve¬ 
hicles and have satisfactory conditions for concealment from 
observation, since crown spacing is equal to approximately 

one mean crown diameter. 

Tt is important to retain gradation of forests by den¬ 

sity when 1 = 5.5 meters, since this 1 value is practically 
critical for forest traversability. 

Also vital in importance is crown closure C = 0.5, 
for at this C value reliable natural concealment from ob¬ 
servation is ensured. In forest appraisal closure or oc¬ 
cupancy close to 0.5-0.6 is regarded as average. Thus, the 
limit of mean-density forests from all points of view must 

be taken as 1 = 5»5 meters or C = 0.5* 
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Finally, it is worth while classifying as dense for¬ 
ests those that have crown closure close to 1.0 and mean 
tree spacing 1 = 3.5 meters, which value characterizes for¬ 
ests impassable (between trees) for all vehicles. 

Bearing the foregoing in mind, we can propose a 
classification of stands by their density in the form of Ta 

ble 51. 

Table 51 
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Legend: 1 — forest type; 2 — number of trees 
per hectare; 3 — mean tree distance; *4 — very 
dense forest; 5 — dense forest; 6 — moderate- 
density forest; 7 — low-density forest; P — 
sparse forest; 0 — greater than 1,000; 10 — 
from 1,000 to *400; 11 — from *400 to 150; 12 — 
from 150 to 60; I3 — from 60 to 15; 1*4 — less 
than 3.5; 15 -- from 3.5 to 5.5; 16 — from 5.5 
to 0; I? — from 9 to 15; IP — from 15 to 30 

The forest density D and the mean tree spacing 1 are 
given in the table with rounded values. 

Direct features characterizing density, that is, N and 
1, underlie classification of forests. Mean tree spacing 
introduces specificity and simplicity in the effort to dif¬ 
ferentiate sparse forests and other gradations of stand den¬ 
sity in the field and on aerial photographs. We could char¬ 
acterize gradations of forest density by other features, for 
example, by canopy closure c or by crown spacing A ^ ex” 
pressed in units of crown diameter Do, which bear an approx¬ 
imate relationship with 1 and N (Table *4). It is clear from 
Table *4 that when 1 = 9, C = 0.25, then A d = 1DC, but when 
1 = 10, C = 0.2, and Ad = 1.2DC. But, first of all, C and 
A d are already indirect, and not direct characteristics 

of forest density and, secondly, for the same canopy closure 
forest density can differ, for example, when C * 0.2 density 
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K can tajee on values from Í1O7 to 72, and 1 from 5*5 to 13 me¬ 
ters depending on the variation in the value of Dc in the 
forest plot. 

It appears worth \»hile adopting the classification of 
stands hy their density in characterizing forests in all 
maps, in textbooks, and in the literature on geobotany, syl¬ 
viculture, topography, and cartography. 
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CHAPTER 6 

METHODS OF DETERM IK INC FOREST DENSITY AND MEAN 
TREE SPACING 

26. Some Problem« in the Theory and Methodology of Measure¬ 
ment Method« of Determining Appraisal and Topographic Infor¬ 
mation from Aerial Photograph« and Field Work 

Information about foreets (tree stand density, mean 
tree spacing, height, thickness, and crown diameter of trees, 
canopy closure, and yield) is essential for appraisal, forest 
management, and compiling state topographic maps. In the 
USSR and abroad, major studies on interpretation of aerial 
photographs have been carried out since 1020 through 1062. 
However, as many appraisers and forest management specialists 
havr noted, the theory and methodology of measurement inter¬ 
pretation still has not been fully formulated and requires 
further improvement. It is not by chance that the Interna¬ 
tional Photogrammetric Society adopted in 1056 recommendations 
on the need to conduct scientific research in all countries 
with the aim of developing in the immediate future the theory 
and methods of determining forest characteristics from aerial 
photographs, and that in 1061 the Eighth All-Union Conference 
on the Theory and Practice of Interpretation of Aerial Photo¬ 
graphs took note of the underdevelopment of theory and adopted 
as the top-priority problem the formulation of general theo¬ 
retical fundamentals and objective methods of interpreting 
aerial photographs. Today everyone admits that the empirical 
approach cannot yield a satisfactory solution to practical 
problems, but that the scientific solution of these problems 
is possible only as we endeavor to understand correlations 
and to formulate suitable theory and methods. 

We know that in topography and geodesy theory, proce¬ 
dures of measurement, and methods of mathematical treatment 
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of information about the planar-height poeition of pointe in 
a locality are well developed. The eituation ie altogether 
different with information about forests. Tn prictical terms, 
this information has remained outside the field of interest 
of the topographic and geodesic sciences, 'hit they still have 
not been able to resolve these problems with classical methods 
of geodesy and topography, since a forest is in the class of 
phenomena whose correlations are apprehended by other methods, 
mainly mathematical-statistical methods of study. Forests oc¬ 
cupy about 30 percent of the land surface of the earth, and 
about 25 percent of the world's forests lie within the USSR, 
and so information about forests bears the same national-eco¬ 
nomic and defense importance as does any other kind of infor¬ 
mation about a locality. Therefore, it has become self-evi¬ 
dent in our time that information about forests must also have 
its own theory, measurement procedures, methods of mathematical 
treatment, and substantiated principles on precision and re¬ 
liability of securing this information both from aerial photo¬ 
graphs as well as from field work. 

Ab we see it, at least seven principles must underlie 
the theory and methods of obtaining information about forests. 

1. Discovering and using statistical correlations of 
the distribution of stand indexes for the purpose of applying 
them to secure information about forests from aerial photo¬ 
graphs and from field work. These correlations of distribu¬ 
tion have been described in the foregoing chapters. 

2. Determination of mean values of appraisal indexes 
as parameters of distribution series. The heart of the matter 
is that we always estimate not a single object — a tree, but 
a population of objects — trees of stands. A complete idea 
about a tree population is yielded only by a distribution se¬ 
ries, and the latter, if it is known, is characterized by spe¬ 
cific parameters. Therefore, determination of tree stand in¬ 
dexes means determination of parameters of a distribution se¬ 
ries. Tn most cases the mean values emerge as such parameters, 
that is, mean distance between trees, mean height, mean diame¬ 
ters of crown and stem, etc. Recognition of the statistical 
nature of appraisal indexes requires a stochastic approach to 
setting up operations and appraising measurement results. From 
habit we sometimes attempt to apply ordinary estimation crite¬ 
ria to statistical phenomena which differ sharply from func¬ 
tional relationships. We can never require from statistical 
phenomena what they by their nature do not exhibit, however 
they are marked by specific correlations which must be known 
and properly employed. 
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,Ve must aleo clearly see a fundamental difference be¬ 
tween precision in measuring a sirnrle object and precision 
ir^determinine mean variables as functions of Parameters and 
distribution series. Joint studies conducted the Alabama 
Polytechnic institute in the United States and by the Com¬ 
mittee of Forest Photoprammetry of Sweden can serve as a 
fresh example of research on precision in measurimr 
ual trees. These investigations are narrow and specialized, 
since precision in measurine the heieht of a single tree 
from aerial photocraphs characterizes the precision of the 
instrument and the properties of the aerial photographs, but 
says nothinir about and çives no idea as to the precision of 
determining mean height of a population of trees n a forest 
plot analogous to the situation in which the precision of 
measuring the height of an individual point in a terrain has 
nothing to say about the precision of determining the mean 
height in a section of a locality» if we measure quite pre¬ 
cisely the distance between two given trees, this distance 
gives us no idea about forest density. The mean distance is 
another matter altogether, for by it K©t data about den¬ 
sity and about the percentage ratio of different distances 

in the given forest tract. 

3» Discovery and u^e of correlations between indexes 
of stands, especially multiple and curvilinear correlations. 

4, Use of the sampling method in formulas for calcu¬ 
lating the number of measurements for a given level of pre¬ 
cision and reliability of information about trees we have se¬ 
cured. Compared with exhaustive measurements, the sampling 
method considerably reduces the laboriousness of ^orations 
and affords the required precision when the suitable methods 
of measurements are applied for aerial photographs and in 
the field. In using sampling method formulas, knowing the 
variance coefficients of tree-stand indexes and the manda¬ 
tory use of a priori information given us by aerial Photo¬ 
graphs and visual observation of tree stands at the locality 

are of decisive importance. 

5. Study of tree stand composition at the locality 
and the structure of the photographic image of the upper for¬ 
est canopy in aerial photographs of different scales with 
the aim of discovering the reasons for discrepancies between 
field and office measurements and taking them into account in 
determining forest characteristics from aerial photographs. 

6. Use of the general method of regionalizing a for¬ 
est using aerial photographs, based on the regionalized meth 
od of sampling and on the structural types of photo imaging 
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of different tree Stande. Depending on the size and nature 
of crown, density, and age of stands reference standard aer¬ 
ial photographs are prepared with precise quantitative in¬ 
dexes of tree stands. These reference standards in conjunc¬ 
tion with ocular and stereoscopic inspection of aerial pho¬ 
tographs afford a more detailed and precise delimitation of 
forest plots differing in appraisal indexes. 

7. Development and verification of all methods of 
determining indexes by experimental measurements in forests 
and on aerial photographs of different scales with calcula¬ 
tion and analysis of distribution series of deviations, mean 
square deviations, relative errors, and systematic correc¬ 
tions. As in any measurement work, we must provide for in¬ 
dependent control of field and office measurements by differ¬ 
ent methods of determining forest characteristics with the 
aim of preventing gross errors even at the moment when opera¬ 
tions are carried out. 

Let us now look at several principles relating to 
operational methods. An aerial photograph bears considerable 
information about forests; however, all this information is 
transmitted in graphic form in the aerial photograph. To se¬ 
cure information about forests in quantitative digital form 
it is necessary to carry out measurement operations using 
methods ensuring satisfactory precision in determining tree 
stand indexes. .S'ith this purpose, we must first of all carry 
out regionalization of forest tracts in aerial photographs. 
This regionalization is best conducted in three stages. 

The primary regionalization has the aim of delimiting 
homogeneous tracts within the forest expanse; it is carried 
out ocularly based on clearly enough distinguishable struc¬ 
tures of the photographic imaging of the upper forest canopy. 

Second regionalization is carried out within tracts 
with the aim of delimiting plots that are even more homogen¬ 
eous as to density and crown size in the interests of ensur¬ 
ing higher precision in determining appraisal indexes. Here 
reference standards are used and when necessary stereoscopic 
inspection of the tracts. 

The third regionalization is carried out within the 
limits of tracts for the purpose of determining the habitat 
of sample plots, in which indexes of tree stands will be sub¬ 
sequently measured by methods described in the following sec¬ 
tions. The singled-out plots are inspected stereoscopically. 
The total number of square or rectilinear plots, straight 
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linee, polygone, and their eize ie calculated according to 
eaitroling method formulae to the epecified precie ion and re¬ 
liability of determining forest density, mean distance, thick¬ 
ness, height, and crown diameter of trees, as well as canopy 

closure* 

To boost reliability of information obtained, control 
over measurements is indispensable. It is possible to use 
repeated measurements by different persons or measurements of 
the same variable by two different methods, which of course 
is preferable, as control measurements. The criteria of in¬ 
acceptable disparities is best taken as deviations exceeding 
the tripled value of the mean square deviation, and for the 
latter it is best to take the specified precision of the de¬ 
termination of the tree stand index. 

Since in forest appraisal the main job boils down to 
determining the yield, it appears worth while to establish 
the precision of determination of individual appraisal indexes 
depending on the specified precision in determination of stand 
yield. However, in determining yield wide use is made of oc¬ 
cupancy, which is determined by an indirect procedure via can¬ 
opy closure, where the very concept of occupancy has no quan¬ 
titatively precise and unambiguous expression and gives rise 
to doubts about the concept of normal stands. Thus, determi¬ 
nation of yield via occupancy hampers discovery of the causes 
of errors and establishment of strict precision for measure¬ 
ments of all variables. Accordingly, it appears sensible to 
determine yield from actual measured variables (forest density 
mean tree spacing, height and thickness of stems) and from 
tables of stem volumes [14, 56]. Under this method precision 
in determining yield c*n be checked by the precision of direct 
ly measured variables and by the precision of tables of stem 

volumes. 

If the volume of a single stem 

V.-/P*. *), 
and the yield per hectare *.-w va 
then the precision of yield determjnation 

w 
(01) 

m 
and the precision of stAm volume determination_ ( 

Let us assume that me * 15 percent, and mjf * mp, then mjj 10 

- 162 - 



percent. In determining N from 1, our investigat ions showed 
that _ -.- 

(84) 

but when mD = 10 percent precision in determining mean diame¬ 
ters and tree heights, respectively, is m^ ^ 5 percent and 
mh percent, if we use the existing stem volume tables. 

We took by way of example the precision of yield de¬ 
termination mz = 15 percent and obtained the required pre¬ 
cision in determination of all the remaining appraisal indexes 
(mx = 10 percent, mp = 10 percent, m^ = 5 percent, m^ = 4 per¬ 
cent, and mi * 0,63mN). In a similar way we can compile pre¬ 
cision classes for estimation of yield (for example, each 10 
percent) and the precision classes in appraisal index deter¬ 
mination corresponding to them. In our view, this method of 
establishing precision classes in appraisal work bears certain 
advantages. 

These precision levels of appraisal indexes are then 
used as criteria for control of measurements using different 
methods and for calculating the number of measurements based 
on sampling method formulas. 

Precision in yield determination by the described 
method can be boosted by increasing the precision of existing 
stem value tables and by using distribution series of trees 
based on thickness determined by sampling in the stands under 
appraisal. 

Yield is determined by several procedures. The pro¬ 
cedures of determining yield by stories and species with cal¬ 
culation of total cross-sectional area for the corresponding 
thickness classes and height categories are too complex. 
Procedures of yield determination from stand growth pattern 
tables require information about occupancy, site, age, and 
species composition. 

Simpler is a procedure of determining yield from stem 
volume tables, whose use requires information about thickness 
classes, height categories, species composition, and forest 
density per hectare. 

The nomographic method of yield determination proposed t 
by Professor II. P. Anuchin requires for the dominant species 
preliminary determination of occupancy, and occupancy has to 
be determined from mean tree spacing, mean height, and mean 
diameter. 
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The formulas of Professor N. V. Tret’ya^ov afford a 
»imple method of determining yield when there is information 
available about mean height, occupancy, and dominant species. 
However, here as well we must take into account occupancy, 
and to replace occupancy by canopy closure evidently leads 
to a drop in precision of yield estimation. 

The simplest method of yield determination from aer¬ 
ial photographs can be regarded as the method that affords 
estimation of the yield even though in approximate terms from 
measured mean heights, mean tree spacing, canopy closure, and 
mean thickness obtained from tables of its correlation with 
height and crown diameter. 

We obtain from h and dtree in stem volume tables the 
volume of an average tree in a stand. For 1, we get from Ta¬ 
ble 1 K, the number of trees per hectare. Multiplying these 
variables, we find the yield in cubic meters per hectare. Ve 
measure the forest plot area from the aerial photograph or a 
map. The product of the area in hectares by the yield per 
hectare gives us the overall yield for the forest plot. When 
information is available on the dominant species, this variant 
of yield determination is simplest of all. Tn the absence of 
information on species composition, this method will yield 
lower precision of yield estimation. 

Precision in ground ocular determination of yield in 
sample plots is customarily taken as +10-12 percent. The 
yield from scale 1:10,000 aerial photographs for the dominant 
species is estimated to be approximately 20 percent less than 
the overall yield determined by ground methods. 

For practical verification of the precision in the ap¬ 
prox imational method of yield determination from h, dtree» and 
1 and from stem volume tables, limited field work has been 

carried out. 

Tn the first sample plot ground methods of appraisal 
were used to determine the yield by two procedures. Based on 
forest elements (stories and species) the yield of first-story 
pine Zi = 217 cubic meters, yield of first-story spruce Z2 = 
136 cubic meters, and yield of second-story spruce Z3 = 19 
cubic meters. The overall yield per hectare Z = 372 cubic 
meters. From tables of stem volume, thickness class and 
height categories the overall yield Z = 389 cubic meters. 

Consequently, determination of yield by the two pro¬ 
cedures gives a difference A Z = 17»5 cubic meters, or 5 

percent. 
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We will give data from a determination of yield by an 
approximational procedure relying on 1, h, and d-¿reet and on 
8tern volume tables. 

In the first sample plot 10 = 4.4 meters (obtained by 
exhaustive measurements), winch from Table 1 gives N = 624 
stems per hectare. 

h0 = 22.2 meters and dotree = 29.6 cm. Based on ho 
and d°-tree» we obtain from the stem volume table for pine the 
volume of a single mean tree V« = 0.620 cubic meter. Then 
the overall yield Z = 0,620*624 = 387 cubic meters, which 
gives an error A Z = 38? - 389 = -2 cubic meters, or 0.5 per¬ 
cent. It is clear from this that determination of total yield 
based on 10, h°, and d°tree gives good precision. 

Let us now determine yield based on mean distance ob¬ 
tained by the sampling method, that is, Igamp = 4.34 (polygon 
method). .Vhen 1 = 4.34, N = 645. Then Z8amp = 0.620*645 * 
400 cubic meters, which gives an error A Z * 400 - 398 * +11 
cubic meters, or 3 percent. 

In the second sample plot the yield, determined by two 
precise methods, Zi = 525 cubic meters and Z2 = 512 cubic me¬ 
ters. From h0 * 2?.6, d0+ree = 38.1, and 10 = 5, or X = 488, 
the yield Ztree * 585 cubic meters, and the error A Z = 73 
cubic meters, or 15 percent. Based on the sampling determined 
Isamp = 4.9, or X = 51‘, the yield Zgamp = 622 cubic meters 
for an error A Z = 92 cubic meters, or 18 percent. 

For the third sampling plot the yield determined by 
the appraiser from stem volume tables is Z\ = 297 cubic me¬ 
ters, but from standard tables via occupancy Z2 = 294 cubic 
meters. 

Based on h0 = 24.5, d°tree Ä 31*2, and 10 = 5.9, or 
X = 356, yield Z3 = 315 cubic meters, which gives an error 
A Z = 23 cubic meters, or 9 percent. 

For the fourth sample plot the yield determined by an 
appraiser from occupancy and from tables, Z\ = 246 cubic me¬ 
ters, from model trees Z2 = 247 cubic meters, and from stem 
volume tables Z3 = 247 cubic meters. 

Based on 1q ® 4.3, X * 657, ho = 25, and d°tree = 24, 
the yield Z4 * 326 cubic meters, which gives an error A z = 
79 cubic meters, or 30 percent. 
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Based on the sampling Isamp = ^»^5 and N = 603» the 
yield Zaamp * 299 cubic meters, nhich gives A Z = 52 cubic 
meters, or a 20-percent error. Here we must bear in mind 
that the appraiser determined the yield only for the dominant 
species without talcing into account the second-story yield. 

In the fifth sample plot the yield (based on standard 
tables) Zi = 325 cubic meters, and from volume tables Z2 = 
330 cubic meters. Based on lo = 5*07» N = 482, ho = 24.8, 
and d°tree Ä 31*1» the yield z3 = 398, but based on sampling 
Isamp s 5 and N = 492, the yield Zgamp Ä 406 cubic meters, 
which gives in the first case a 20-percent error, and in the 
second 22 percent. 

Table 52 lists composite data on precision of yield 
determination based on sampling-determined mean tree spacing, 
height, thickness, and on stem volume tables, where Z8amp is 
taken for Isamp arrived at by the sampling method. 

Table 52 
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Legend: À -- plot; B — field; C — Zsamp» sam¬ 
pling 

It is clear from Table 52 that the simplified method 
of determining yield from mean tree spacing gives on th?. av¬ 
erage a 15-percent error, toward the overstatement side. 

Procedures and precision in determining yields from 
aerial photographs have been described in detail in the works 
of many Soviet appraisers 

In 1941 the Experimental Station of the U.S. Forest 
Service made an attempt to determine yield from aerial photo¬ 
graphs with field control. 

Since 1942 serious articles and works on forest inter¬ 
pretation have begun to appear in the United States and 
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Ganada. Following 19^5, more major studies on measuring 
height, crown diameter, and canopy closure from aerial pho¬ 
tographs have been begun in Canada. The question of com¬ 
piling tables suitable for describing yields from aerial 
photographs has also been raised. In 19^6 Spurr (United 
States) drew up the first yield table specially adapted for 
determination of yield based on crown diameters, closure, 
and tree heights measured from aerial photographs. 

In Canada workers have begun to determine yield in 
the field by using aerial photographs and then have commenced 
efforts to find methods of determining yield directly from 
aerial photographs. Aerial photo-tables of yields (Photo- 
volumes) per acre (O.Jj hectare) have been compiled for this 
purpose. 

Sssentially, these are reference standard aerial pho¬ 
tographs in which forest plots with known yields are specified. 
Comparison of these reference standards with the aerial pho¬ 
tographs of other forest tracts has made it possible to de¬ 
termine yield. In the United States, in 1948 '»ash, in 1959 
Pope, and in 1952 Spurr, and in Canada in 1^51 Moeasner compiled 
tables for yield determination based on Dc, C, and h measured 
off of aerial photographs. In 1958 Spurr noted that the low 
precision of tables compiled in the United States had impeded 
their wide use. Therefore (in 1963) the principal method of 
forest appraisal in the United States was the method of com¬ 
bining field work with use of aerial photographs. In Canada 
use of special yield tables adapted for determination of C 
from crown diameter, moan height, and canopy closure measured 
from aerial photographs began to be used. The first type of 
yield table gave the volume of the single tree which was de¬ 
termined from two input data — crown diameter and mean tree 
height. These tables are used only in mature forests (they 
are not employed in dense forests). Table 53 is an example 
of a table giving the volumes of a single tree. 

The second typo of yield table is called standard 
volume table. The tables give the volume per acre in cubic 
meters and have three input variables — the mean crown di¬ 
ameter, or the measurement visible in aerial photographs, 
the standard (mean) height, and canopy closure (crown cover) 
in percentages. An example of the second type of yield ta¬ 
ble is Table 54. 

The variable h is determined from the shadows and 
measurements of parallax in the aerial photographe. The var¬ 
iable Dc is measured on the aerial photographs using an incline 
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level, or else a template consisting of circles with pre¬ 
viously calculated diameters. Templates of circles are print¬ 
ed on transparent film. Under the stereoscope, T)« is deter¬ 
mined by visual selection of the appropriate template. 

Canopy closure is determined also from scales, con¬ 
sisting of a series of squares with blade çircles covering 
from 5 to 95 percent of the square area. 3y visual compari¬ 
son of the scale with the forest tract on the aerial photo¬ 
graph C is determined (the value of C is imprinted along the 
borders of the squares) under the stereoscope, thus excluding 
the effect of shadow cast by crowns. AsMoeasner has noted, 
this procedure of yield determination gives satisfactory pre¬ 
cision. The Canadians determine the mean tree thideness in 

the field on sample plots. 
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In 1958 most appraisers in Canada used the combination 
of determining appraisal indexes from photographs with field 
control in sample plots. Use of the two earlier-described 
tables of interpretation yields considerably reduces the num¬ 
ber of sample plots processed under field conditions. 

7n order to study possibilities of considerably reduc¬ 
ing field operational worlc liy determining appraisal charac¬ 
teristics from aerial photographs, Losee conducted studies 
on aerial photographs of scales 1:7200 and 1:1200, Field 
wort was carried out on 0.1 acre sample plots with determi¬ 
nation of mean h, C, and Uq values. The yield tables were 
also compiled from field data for h, C, and Dc. Using 1:7200 
scale aerial photographs mean height was determined with an 
error of +2.1 with systematic error of +0.6, and 1:1200 scale 
aerial photographs were used for determination of mean height 
with an error of +0.5 and a systematic error of +2.1. Canopy 
closure was measured at the locality with a precision of +1.7 
percent. Canopy closure was determined from aerial photo¬ 
graphs, as Losee emphasized, by an original method developed 
on the basis of extended study. The coiuit in each section 
was conducted 12 times. C was determined by this method on 
1:1200 scale aerial photographs with an error of ±5.5 percent 
and a systematic error of -0.3 percent, and on 1:7200 scale 
aerial photographs with an error of +9.9 percent and a syste¬ 
matic error of -1.3 percent. Ve note that this method is too 
laborious (12 counts per area) and yielded the specified pre¬ 
cision only because 12 coimts were made. V/ith a smaller num¬ 
ber of coimts the method will yield a considerable error, 
since it is not associated with direct measurement of canopy 
closure and gives only an indirect idea of the variable meas¬ 
ured. Mean Dc was determined by measurement under the stereo¬ 
scope of 30 crowns for each area. Dc was measured on 1:1200 
scale aerial photographs with an error of ±0,33 and a syste¬ 
matic error of -O.09. 

The yield was determined from measured h, C, and Dg 
and from yield tables compiled from field data h, C, and Dc. 

Z per acre was obtained from the table, and the over¬ 
all yield for the entire area was determined by multiplying 
Z by the total area of the forest section. The error in de¬ 
termining total yield from 1:1200 scale aerial photographs 
was +7.6 percent, but from 1:7200 scale aerial photographs 
+4.3“percent. Losee viewed the results as highly satisfac¬ 
tory, demonstrating the practical possibility of excluding 
all field work in forest appraisal, with the exception of 
collecting data for compiling yield tables (based on input 
data —— h, C, and Dq). 
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Director Garver of the Forest Service of the U.S. De

partment of Agriculture noted in 1953 in an article "Interpre

tation of Aerial Photographs in the Forest Service" that aer

ial photographs are widely used in the U.S. in forest apprai

sal. Plots of one-fifth acre size serve as standard sample 
plots in which all field measurements are made. Some efforts 
have been made to determine yields directly from aerial pho

tographs, hut thus far this has not Ijecome standard practice. 
Efforts are imderway to develop volume tables for a single 
tree based on h and Dq measured from aerial photographs, in 
other cases use is made of standard yield tables based on 
mean heights, crown diameters, and canopy closure. In ap

praisal 1;15»840 scale aerial photographs are mainly used.

Rogers (U.S. Forest Service) wrote in 1956 that use of 
aerial photographs for yield determination where high preci

sion is not required affords bypassing altogether or in large 
part of field work. But even where precision is reqiiired and 
is iinportant, use of aerial phatograplis roducos ;Vc: volume of 
field work.

Tliere are two directions in yield determination in the 
United States. The first consists of estimating the yield di

rectly from aerial pliotographs without verification in the 
field. This neth.od is supnorted by a minority of appraisers. 
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In tlie University of Pennsylvania ’/orly and 
Landis [83] are studying precision in measurinir heights, crown 
diameters, and canopy closure from aerial photographs. Yang 
has Ixjon engaged in determining tree counts from aerial pho- 
tograplis. lie has concluded that the number of counted trees 
is reduced bj' 20 percent as one turns from 1:3500 scale aer

ial photographs to those of 1:15>000.

Hendrich and Meyer assume that yield can be determined 
from aerial photographs with an error of 25 percent.

lleyer and '.7orly [71] hold that estimation of yield by 
using standard tables and measurements made from aerial photo

graphs can be carried out with an error up to 50 percent.
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Roeera [78], in characterizing scientific research in 
aerial photography of forests and interpretation in the l.’nited 
States, Great Rritian, Canada, France, the FRG, Sweden, Nor

way, the Netherlands, Thailand, and Czechoslovedcia, believed 
that precision of yield determination for large forest tracts 
is close to 10 percent. Rogers has suggested that there is a 
])ossibility of estimating yields from aerial photographs with

out using yield tables.

X characteristic featm*e in the progress made in in

terpretation of aerial photographs of forests and other plant 
cover in the lihited States and Canada is that many military 
and intelligence establishments liave dealt with this problem 
in wartime and especially in the postwar period.

Thus, Clwirchill (Military Intelligence Board of the U.S. 
Army) prepared the study, "Types of Vegetation for Interpreta

tion of Aerial Photographs and Use of Vegetation as an Indica

tor of Habitat Conditions," in 1053*

O’Neill, a PliD of tlie Catholic University in V/ashington, 
has developed a method of preparing reference standards — keys 
for interpreting vegetation from aerial photographs [75]•
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Axelson (Sweden) has studied the question of precision 
in determining tree height from aerial photographs of different 
scales and has concluded that scale does not affect precision 
of measurement of h. Srror in determining h from aerial pho

tographs amounts to 1.5-3 meters. He has asserted that large- 
scale aerial photographs do not afford advantages in determin

ing canopy closure and yield, wliere the canopy measured from 
aerial photographs is generally overstated. Axelson recommends 
use of 1:33»000 scale aerial photographs, but with a subsequent 
increase in scale to 1:15,000 for interpretation.
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In I960 the American Society of Photogrammetry, with 
participation of American anrl Canadian specialists, published 
handbook on interpretation of Aerial Photographs, in volume 
about i)A author's sheets [each sheet containing 3,000 square 
centimeters of printed material] [72]. The handbook includes 
16 chapters in which different forms of aerial photograph in¬ 
terpretation are set forth (geological, soil, forestry, agri¬ 
culture, engineering, geomorphological, archaeological, hydro- 
logical, zoological, etc.). 

This handbook repeats and reinforces several findings 
arrived at by Soviet specialists in forest interpretation of 
aerial photographs. To increase precision in measurement in¬ 
terpretation of dense forests winter photographs are recom¬ 
mended; it is noted that yield correlates more closely with 
height, and not with crown diameter and canopy closure; a point 
method of measuring areas is proposed. This method has been 
developed and advanced for use in the U.S.S.R. [13]* 

In spite of the existence of large studies conducted 
by specialists of many countries of the world, the theory and 
method of interpretation of aerial photographs of forests are 
in need of further advances. 

Underlying ocular appraisal is visual comparison of the 
given tree stand with a tree stand of a sample training plot. 
Information in the form of the visual image of the tree stand 
in the sample plot is retained in the appraiser's memory. Ac¬ 
cumulation of such visual images is acquired by experience. 
However, remembering, preserving in one's memory, and repro¬ 
ducing visual images of complex tree stands is extremely dif¬ 
ficult; they are forgotten and essential details are lost, 
which calls for constant replenishment of the images by train¬ 
ing sessions obligatory for each appraiser before work begins. 

Accordingly, a suggestion about the possibility and 
value of replacing complex images of tree stands in all their 
completeness by simpler images of individual appraisal indexes 
which can be easily remembered, compared, and controlled by 
the measurements with desired precision has been advanced. It 
is very difficult to control the precision of ocular appraisal, 
since the appraiser and the control individual perceive and 
reproduce the same visual images of tree stands even in the 
sample plots dissimilarly. Therefore, methods of determining 
yields by relying on direct-measured 1, N, d°tree> and ho hear 
purely practical advantages as well. 
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Tn conclusion, we cannot fail to note that the theory 
and practice of the use of aerial photoçraphy and aerial pho¬ 
tographs in forest management in the U.S.S.R. in many respects 
has been better advanced tTan in the United States and Canada. 

In fact, in the study and understanding of statistical 
correlations of tree stand structure the U.S.S.R. doubtless 
leads all other countries. 

A well-argued and scientifically substantiated program 
of scientific research and solution of practical problems 
dealing with methods of appraisal and forest management has 
been set forth in the study [31] by Docent R, A. Kozlovskiy, 
Director of the All-Union Amalgamation Lesproyekt. 

27. Methods of Determining Mean Tree Spacing and Forest Den¬ 
sity in Fieldwork 

Seven procedures of the sampling method have been used, 
tested, and verified for determination of density and mean 
tree spacing. 

1. Procedure of measuring distances in a specified 
direction. Exhaustive measurements of all distances in five 
forest plots were conducted following the method set forth in 
sections 4 and 5» Sampling determination of mean spacing Isamp 
was carried out by measuring distances between trees encoimtered 
along a route following a selected direction. Sampling leamp 
was obtained as the arithmetic mean of all measurements. The 
true mean distance 10 was determined from data of exhaustive 
measurements. 

Table 55 gives the characteristics of the precision of 
determination made in five plots. 

Table 55 

Legends A — plot number; B — number of direc¬ 
tions; C — number of distances; D — leamp 
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The data in Table 55 evidence the instability of the 
results, for the mean lo exhibits decided deviations both 
toward the overstatement side (3^ percent) as well as to the 
understatement side (-28 percent) dependine on the practition¬ 
er, the choice of direction, and the number of directions. 
This procedure is subjective and cannot ensure satisfactory 

precision. 

In 1952 N. P. Anuchin proposed a nomoeraphic method of 
determininp occupancy and yield based on measurement of mean 

tree spacings. 

However, his recommended method of determininc mean 
spacines by measurinc 1 between 30 trees encountered in a 
given direction cannot afford any satisfactory precision. 

2. Procedure of measuring distances in traversing an 
external contour of the forest plot. In the course of experi¬ 
mental studies distances are measured only between those trees 
that stand close to the boundary of the plot, while trees 
along the bends of the contour are not counted. The mean 
Isamp determined by this method proved to be 3.^ meters greater 
than the true 10. For supplementary verification of the meth¬ 
od, measurements were made of distances between all trees 
standing along the boundary of a tortuous contour of the for¬ 
est plot. In all, 90 tree distances were measured as compared 

to 36 in the first case. 

The mean Isamp proved to be 14 percent less than the 
true value. Thus, this procedure is too laborious and not 
fully reliable, although it is important for appraisers and 
topographers who, in moving through felling areas and along 
roads, will be able to determine the mean distance without 
traversing within the forest. 

3. Procedure of measuring all distances in sampling 
plots 20 X 20 meters in size affords satisfactory precision, 
but is too laborious. 

4. Procedure of counting trees in sampling plots. 

All trees in typical plots 20 x 20 meters in size (or 
10 x 10 meters) were counted, and the mean distance was cal¬ 
culated from N taken from Table 1. 

Table 56 gives the results of Ig&mp determination. 
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We can plainly see from Table 56 that the procedure of 
countinc trees in plots 20 x 20 meters in size gives satisfac¬ 
tory precision when determining mean tree spacing and stand 
density. 

In dense forests we can take smaller areas, that is, 
10 x 10 meters, which reduces the volume of work by four to 
eight times. Reducing area size and increasing the number of 
plots involved affords fuller coverage of the diversity of 
distances within the section, that is, obtaining a more repre¬ 
sentative sampling population. However, further decrease in 
section dimensions is not worthwhile. 

The required number of sampling plots can be determined 
from the following formula: 

Legend: 1 — Saamp 

Literature on forest management contains no information 
about the variance of tree stand density. From our investiga¬ 
tions, the variance of tree stand density in areas 20 x 20 me¬ 
ters in size is vn 15-18 percent. 

The approximate value of the variance of stand density 
was determined from the data of field measurements and counts 
made in two sections of pine-spruce mature tree stand covering 
an area of 10-15 square plots 20 x 20 meters in size each. 
Calculations of the variance of density for the two sections 
are shown in Table 57» 
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If we take as standard plots squares 4»lo x ^»lo In 
size, where lo = mean tree spacing, then the number of trees 
n in these plots will be a constant, invariant relative to 

lo, that is, J % 

where N = number of trees per hectare. 

Formula (86) is based on the reciprocal function re¬ 
lating 1 and N in point systems (which well characterizes the 
curve in Figure 24) and the approximate correlation of the 
function = 12N const remarked on by the author. If 

the square areas are taken as 5*lo x 5*lo in size, the number 
of trees in these plots will also be a constant, but equal to 
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Formula (86) can be used for control of fieldwork us¬ 
ing the sampling method of determining tree stand density and 
mean tree spacing. 

5. Procedure of measuring sides of polygons. A poly¬ 
gon is formed by a group of neighboring trees. The distance 
between trees is measured along the smallest sides (straight 
lines), where none of the sides must intersect any other 
side (Figure 25)• 

Figure 24. Tree spacing as a function of forest 
density 

Polygons are selected in typical sites of the forest 
plot for the purpose of discovering precisely the mean tree 
spacing. Polygons must not be selected in thinned-out areas 
that are becoming clearings, or in sites of intense clumping 
of stems. Precision in determination of Isamp depends on the 
correctness in choice of polygon location in the plot. Here 
principles of the regionalized method of sampling studies are 
fully applied. 

Table 58 gives the results of a determination of mean 
spacing Isamp by the polygon method with approximately 20-24 
distances provided in two polygons. The true mean distance 
lo was obtained from data of exhaustive measurements of dis¬ 
tances or counts of the number of stems in the forest plot. 

177 - 



It is clear from Table 58 that the error in determining 
mean tree spacing by this method does not exceed 6 percent, or 
0.3-0.4 meter. This precision must he deemed satisfactory, 
since‘most practitioners have usad this method the first time 
and have become acquainted with it from a brief explanatory 
note. The sampling method of determining lo by the polygon 
procedure with the condition of regionalized sampling method 
complied with can give satisfactory precision. 

Table 58 
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6. Procedure of counting trees along straight lines. 
This procedure consists in drawing lines in the selected plots 
for measurements and counting trees, whose crowns intersect or 
are tangent to a straight line, where only those trees that 
are projected onto the straight line along the perpendicular 
are counted. The mean tree spacing is obtained by dividing 
the length of the line by the number of trees counted. 

Figure 26 shows a copy of a forest plot 20 x 20 meters 
in size on the 1:100 scale with point location of each tree 
and point projection of crowns. The straight lines are desig¬ 
nated No 1 and No 2, and the crowns intersecting the lines are 
designated by numbers. The true lo * meters. From the 
two mutually perpendicular straight lines the sampling Isamp 
* 4.58 meters. The error A 1 * +0,18 meters, or 5 percent. 

In the second forest section two pairs of straight 
lines 20 meters in length were selected in the two sampling 
plots, which gave an error A 1 = -0.07 meter, or 1.5 per¬ 
cent. 

The straight 
and speeds up work, 

line procedure considerably simplifies 
since time-consuming measurements of 
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Figure 25. Polygon for determination of mean 
tree epacing 

distancée are replaced by a simple count of stems whose crowns 
intersect or touch a straight line. Whoever counts the trees, 
the results will always be identical. Therefore, the procedure 
does not depend on the practitioner, while in the procedure of 
determining distances in a specific direction each practitioner 
decides on his own what trees to include and what not to in¬ 
clude in measuring tree spacing. 

From experimental data, the straight line method can 
give satisfactory precision for four pairs of straight lines 
in a section, however in choosing the placement of the straight 
lines we must be strictly governed by the rules of the sampling 
method. The necessary number of lines and the length of the 
lines can be calculated from the author’s formulas presented 
below. 

Let us assume that n points separating r mean spacings 
lo will lie on the line L. 

Then 
i - 
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Consequently, the number of lines can be determined 
from the following approximate formula: 

Legend: A — Sat 
We assume that we will limit ourselves to a single straight 
line. Then when 3st = 1 from formula (91), we obtain the re¬ 
quired length of the straight line from the following approx¬ 
imate formula: 

The length of the straight lines must satisfy the condition 
L > 1/ • 1 o • It is best to round off the calculated line length 
to a whole number of tens of meters. It is useful to divide 
the total length of the line into four to five segments. These 
new straight lines A = L/4 are placed in the plot being ap¬ 
praised in typical locations. Use of the straight line proce¬ 
dure when lo = > 7“8 meters is not worth while in forests 
that have trees bearing small crowns. 

7. Procedure of selecting the most typical spacings 
in the forest section. The ocular choice of mean spacing re¬ 
quires inspection of the forest section. This procedure is 
typical in the sampling method. Its use requires special 
training like the kind that appraisers always undergo before 
carrying out ground ocular appraisal. For successful use of 
this metliod one must be well acquainted with the law of spa¬ 
cing distribution and the theory of sampling method. Typical 
spacings selected are measured with a tape Measure. Accord¬ 
ing to experimental data, the procedure gave an error of 5- 
11 percent for two forest sections. 

These data evidence that with suitable experience the 
procedure can afford satisfactory precision. 

Experimental verification of the seven procedures of 
determining the mean spacings and tree stand density under 
field conditions have shown that the following procedures 
give satisfactory precision as well as stability of results: 
the polygon procedure, the procedure of counting stems in 
plots, and the straight line procedure. The simplest pro¬ 
cedures are: the procedure of selecting the typical spacing 
and the straight line procedure. The polygon procedure and 
the procedure of counting stems in plots are approximately 
the same in their workload. 
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Studies have shown that the sampling method of deter¬ 
mining mean spacing given requisite compliance with its rules 
does give satisfactory precision. 

Control of field measurements is best carried out by 
two independent procedures of determining stand density and 
mean tree spacing. 

28. Procedures of Determining Forest Density and Mean Tree 
Spacing From Aerial Photogranhs 

If separate imaging of the crowns of all trees located 
in the forest tract shows up on aerial photographs, then de¬ 
termination of tree stand density and mean spacing from aerial 
photographs does not differ in precision from the precision 
attained by procedures proposed and verified under experimen¬ 
tal conditions (section 5) and in fieldwork (section 27). But, 
as has been pointed out, the crowns of all trees do not always 
show up on aerial photographs. Therefore, it becomes necessary 
to establish the nature and extent of reduction in the number 
of imaged crowns on aerial photographs of different scales 
compared to the total number of trees in the locality. 

Experimental studies on counting crowns on aerial pho¬ 
tographs of the following scales: l:iiOOO, 1:6000, 1:8000, 
1:9000, 1:12,000, 1:15,000, 1:19,000, 1:20,000, and 1:21,000 
were conducted by the author beginning in 19^. 

In I95I-I954, a continuous and sampling count of trees 
in the field and from aerial photographs was conducted by the 
author jointly with engineer N. A. Kornilov. As a result, 
the number of trees, as to be expected, counted from the num¬ 
ber of crowns imaged in aerial photographs in most cases 
proved to be less than actually found on the spot. Mean tree 
spacing determined from aerial photographs was somewhat larger 
than the mean spacing between all trees in the locality. An 
exception to this rule relates to sparse forests and forests 
in which tree spacing amounts to 7-12 meters and more, as a 
consequence of which their crowns in most cases were imaged 
on moderate-scale aerial photographs. 

Investigations aimed at determining the number of crowns 
of trees imaged and those not imaged on aerial photographs of 
different scales have been conducted by Russian specialists in 
forest management: Professor G. G. Samoylovich, T. T. Mazhugin, 
A. M. Berezin, I. A. Trunov, and A. Ya. Zhukov. 
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As studies have shown, the nurrher of trees standing 
tinder the crowns of neighboring trees and not participating 
in forming the projection of the upper canopy crown increases 
with increase in occupancy and decreases with greater age, 
and in most cases thin-stern trees prove to be located under 
the crowns of adjoining trees. This problem has been detailed 
in section 2. 

rite deviation of mean spacings on aerial photographs 
and in Ihe locality can be accounted for by the following main 
causes. Some of the low-standing trees are under the crowns 
of their neighboring, higher stems or stand in their shadow 
at the moment of aerial photography, especially along the bor¬ 
ders of aerial photographs, which leads to a reduction in the 
number of imaged crows. 

Arrangement of trees in the form of a curtain or group 
side by side with standing trees, and also the growth of two 
stems from the same root in thickets leads to merging on aer¬ 
ial photographs of the images of several crowns, which reduces 
the number of crowns counted, if no correction is made in the 
value of the large merging "patches” of crowns on aerial pho¬ 
tographs when making measurements. 

The number of crowns on aerial pbotograohs of young, 
usually very dorse forests containing crow peaks small in 
size is considerably reduced; the broader sections of crows 
are concealed by the crows of trees closely overlapping them. 

With increase in age and reduction in forest density 
the deviation of mean spacings on aerial photographs and in 
the locality is reduced. 

The strongly pronounced double-story state of stands 
(for high occupancy rates of the upper and lower stories) and 
high undergrowth or underbrush density have an appreciable ef¬ 
fect on reducing the number of crows counted on aerial photo¬ 
graphs . 

As scale is reduced, some of the small crowns do not 
show up in the scale of aerial photographs or else their image 
is so small that they are not visually discernible, which also 
leads to a reduction in visible crown images. Tn this case 
preparation of magnified aerial photographs for measurement 
purposes can be of help. The quality and freshness of the aer¬ 
ial photograph is of great importance. Convergence of spacings 
on aerial photographs and in the locality depends on the year 
the aerial photography was done and the year the spacings were 
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measured. Old, especially small-scale aerial photographs can 
cive perceptible disparity between mean spacmps, which often 
is bound up both with artificial as well as with the natural 
chance in tree stands during the years elapsinc since the aer¬ 
ial photography. 

The effect of aerial photographic scale, forest density, 
and crown size is well illustrated by the experimentally-built 
models of different density types and tree crown sizes on dif¬ 
ferent scales shown in Figure 1^ (section !i). 

Consequently, many factors not easily allowed for and 
expressed numerically have a bearing on precision of determi 
nation of stand density and mean spacing from aerial photo¬ 
graphs . 

Precision of mean tree spacing determination that is 
satisfactory for actual use can be obtained from aerial pho¬ 
tographs of the large scales 1:5000-1:10,000. 

If moderate-scale aerial photographs are used, it is 
necessary to determine the corrective coefficients for intro¬ 
ducing them into measured spacings from aerial photographs 
of different scales taken of forests differing in density and 
age with allowance for the effect of species composition, 
number of stories, undergrowth and underbrush, characteristics 
of tree arrangement in different areas, and forest expanse 
types. 

The author has proposed a method by which the mean spa 
cing is determined not between all trees at the locality, but 
only between the principal trees that are of chief importance 
in appraising the tree stand. 

In this case we must establish the trees that we can 
neglect. 

Traversability, camouflaging and protective properties 
of a forest are generally determined by the thicker and higher 
trees in the upper canopy that have broader crowns, that is, 
by those trees which are more commonly imaged in aerial photo¬ 
graphs. Yield also depends on counting the principal trees of 
moderate and high thickness classes producing images in aerial 
photographs in most cases. 

Thus, for example, yield calculated from aerial photo¬ 
graphs proves to be 10—20 percent closer to the actual yield 
than the number of counted crowns on the same aerial photographs 
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with respect to the total number of stems in the locality. 
This is explained by the small effect on yield of thin and 
low-standing trees which usually do not show up on aerial 
photographs. 

Overall yield of stands is produced by trees of mod¬ 
erate and thick classes of thickness which are more generally 
imaged on aerial photographs. The thickness gauge usually 
leads to a discrepancy, and its inclusion must be made, in 
approximate terms, from tables of stand growth pattern. 

In the Instructions [26] the main story is considered 
to be the story that constitutes the part of the stands larg¬ 
est in yield and has the highest economic value. 

The second story is differentiated and appraised only 
when the mean tree stand thickness exceeds 8 cm, and the dif¬ 
ference in mean heights amounts to more than 20 percent, 
which for a height variance vh = 8-10 percent is an infrequent 
phenomenon. 

As far as undergrowth and underbrush are concerned, in 
appraisal they are generally not taken as stories and are 
separately accounted for in the overall picture. 

The experience of Canadian and American appraisers who 
determine yield directly from aerial photographs by using 
specially-prepared yield tables based op heights, canopy clo¬ 
sure, and the so-called visible crown diameters measured from 
aerial photographs is of some interest. 

The principal and most important part, of trees is im¬ 
aged on aerial photographs (for more detail see Chapter 1). 

Rased on the foregoing, we outline an approach in de¬ 
termining mean spacings not between all, but only between the 
most important trees that in fact determine economic and oth¬ 
er importance of the given forest tract. 

This principle has in fact been adopted in further ef¬ 
forts to find approximational methods of determining mean 
-tree spacing and stand density from aerial photographs. To 
do this, experimental studies have been carried out counting 
trees of different thicknesses at the locality and from aer¬ 
ial photographs in order to arrive at an approximate idea 
about the stand structure that shows up in aerial photographs 
of different scales. 

- 185 - 



For example, taire a forent section wliicb is a nnn-mat- 
ure forest with a larce amount of imriererowth. ’lasorl on aer- 

nf scale 1:^000, 100 percent of trees more 
were counted; on ijRhoo scale -- lho percent 
err were counted; on a 1:0000 scale — per- 

> 10 cm; on a 1:10,000 scale — about F6-00 

ial photocraphs 
than cm th i d< 
with dtree > 8 
cent with dtree 
percent with 
60 percent. 

dtree l'1 f’0’* and on a l:lo,ooo scale -- about 

Investiratiops on determination of the number (percent- 
are) of trees stand inr under the crowns of neirlihorinr trees, 
in relation to species corindos i t i on, occupancy, and are are 
described in section ?.. These studies, berun on the initiative 
of Professor 0. 0. Samoylovich, allow us to determine the size 
of the correction that, has to bo introduced into the variables 
:: and 1 measured from aerial photorranhs. These corrections 
are best found on the basis of experimental field and office 
work in mathematical statistical treatment of information col¬ 
luded. As a result of this treatment of the information, we 
can obtain reneral am! differentiated corrections for pure and 
mixed (contaminer three to five gradations in snecies composi¬ 
tion) stands, for two to four gradations in canopy closure (or 
occupancy), and for three to five rradatiops in acre and density 
of tree stands. 

Also of interest is a theoretical approach to solvinp 
this problem based on an understandiner of correlations of stand 
structure. Since correlations of tr?e distribution by thick¬ 
ness, heicht, and crown diameter and by tree spacin': is known, 
for homogeneous forests v.e can obtain from distribut ion series 
the apnroximte percentage of thm, low-stand inrr, and small- 
crowned troes that do not show on on aerial nhotowraphs. 

lelow are listed the values of mean thickness d0t,ree 
and thickness d|;rne el* trees const i tut inf: 5 percent of the 
total number of s terns in a forest for a cjiven dnt,rße and the 
distribution correspondinc to it. 

10 \S 20 If 3é 
5 y io i2 \S 

Consequently, if in a forest section d°tree = 20 cm, 
then trees with dtree = 1° em and less will he about 5 perccnl. 
This means that v.e can state in advance that trees of which 
thickness ‘’tree wist not he counted for a rriven d0tree, and 
what percent they represent of the total number of trees at 
the locality. Hns porcentaje is best introduced as a 
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corri'otion into mean apacinfrs measured from aerial phntnerraobs, 
which is easily clone by rolyinr on tables relatinir 1 and V. 

Tn forests deviatinc very decidedly from homoceneous 
stands, thin trees will evidently be treater than 5 percent. 
Similar calculations can be made also in the determination of 
the percentage of small crowns and small tree heights which 
most probably will not be imared on aerial photocraphs for a 
o; j ven moan ho and T)°r. Distribution series of heights and 
crowns rive an idea about the size of the nercentare of these 
trees (cf sections ID and 2D), 

Experimental studies in the field and with aerial nho- 
torraohs aimed at verifyinr and apnraisinr the principle of 
determininr mean spaeinrs between the main trees in stands 
set forth liere were carried out in two forest areas of the 
Vos cow and Tul*slcaya oblasts in 153 forest nlots from aerial 
pliotocrapbs of the followinc scales: IjRdoo^ ijoooo, 1:1°,“ 
oop^ 1:10,000, and 1:21,000. studies were made on aerial pho- 
tozraphs of the scales 1:5000-1:25,00o following the same meth¬ 
od in IO5D-IO55 [10], Altogether, more than 2,000 measurements 
were made. Stems rrowinrr from the same root were taken as one 

tree. 

Field determinations of mean spaeines were conducted by 
the polyeon procedure, the procedure of countiie stems in plots, 
the straieht line procedure, and the procedure of choosine the 
most typical spacinp. Field measurements were controlled by 
exhaustive measurements or were carried out ijy two practitioners. 
The most experienced practitionors made the measurements in for¬ 
ests of Voacow oblast. Specially trained, but poorly qualified 
practitioners made the measurements in the forests of 'bil'skaya 
Oblast with the aim of verifying the measurement nrocedures. 

Procedures of determining mean spacinc from aerial nho- 
toirranhs (follnwiner the metl^od presented in section 2di) de¬ 
scribed below were used. 

Tn all cases, ocular regionalization of the forest 
tracts into plots differing in tree density was the first step 
in workinp with aerial photorraphs. Reciopal izatiop was car¬ 
ried out based on photo-imac in cr structure visible on individual 
aerial photopraphs. The photo-imapinp structure depended on 
ape, density, heipht, crown size, and scale of the aerial pho- 
topraphs. Tn accordance with this approach, seven different 
structures were differentiated: merped, fine-prain, moderate- 
prain, eoarse-prain, small-patch, moderate-patch, and coarse- 

pat ch. 
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Mature and naturino: forests usually have high height, 
low density, larce thickness, and bushy crowns, which produce 
coarse- and moderate-patchy photo-imagine structure on aerial 
photographs. 

Moderate-aged forests have moderate height and thick¬ 
ness, adequate density, and crowns of moderate size, which 
produce small-patchy and coarse-grained structure on aerial 
photographs. A young forest (zherdnyak, molodnyak) differs 
in high density, low height, and thin trees with small crowns, 
which produce moderate- and fine-grained structure intergrad¬ 
ing into merged structure. 

Forest regionalization on aerial photographs was in 
fact based on these features of forest photo-imaging struc¬ 
ture. To simplify regionalization, typical specimens (refer¬ 
ence standards) of aerial photographs were used for forests 
of different structure and density. Typical specimens (ref¬ 
erence standards) were prepared by field and office measure¬ 
ments of all forest characteristics whose variables were ap¬ 
pended to the reference standards [1^]. Visual comparison of 
tyne specimens and aerial photographs (best done under the 
stereoscope) made possible preliminary regionalization of the 
forests by density and other features. Within the limits of 
differentiated sections typical plots were selected, on which 
measurements were then marie with different procedures. A 
similar methodology was adopted in determining all other for¬ 
est characteristics. 

The number of differentiated plots depends on the di¬ 
versity of forest photo-structures and on the amount of detail 
necessary in the actual practice of securing information about 
forests/ Rased on classification of forests by density devel¬ 
oped by estimating the economic value, geobotánica! factors, 
and other forest properties, wo can, for example, limit our¬ 
selves to five gradations of forest density and the photo- 
structural gradations correspond ing to them (cf section 25). 
The book [l1!] lists typical specimens (reference standards) 
of aerial photo images for 13 forest photo-structures. 

Four procedures were used in measuring spacings in the 
selected plots within forest sections. 

1. The procedure of measuring the sides of a polygon 
consisted in selecting a typical group of neighboring crowns 
under the stereoscope with subsequent measurement of spacings 
between crown centers of 5 to 7 trees along straight lines 
chosen in accordance with the rules in sections 3 and 4. The 

- 188 - 



number of polygons (groups) must not be less than 2 to 3* 
Measurement of spacings was carried ou+ by using parallax¬ 
measuring stereoscopes. The mean of all the measured spa- 

cings was taken as lo of the forest section. This method 
can be used in all forests. 

2. The procedure of counting crowns on straight lines 
consisted in drawing straight lines 0.5-1.0 cm (depending on 

the scale of the photographs and forest density, the length 
of the lines can be increased) and 0.2 mm thick across the 
plots. The straight lines were drawn at an angle in approxi¬ 
mately two mutually perpendicular directions for the purpose 
of embracing different variants of crown placement. All the 
crowns that intersected or touched a line were counted along 

the straight lines. For control, the count was made twice 
under the stereoscope. Merging patches of crowns were counted 
as two to three crowns depending on the size of the image of 
the average-sized crowns in the forest section. The quotient 
obtained from dividing the length of straight lines by the 
total number of counted crowns gave the mean spacing between 
trees. The number of pairs of lines must not be less than 
three to four, and by increasing the length of the straight 
lines the number of pairs can be reduced to two to three. The 
count of the number of measured spacings and the length of the 
lines was conducted according to formulas in sections 8 and 

27. 

To get more precise results, it is necessary to deter¬ 
mine as precisely as possible the scale of the aerial photo¬ 
graphs, and to malte the measurements on working areas of the 
aerial photographs. This procedure is best used for dense 
and moderately dense forests and on moderate-scale aerial pho¬ 
tographs. 

3. Procedure of counting crowns on plots ranging in 
size from 0.5 x 0.5 to 2 x 2 cm (depending on forest thickness 
and aerial photographic scale; in sparse forests the plots 
were expanded). The number of crowns counted on the plots 
was converted into forest thickness N per hectare, and from 
the value of N the mean spacing 10 was found in Table 1. 
This procedure is laborious, it is best used in sparse for¬ 
ests, but sometimes in forests of moderate density. 

4. The procedure of type specimens (reference stand¬ 
ards) of forest density on aerial photographs. Type specimens 
(reference standards of density) were prepared in advance on 
aerial photographs with several successive values of 10 by 
careful measurements (best done with field control) in the 
most widely used aerial photographic scales. 
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By visual comparison of several, specimens with the 
data of a forest section, the closest reference standard was 
determined from aerial photographs, and subsequently used to 
arrive at the mean spacing. 

As experience has shown, errors in determining mean 
spacing by using specimens (reference standards) prove to be 
the same as those resulting from measuring 15-20 spacings. 
This procedure considerably cuts down work volume. The pro¬ 
cedure is simple and easily executed even by persons lacking 
adequate training [10], 

The reference standards procedure is especially con¬ 
venient for regionalization and differentiation of sections 
by gradations in forest density adopted on topographic and 
special maps. 

Since typical specimens can be prepared with data on 
all forest categories, including yield, then they are best 
used also in determining yield when special precision is not 
called for. 

In making measurements on aerial photographs, existing 
instruments (stereoscopes, parallax sheets, measurement magni¬ 
fiers, rulers, gauges, styluses) are used that have not been 
adapted for work in measuring forest characteristics, and so 
cut down on precision and increase time spent. Therefore, it 
is best to develop a special set of instruments for forest in¬ 
terpretation. Based on experience in making measurements, we 
can recommend manufacturing special thin and transparent rul¬ 
ers, with openings for pricking of crowns and with divisions 
along the lower edge at intervals of 1 cm, 1 mm, 0.2, and 0.1 
mm colored red. Such rulers and also stereoscopes with magni¬ 
fiers replace the magnifiers unsuitable for measurements. For 
the straight line procedure, it is useful to make standard 
rulers (strips) on transparent base material, which precludes 
drawing these lines with styluses. 

29. Experimental Data on Determination of Mean Tree Spacing 
From Aerial Photographs 

Results of determining mean spacings from 1:8,000 aer¬ 
ial photographs in the forests of Tul*8kaya Oblast are pre¬ 
sented in Table 59. 

It is clear from Table 59 that almost 88 percent of the 
examples give an error less than 0.1 meter. The mean square 
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error in determining the mean spacing +0,68 meter, hut if 
we exclude four coarse errors, then + 0.5 meter. 

Table 59 

© 

Legend: A — greater than 1.5 

The size of relative errors in percentages of different 
spacings was of interest. Table 60 lists cr values and their 
expression in percentages f percent with respect to lo ranging 
from 1.5 to 10 meters. 

Systematic correction /7 * - 0.5 meter was introduced 
into measured lo* It is clear from the table that the great¬ 
est error in percent pertains to lo values, that is, pertains 
to very dense and young forests, which was to be expected. 
Since these forests do not have a substantial bearing in esti¬ 
mating yields, their mean spacing is best indicated on the map 
in the form of gradations, that is, indicated simply that in 
the given forests, lo 2, or 1.5» ®tc. 

Table 60 

On the average, however, the mea* spacing in forests 
ranging from 10 * 2 meters to lo * 10 nk. »era was determined 
with an error of 11 percent. 
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Field and office measurements of lo on 1:9,000 aerial 
photographs taken in the forests of Mosco* Oblast are shown 

in Table 61* 

Table 61 
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Legend: A — greater than 1.5 

The mean square error & * ¿0.49 meter with systematic 
correction D = -0.*} meter. If we drop one coarse measure¬ 
ment, then <? * +0.34 meter. For the most important and wide¬ 
spread tree stwids with spacings from 4 to 6 meters, the aver¬ 
age <? * ¿0.35 meter, or only 7 percent. The higher precision 
is reached here owing to the experience of the practitioners 
taking measurements in the field and from aerial photographs. 

The results of field and office measurements on 1:10,- 
000 aerial photographs are shown in Table 62, 

Table 62 
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Legend: A — greater than 1.5 

The mean square error O « ¿0.66 meter with systematic 
correction H * -0.5 meter. For spacings of 4-6 meters, tho 
error a * ¿0.63 meter, or 12.5 percent. 
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Distribution of deviations In measuring mean spacings 
on 1:19»000 aerial photographs is shown in Table 63. 

Table 63 
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Legend: A — greater than 1.5 

The mean square error = +O.92 meter with systematic 
correction /7 =-0.8 meter. For spacings within the range 
4-6 meters, 0= ±0.96 meter, or 19.2 percent, but when four 
coarse measurements are dropped, <? * +O.70, or 14 percent. 

These data evidence that determination of 10 from 1:- 
19,000 aerial photographs gives greater errors, about twice 
as great as the errors gotten when measuring aerial photographs 
within the range of scales 1:9,000 - 1:10,000. To cut down 
on the size of errors it is necessary to magnify small-scale 
aerial photographs by two to three times, but only those sec¬ 
tions for which measurements are projected. Thus far there 
are no other ways of boosting measurement precision (if we 
exclude use of winter aerial photographs), since we cannot 
alter the distribution of random deviations and the systema¬ 
tic corrections have been incorporated. 

The distribution of deviations when measuring mean spa¬ 
cings on 1:21,000 aerial photographs is given in Table 64. 

The mean square error = ±0.48 meter, with systematic 
correction /7 * -1.2 meters. For distances in the range of 
4-6 meters, the mean = ±0.5 meter, or 10 percent. The higher 
precision compared with 1:19,000 aerial photographs is realized 
owing to the experience of practitioners and as a consequence 
of the work mainly involving measurement of large spacings, 
and the fact that there were no sections with dense forests 
and small lo do ^ 3 meters) in the experiments. 
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Legend: A — greater than 1.5 

Methods of determining mean tree spacing in the princi¬ 
pal canopy of a stand yield, of course, approximate, but still 
quite satisfactory results. 

Howeyer, experiments have shown that in this variant as 
well mean spacir.gs determined from aerial photographs often 
prove less than field values of 10. Therefore, we must intro¬ 
duce a correction into the measured lftv of approximately -0.5 
meter on 1:10,000 aerial photographs, and -1.0 to -1.3 meters 
on 1:20,000 aerial photographs. 

’.Then used with aerial photographs in range of scales 
1:10,000 - 1:15,000, for forests with lo > 2 meters the pro¬ 
posed procedures will obviously give satisfactory precision 
in mean spacing determination. 

When used with aerial photographs in the range of scales 
1:18,000 - 1:25,000, we can get precision that is applicable 
in practice for forests with 10 > 9-10 meters, but when mag¬ 
nifying aerial photographs by two to three times, there are 
grounds to anticipate realizing satisfactory precision even 
in forests with lo 5 meters. 

We must also bear in mind that mean spacing, let us 
say, of 5 or 6 meters is only a parameter in a spacing distri¬ 
bution series from which we get an idea about the percentage 
ratio of different spacings. 

By way of example, let us present two values of mean 
spacings, lo = 5 meters and lo * 6 meters. We will assume 
the mean spacings were determined with an error of 1.0 meter, 
that is, much greater than the errors that we get on 1:10,000 
aerial photographs. 

- 194 - 



luví-u'riiCtí 
NOT REPRODUCIBLE 

We will now write out the spacing distribution series 
when lo = 5 meters and lo = 6 meters in Table 65» 

Table 65 

It is clear from the table than an error of 1 meter 
in determining mean spacing leads to a situation where instead 
of 19 percent of spacings 1=6 meters, we get 16.9 percent, 
that is, 2.1 percent less than the actual. 

Small-scale aerial photographs used in determining mean 
spacings can be employed, given the condition that there is an 
improvement in quality of photographic film and choice of the 
most suitable time for aerial photography. 

In estimating precision of determinations made of spa¬ 
cings and stand density from aerial photographs, we must bear 
in mind that in forestry inspection and management of forests 
in the U.S.S.R. at all levels is carried out by the ocular 
method, but in topogi-aphic work, prior to use of the author's 
method, such primitive procedures in mean tree spacing deter¬ 
mination were recommended as had no theoretical foundation 
for reliability and precision of results produced. 
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CHAPTER 7 

METHODS OP DETERMINING MEAN HEIGHTS, CROWN DI¬ 
AMETERS, AND CANOPY CLOSURE OF STANDS 

30. Methods of Determining Mean Cronn Diameters 

The tree distribution series in crown diameters is ex¬ 
pressed by the normal distribution curve (section 20). There¬ 
fore, the mean crown diameter in forest sections will be de¬ 
termined as a parameter of the distribution series. This 
formulation of investigations differs fundamentally from stud¬ 
ies of the precision of measuring crowns of individual trees. 

In the U.S.S.R. detailed study on precision of crowns 
measured from aerial photographs of different scales has been 
conducted by Professor G. G. Samoylovich, N. T. Baranov, and 
others. 

Worly and Meyer (University of Pennsylvania, United 
States) have investigated precision in measuring crowns of in¬ 
dividual trees on 1)12,000 aerial photographs. They measured 
the crowns of 36 trees three times using different methods, 
which required talcing ¿J32 measurements. The error in deter¬ 
mining an individual crown proved to be 3-4 feet, or 0.9-1.2 
meters with systematic correction of 1-2 feet, or O.3-O.6 me¬ 
ter. Moessner (Central Forest Experimental Station of Canada) 
obtained au error equal to +O.33 foot, or 1 0.1 meter with 
systematic correction of -073 meter. These measurements do 
not afford data for estimating the precision in determination 
of the mean diameter of the entire population of crowns in a 
forest section. 

To determine the mean crown diameter by the sampling 
method with a precision of 4s10 percent at a significance 
level of * 5 percent and variance vc * 30 percent, we have to 
measure e » 36 crowns. 
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In making meaaurementß of mean Dc from aerial photo¬ 
graphs y it is important to know characteristics of crown pho¬ 
to-imaging structure. It is obvious that crowns of tall and 
moderate-sized trees and some smaller trees will show up for 
the most part on aerial photographs. These trees exhibit 
larger crowns, therefore the measured crowns will give some 
overstatement of mean Dg. But, on the other hand, the widest 
part of the crown usually is located below the peak and is 
partially covered \jy the branches of neighboring trees, there¬ 
fore it is not the widest part that will be imaged on the aer¬ 
ial photographs, but a narrower part, which leads to some un¬ 
derstatement of mean Dg on aerial photographs. This simul¬ 
taneous overstatement and understatement will mutually cancel 
out, but not entirely and some of the neighboring crowns will 
blend into one image, which can lead to an overstatement of 
mean Dg. As the scale of aerial photographs is reduced, the 
number of small crowns that will not show up at the scale used 
and will not enter into measurement will rise, which will lead 
again to some overstatement of mean Dg. 

All these factors listed that have a bearing on crown 
structure imaged on aerial photographs in totality then deter¬ 
mine the value of mean Dc. However, the mean crown diameter 
depends also on procedures used in measuring crowns on aerial 
photographs. In our investigations we proposed and used two 
main methods of measurement. The first method consisted of. 
after preliminary regionalization of the forest tract into 
sections and choice of plots within the sections for conduct¬ 
ing measurements, the plots were examined under the stereo¬ 
scope to discover the actual size of crown images. 

In the plots, a group of trees was selected, and the 
membership of this group is best taken as trees in the poly¬ 
gons already used in measuring mean spacings. Each crown was 
measured with magnifiers at a 10-12-fold magnification in two 
mutually perpendicular directions in order to discover the 
actual mean diameter of each crown. A group of crowns usually 
consists of five to seven trees. The number of groups must 
not be less than three. 

If we have to obtain the mean diameter with high pre¬ 
cision, we must then appropriately enlarge the size of the 
sampling population. 

The second method of determining crowns is based on 
measuring the widths of crown images and openings along a 
straight line. Just as in measuring mean spacing, a straight 
line is drawn with a stylus. All crown images intersecting 
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or touching this line are measured and counted. Then the 
overall value of the measured crown images, divided by the 
number of crowns, gives the mean crown diameter. Tn the 
plot two mutually perpendicular lines are always drawn and 
the mean value of Dc is taken along these two lines. The 
number of pairs in the section must not be less than two to 
three. As the length of the straight line is increased, the 
number of pairs can be reduced to two. This procedure is 
very simple, and as a result measurements do not depend on 
subjective perceptions of the persons taking the measure¬ 

ments. 

Experimental studies on measuring crowns in the field 
and on aerial photographs were carried out for 121 sections 
using aerial photographs of scales 1:8,000, 1:10,000, and 
1:19,000. A total of more than 800 measurements were taken 
with the testing of the two main methods described earlier. 

Table 66 lists the results of the field and office 
measurements of crowns on 1:8,000 aerial photographs usine 

the first method. 

Table 66 

Legend: A — Anc; 0 — greater than 1.5 

The mean square error of mean crown diameter determi¬ 
nation <3 = +1.0 meter, but when coarse measurements are 
dropped, o = +0.8 meter with systewatic correction n * +0.1 

meter. 

Table 6? gives the results of measuring crowns on 
1:8,000 aerial photographs using the second method (measure¬ 
ment and count along straight lines). 

The mean square error +0,68 meter, with systema¬ 
tic correction * -0.1 meter. For mean diameters from 3 
to 5 meters, the mean 0= +0.51 meter, or 12.7 percent, which 
can be taken as satisfactory precision. 
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Tal)! o 6? 

Lesend: A — ÆDC; ^ ~ greater than 1.5 

Table pives the results of measurinp crowns on 
1:8,000 aerial photoeraphs. 

Mean square error +0.64 meter with systematic 
correction H = -0.2 meter. 

Table 68 

Lesend: A —Zinc; B — greater than 1.5 

For crowns ransins in size from 3 to 5 meters, ¢5 = 
+0.64 meter, or 16 percent. 

Table 60 gives measurements of crowns on 1:10,000 aer¬ 
ial photopraphs. 

The mean square error ö= +O.77 meter, with systematic 
correction /' = -0.4 meter. 

For crowns from 3 to 5 meters in width, the mean ¢7 = 
+0.78 meter, or 10.5 percent. 
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Legend: À — ADcj B — greater than 1.5 

Investigations shoved that in determining crowns by the 
method of counting them and making measurements along straght 
lines on 1:8,000 aerial photographs, overstatement of crowns 
is small and requires introduction of systematic correction 
into measured d£v values on aerial photographs of only 
/7 = -0.1 meter, on 1:10,000 aerial photographs — about 
-0.2 meter, and on 1:19,000 photographs the correction /7* -0.4 
meter. 

31. Methods of Determining Mean Height of Tree Stands From 
Aerial Photographs 

Determination of heights of trees from photographs by 
the method of measuring shadow length was conducted by Mikhayev 
in 1917, by Martsinskovskiy in 1925, by G. G. Samoylovich in 
1927, A. K. Pronin in 1931, and N. I. Baranov in 1933. 

Determination of mean heights of tree stands by the 
ocular method using stereoscopic height was investigated by 
the scientific research laboratory of the forest aviation 
trust in the Forest Engineering Academy imeni S. M. Kirov. 
Determination of heights by distances and longitudinal paral¬ 
laxes was conducted by G. G. Samoylovich, Andrews (United 
States), Losee (Canada), and others. Precision of tree 
height measurement using the D-5 stereoBcope and the PL-2 
parallax sheets was investigated in the studies [48, 49, 52]. 
D. M. Kireyev investigated precision in determination of 
tree stand heights by the method of measuring the parallax 
shift of the tree apex relative to its base (the method does 
require use of stereomeasuring instruments) and by the method 
of measuring heights using the STD-1 stereometer. 
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In ground appraisal, precision in determining mean 
height is taken as equal to ±10 percent. If h0 is determined 
by the sampling method with a precision A* 10 percent, then 
at a confidence level p * 0.99 and variance 1¾ * 10 percent, 
it is required to measure the heights of 9 trees. Separate 
sections are marked out when the difference in mean heights 
is greater than 2 meters. 

A great many studies on determination of precision in 
measuring heights of individual trees have been conducted in 
recent years in our country and abroad. Hoeever, the main 
issue does not lie in studying precision of measurements of 
individual tree heights, but in determining the mean height 
of a tree stand, for these are two distinct problems. The 
following problem was resolved in the experimental studies 
described below. Measurement of tree stand heights in the 
field and from aerial photographs was carried out on 158 
forest sections. The measurements were taken independently 
by three practitioners on aerial photographs of scales It 10,000, 
and 1:19,000 in three areas using parallax sheets and a stereo¬ 
meter. 

Precision in determining mean tree stand height depends 
a great deal on how trees are distributed by height at the 
locality and on the structure of those trees that show up on 
the aerial photograph. In field measurements, sometimes mean 
height is overstated, since unwittingly one*8 attention is 
drawn to the principal stems of the upper canopy of the tree 
stand. 

On aerial photographs it is mainly trees that are 
higher than the average and close to the average height that 
are imaged, while lower-standing trees participate to a lesser 
extent in forming the upper canopy that is imaged on aerial 
photographs. In stereoscopic measurements, we must bring 
the crosshair of the instrument precisely at the level of the 
tree stand canopy. Aligning the crosshair on the apex of 
trees projecting above the main canopy will lead to overstating 
the mean h« values, but placing the crosshair below the min 
canopy will bring about an understatement of mean height. 
Deviations above and below the main canopy have a very sensi¬ 
tive effect on precision of mean height determination, since 
the variance of height is very small. When vw * 10 percent 
¿nd ho = 20 meters, the limits of deviation or the main caopy 
will lie within the limits Ah * Í2 meters. If we express 
¿jh in stereoscopic height, then when fc * 200 mm and the 
stereoscopic magnification k « I.5, the doubled value h 
will be O.8-O.9 mm on aerial photographs of scale 1:10,000. 
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Given these data, a 0.2 mm error in crosshair alienment can 
give a deviation of il meter. Therefore, careful choice of 
the surface level of the principal canopy of the stand is of 
great importance in precision of determining the mean tree 
stand height from aerial photographs. In actual practice, 
in measuring heights individual trees are selected, but it 
is best if there is an opportunity to conduct measurements 
at the surface level of the main canopy by selecting the 
most typical locations for this. When measuring mear, heights 
based on individual trees, the latter must be selected 
according to their closest approximation to the mean height 
of the principal canopy of the stand. If however we falce 
any outstanding tree, standing alone and convenient to 
measure, in maJcine our measurements, then this tree can have 
a height as distinct as we wish from the mean tree stand 
height. When there is high forest density, the principal 
canopy surface on aerial photographs is formed by the higher 
trees with h = h0 and higher. So, overstating mean height 
is probable in this case. We must also keep in mind that it 
is not the very uppermost parts of the crown that participate 
in forming the surface of the principal canopy, but the lower 
crown cross-sections, which reduces the visible surface of 
the canopy, especially in small-scale aerial photographs in 
which the narrow and fine tips of the crowns can be imaged 
not at all or else be hard to differentiate if they are. 
This phenomenon, most likely, will lead to understating mean 
heights measured on small-scale aerial photographs. 

In addition, the stereoscopic height of a forest on 
1:20,000 aerial photographs (or smaller in scale) is very 
decidedly reduced, therefore a 0.1 mm error in crosshair 
alignment on poorly differentiable crown apexes will give 
a deviation of 0.5 meter. Density, shape, and illumination 
of crowns affect precision of height determination [51,52]. 
For reliable determination of mean height, the number of trees 
to be measured is calculated from formulas in section 8, but 
the number of alignments on the upper canopy of a forest plot 
must not be less than three. 

All these features of mean height measurements were 
taken into account in the experimental work. 

Table ?0 lists the results of measuring mean heights 
of trees from 1:10,000 aerial photographs. 

The mean square deviation O = tl.3 meters with systematic 
correction /7* +0.5 meter. For heights from 14 to 22 meters, 
that is, on the average for 18 meter, the deviation <5* tl.3 
meters, or 7.2 percent, which can be deemed permissible error. 
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Table 71 lists the results of measuring mean heights 
from 1:10,000 aerial photographs in another area. 

'Then two coarse measurements are dropped, the mean 
square deviation <3= +1.26 meters, with systematic correction 
= +0.4 meter, which can he accounted for owing to tree growlh, 
since field measurements of heiehts were conducted after the 
aerial photography session. When two coarse measurements are 
allowed for, = 11.67 meters, or 10.8 percent. For heights 
in the range 14-22 meters, or averaging for h0 = 18 meters, 
the error was 8.1 percent. Tn this experiment, the deviation 
did not exceed 2 meters in 92 percent of all cases, that is, 
precisely the difference in heiehts that is taken in delimiting 
appraisal sections. 

Table 72 lists the measurements of heiehts on 1:10,000 
aerial photographs in the third area. 

The mean square deviation <3 = tl.7 meters with systematic 
correction /7= -0.1 meter. For heights h = 18 meters, * ±1.64 
meters, or 9 percent. 

Table 73 gives measurements of mean heights from 1:19,000 
aerial photographs . 

When one coarse measurement is excluded, the mean square 
deviation tl .64 meters, with systematic correction/7 * +2.0 
meters. The clear imderstatement of heights measured from 
these aerial photographs can he explained by two factors. The 
first is that field measurements of h0 wore made three years 
after the aerial photography had been completed. In three 
years the mean growth increment of the tree stand was approxi¬ 
mately 0.7 meter. The rest of the 1.3 meters can he explained 
as stemming from the structure of imaging and shape of crowns 
on small-scale aerial photographs. Based on these facts, we 
cannot agree with the findings of .lohnsons (United States), 
who on the basis of combined studies conducted by the Committee 
of Forest Photogrammetry of Sweden and the Alabama Polytechnic 
Institute in the United States asserted that precision in 
determination of tree heights does not depend on the ccale 
of aerial photographs. This conclusion was arrived at on 
the grounds of studies made of precision in measuring heights 
of individual trees, hut he is not justified in determination 
of the precision of measuring mean tree stani heights. Studies 
conducted by D. M. Kireyev (U.S.S.R.) and by Losee (Canada) 
also hear this out. 
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Table 73 
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Legend: A — greater than 3.0 

Ae experience has shown, determination of mean height 
is possible with 1:19,000 aerial photographs, but this requires 
introduction of corrections, while on the average the error 
can be close to 10 percent. Worly and Meyer (United States) 
obtained an error of from 8 to 10 feet on 1:12,000 aerial photo¬ 
graphs, that is 2.4 meters to 3 meters. Moessner (Canada) got 
an error of 10 feet on 1:20,000 aerial photographs. As a 
whole, however, based on data of foreign researchers the error 
in determining tree heights is close to 12 percent. From the 
experimental studies presented earlier, it is clear that mean 
tree stand heights from aerial photographs of scale range 
1:10,000-1:15,000 are determined with a precision of 7-10 
percent, but when 1:20,000 aerial photographs are used — with 
an error of 10-12 percent. We must, of course, bear in mind 
that one can encounter individual deviations even greater in 
size, but we can guarantee the deviations given above with a 
probability close tc unity, if all conditions of the sampling 
method and the measure-techniques are correctly met. 

32. Methods of Determining Canopy Closure From Aerial 
Photographs 

In forest appraisal, canopy closure is used to determine 
occupancy of tree stands with allowance for interaction between 
tree stands and occupancy in turn is used to calculate stand 
yield, that is, to solve the main problem in inventorying the 
forest resources of the country. Canopy closure is necessary 
also for canopy representation on maps. 

• # 

Accordingly, deriving methods of determining canopy 
closure from aerial photographs and in fieldwork is of practical 
interest in securing appraisal and topographic information 
about forests. 
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Tn 1939, it \?aa recommended in studies of the All-hnion 
Trust of Forest Aviation to divide forest sections, by canopy 
closure, into four groups: Ci = 1.0; C2 = 0.75; C3 = 0.5; and 
a* = 0.25. 

Determination of occupancy from canopy closure is vital 
in forest interpretation, hut at the same time, accordinp to 
A. K. Pronin, "this problem has not been at all fully dealt 
with." 

Canopy closure is determined either ocularly or by 
superimposit ion in the plane of openinps in the crown canopy 
with subsequent measurement of the areas occupied by the 
openinps. Abroad, chiefly in Canada and the United States, 
following the Second World War appraisal and inventory of 
forests from aerial photopraphs were advanced based cn deter¬ 
mination of crown canopy, for the latler was adapted as one 
of the chief variables in compiline standard yield tables 
(Standard Volume Tables) from which yields of tree stands 
were estimated. 

Studies by the author on determination of canopy closure 
were conducted in 1947-1950 based on small samplinps, but 
broader experimental work in the field and on aerial photo¬ 
praphs ms conducted in 1951-1959. 

In determining canopy closure, just as in determining 
other forest characteristics, the sampling method was used, 
on the basis of which several measurement procedures in esti¬ 
mating canopy closure in the field and from aerial photographs 
were proposed. 

Tt is necessary to know the variance of canopy closure 
when using the sampling method. In the literature available 
to us in the U.S.S.R. and abroad we have been unable to find 
data on investigations of crown canopy variance. The lack of 
information about variance has compelled, for example, Losee 
(Canada), regarded as one of the top specialists in the United 
States and Canada, to conduct investigations on the precision 
of canopy closure determinations without theoretical calcula¬ 
tions and to conduct extremely laborious empirical studies in 
order to arrive at data satisfying a significance level of 5 
percent, that is, a reliability of measurement equal to the 
probability p = O.95 

To determine the variance of canopy closure, experimen¬ 
tal studies have been conducted in two forest sections, 
a 1:100 sketch, all trees and point projections of their crowns, 
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totalling 1514 stems, were plotted with instruments. Areas 
occupied by the crowns of 1514 trees were measured on 102 
pióte each 10 x 10 meters in area. From these data, the 
actual canopy closure was calculated in each of the 102 plots. 
Data of ¿J2 plots wore used in sampling determination of canopy 
closure variance. 

Based on these measurements, the author calculated the 
variance, dispersion, and mean canopy closure. 

The variance of canopy closure proved to be equal to 

.0 
The precision of canopy closure determination needed 

in practice can be established indirectly, since there is no 
data on this problem in the literature, in forest appraisal, 
the precision in determining occupancy is taken as 0.1 (ground 
ocular appraisal). For topographic purposes, it is quite 
adequate to determine canopy closure with a precision of 10-15 
percent. Thus, we can assume that canopy closure in the field 
and from aerial photographs is permissibly determined with an 
error of the order of 10 percent or even 10-15 percent. If 
we take the precision in canopy closure determinations as 
equal to = 15 percent, then with a confidence level t = 2 
(p = 0.95)* the sampling population is 

plots 

In the straight line procedure (20 meters in length), 
four 10 x 10 meter plots correspond approximately to a pair 
of straight lines. Then the number of straight lines required 
to determine canopy closure with a precision of 10 percent 
at a confidence level p - 0.95, will be 

<s> ® 

Knowing the variance vci, the desired precision A , and the 
desired confidence t, it is easy to theoretically calculate 
the required sampling population of measurements in any meth¬ 
ods of canopy closure determination. 

The following methods of determining canopy closure in 
the field and on aerial photographs have been proposed and 
tested: 
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t 
the method of determining canopy closure on typical 

polygons: the method of determining canopy closure on square 
Slot! 20 X 20 meters and 10 x 10 meters in size; the method 
of determining width of crown and intercrown openings alone 
straight lines; the method of measuring mean crown 
and mean tree spacing; the method of typica! specimens (r 
erence standards) of canopy closure on aerial photographs. 

Exhaustive measurements of canopy closure were taken 
on two forest sections. 

True canopy closure in the first section C = 0,535* 
Mean crown diameter was determined based on these same meas¬ 
urements. The total area occupied hy the crowns in the 
section was Pc * 2486.6 square meters, and the total number 
of stems N - 262, so the area of the average crown was 

2486,( (J) ¿s —7gp~ ^ 9,5 4la. 

D® = 1.13 * 

Legend: A — p c 

Assuming thatpc =7^/^ I0c^ » we get 

¢0.-1,1317,- (93) 

Legend: A -- Dc 

From expression (93) and Pc, the mean crown diameter 
•y-5^ * ' — 3.5 meters. 

The actual mean tree spacing 10 * 4.4 meters, while 
the relative clearance between crowns was 

Ù4 '-if«®- 1 n ®5r w#"; 
Legend: A — Dc 

Based on the approximational relationship between C, 
1, and d (from the graph in Figure 15 orAT!;bl® clÜflïîe 
C = 0.58 was determined, giving an error A C = 0.58 - 0.53 
* 0.05, or only 5 percent. 

Based on data of continuous measurements in the second 
section, the actual C * 0.572, and the mean^crown area was 

Legend: A -- Pc 

® ft 
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mean spacing 10 = 5*17» »Jid wean crown diameter » 4.1 
meters, while Ad = 1/3*3 (D°). Based on Ad and 10 from 
Table 4 or from Figure 15 we get C = O.50, which gives an 
error Ac = O.07, or 7 percent. These examples show that 
canopy closure can be determined approximately from Table 
4 or from Figure 15 if we know d£ and 10, where the error In 
determination proved to be equal to 5-7 percent, of course, 
given the condition that there are precise values of d£ and 
10. Since 10 and Dç will be determined by the earlier 
described methods, then they can be used to determine also 
C from Table 4 or from Figure 15* 

Determination of canopy closure by the polygon method 
(using the same polygons on which sampling determination of 
mean spacing was conducted) was carried out under field con¬ 
di t i ons. 

In the first section, the actual 0« * 0*53» but the 
sampling (based on six polygons) *0.53. In the second 
section, Co * 0.57» but Cg&nip * 0.5j. 

We will cite measurements of canopy closure in the 
forest on plots 20 x 20 meters in size. In three plots of 
the first section CBamp * 0.43, which gives an error Ac = 
o.l or 10 percent. In the second section, based on three 
plots CBamp * 0.48, which gives an error Ac * O.09, or 9 
percent. 

Tn the third section, canopy closure was determined 
from two 20 x 20 meter plots, which gave CBamp * O.67 with 
C0 * 0.70 and an error of 3 percent. Still we have to 
recognize that determination of canopy closure from 20 x 20 
meter plots is too laborious. It is simpler to determine 
C from 10 x 10 meter plots with the same precision. 

The simplest measurement method in determining canopy 
closure must be deemed the method of measuring crown width 
and inter-crown openings along straight lines. Lines (as in 
the method of straight lines when determining mean tree 
spacings) are drawn along the boundaries of a homogeneous 
forest section. The width of crowns intersecting or touching 
a line 0.1 - 0.2 mm thick (on aerial photographs) as well as 
the length of intervals between crowns along the line are 
measured, using a magnifier along these lines. The overall 
length of these values is equal to the length of the line. 
Then the overall crown width in percentages of the straight 
line length gives canopy closure in percentages or in frac¬ 
tions of unity. Line segments are best drawn in two mutually 
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perpendicular directions for more accurate allowance for 
crown size in different orientations. 

Figures 26 and 2? show copies of forest plots 20 x 20 
meter each in size on a lîlOO ecale with point projections 
of the crowns of all trees in the locality. The method of 
determining canopy closure based on two mutually perpendicu¬ 
lar straight lines 20 meters in lenarth at the locality or 
20 cm on the sketch gave the followine results. 

Figure 27 shows that the overall width of crowns alone 
the first line \\ = 13*5 cm, and alone the second I2 = 6.2 cm, 
which correspondingly gives Cl = 13*5/20 = 0.62 and O2 = O.3I1 
and the mean CBanTp = 0.46. With the true C0 = O.53, the error 
was 7 percent. 

To boost the precision of determinine canopy closure 
it is necessary to take not less than two pairs of mutually 
perpendicular straight lines, placing them along the most 
typical forest sections. The straight line method, along 
with its simplicity and precision, also exhibits objectivity, 
since the results of measurements of crowns and inter-crown 
openings along straight lines do not depend on subjective 
perceptions of the practitioner. Precision will depend on 
the choice of the placement of straight lines in the section, 
and this requires preliminary inspection of the aerial photo¬ 
graphs under the stereoscope. Magnification of the straight 
lines leads to a greater allowance for differences in canopy, 
and, consequently, to higher precision in determining the 
mean closure value. 

The thickness of the lines drawn on the aerial photo¬ 
graph has an effect on precision of canopy determination. 
Straight lines 0.2 mm in thickness and 1.0 cm long are drawn 
on Figure 27. Based on the pair of straight lines 0.2 mm 
thick, the closure Ci = 0.46, but along the straight lines 
1.0 cm in thickness (cross-hatched) C2 = O.58, while the true 
C0 = O.53. So, increasing the thickness of lines leads to 
an increase in C. As the scale of the aerial photographs is 
reduced, straight lines of the same thickness (for example, 
0.1-0.2 mm) will cover increasingly broader strips and this 
under otherwise equal conditions will lead to an increase 
in C, which must also 0e borne in mind when determining canopy 
closure by the straight, line method on aerial photographs of 
different scales. Precision in determination of C by the 
straight line method also depends on forest density. In 
sparse forests, the straight line method will yield gross 
errors and in such forests it is best to determine C from 
reference standards (on aerial photographs) by ocular compari¬ 
son. 
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Section No 1 

Fieure 2?. Copy of forest plot on 1:100 scale for 
determination of canopy closure by the straight 
line method. Legend : A — projections of tree 
crowns 

The method of type specimens (reference standards or 
closure scales) of canopy closure on aerial photographs with 
previously measured values of C can be used for any forests. 
In those cases w^en we have to regionalize forest, sections 
by three closure gradations (0.5, 0.25, and 0.1) indicated 
in the forest classification scheme (section 25), it is 
required to prepare only three reference standard aerial 
photographs, corresponding to Cj = 0.5, C2 = 0.25, and 
C3 = 0.1. Visual comparison of standards with forest sections 
on aerial photographs of the same scale allows us to deter¬ 
mine the approximate closure without any measurement calcula¬ 
tions. Tn actual practice, the reference standard method is 
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the simplest and th^ speediest. The method of determining 
canopy closure based on specially prepared artificial trans¬ 
parencies on which circles of different diameters have been 
drawn is used in Canada and the United States. The blacked- 
in area of the circles expresses the canopy closure. Choice 
of stich transparencies is made for closures from 0.5 to O.05. 
Comparing these artificial "reference standards" with forest 
sections on aerial photographs, the closest reference standard 
is determined, and this is used to estimate canopy closure. 

Experimental studies on determining canopy closure have 
been conducted by us on 1:10,000 aerial photographs in 36 
forest plots by the straight line method. 

Table ?4 lists the results of office measurements of 
canopy closure. 

Table 7¡4 

Legend: À — greater than 15 

The mean square deviation &gi = 10.08, or 8 percent, 
with systematic correction/7 = +0,06, or 6 percent. It 
follows from this that the straight line method gives satis¬ 
factory precision in determining canopy closure from aerial 
photographs. Still, it was found that the straight line 
method gives an approximate 6 percent understatement of 
closure. To eliminate this understatement, it is best to 
take lines net 0.1 mm thick on 1:10,000 aerial photographs, 
but 0.2-0.3 mm thick, but not thicker, since this would lead 
to systematic overstatement of closure. 

It is clear from these studies that the sampling method 
of determining canopy closure using the straight line proce¬ 
dure ensures a precision under field conditions of 5-7 percent, 
and 8-12 percent when using aerial photographs. 
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Canopy closure (lay methods used in the United States 
and Canada) is determined on 1:12,000 aerial photographs with 
an error of 10-20 percent in Canada and the United States, 
based on data of Coleman and Rogers given by them at the 
congress of the International Society of Photogrammetry. 
According to Losee^ data (Canada), the mean square error in 
determining closure from 1:7,200 aerial photographs is <^cl = 

+ 9.9 percent, with systematic correction of -1.3 percent, 
which approximately agrees with the precision of determining 
canopy closure in our experiments. From the data of Worly 
and Meyer (United States), they have obtained an error in 
determining canopy closure from 1:12,000 aerial photographs 

of about 10 percent (with systematic correction of 5-19 per¬ 
cent), which is to be expected, since the method of trans¬ 
parencies is based on ocular data on not on instrumental 
measurements. As we can see from comparison of studies 
conducted in the U.S.S.R. and abroad, methods we have proposed 
will be productive of more precise results, since they are 
based on objective measurements on the sampling method theory. 
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CHAPTER 8 

METHODS OF DETERMINTKG MEAN THICKNESS OF TREES TN 
A STAND FROM AERIAL PHOTOGRAPHS 

Calculation of the number of measurements proceeds 
according to the formulas under the sampling method (section 
6). The diameters of 25 trees must be measured to determine 
the mean tree diameter in the locality to a precision of 
Ã = 10 percent for a confidence level p = 0.95 and variance 

= 25 percent. 

In actual practice, mean diameter is determined by 
ocular sampling of seven to ten trees that are of average 
thickness. 

For control in determining mean diameter, its ratios 
with the thinnest and the thickest trees in a homogeneous 
stand can be used. Field determinations of mean diameter 
are made more simply than determinations of mean height and 
crown diameter. Precision of mean diameter determination 
in ground appraisal is set at 1 10 percent; delimiting of 
forest plots into independent areas is carried out when there 
is a difference of more than 4 cm in the thickness of the 
average tree. In topographic work, determination of mean 
thickness precision is not stipulated in instructions. 

While height, crown diameter, tree spacing, and canopy 
closure can be measured with the same degree of precision 
directly from aerial photographs, it is not possible to measure 
tree diameter at a height of 1.3 meters from the ground using 
flat aerial photographs. Therefore, the only method of deter¬ 
mining mean thickness from aerial photographs is preliminary 
derivation and mathematical expression of the correlation 
between diameter and other tree characteristics. The correla¬ 
tion equation and the correlation table of the ratio between 
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thickness, height, and crown diameter, calculated on the 

basis of the correlation equation, are given in sections 
22 and 24. This last-named section gives the results of 
experimental studies on determination of mean thickness by 
relying on the correlation Table 4? based on crown diameters, 
heights measured from aerial photographs, and on these two 
variables considered in combination. 

Determination of stem thickness under office conditions 
from aerial photographs is of practical importance in resuming 
topographic maps and in forest appraisal. So searchine for 
even approximate and indirect methods of determining mean 
thickness from aerial photographs is of theoretical and 
practical interest. 

The experimental studies described below were conducted 
gradually, beginning from 1948, from aerial photographs of 
scales 1:8,000, 1:10,000, and 1:19,000 in four areas, total¬ 

ling 262 forest sections, which required more than 2500 meas¬ 
urements in the field and from aerial photographs. 

As the result of these studies, the precision of correla¬ 
tion equations relating forest characteristics was verified 
as well as the precision of various methods of measuring and 
determining these characteristics from aerial photographs of 
various scales covering tree stands differing in density, 
height, and composition. 

13- Determination of Mean Tree Thickness From Crown Diameters 
and Correlation Table 

In the experiments, the goal of discovering the preci¬ 
sion of determination of djr9p from Dg measured from aerial 
photographs as well as from the correlation Table 4? was posed. 

Table 75 lists the results of field and office measure¬ 
ments from 1:8,000 aerial photographs. 

Table 75 

/ . 

ino.n 
Legend: A — more than 6.0. m « [subscript] tree 
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The mean square deviation 3*6 cm with systematic 

correction /7 * - 0.3 cm. 

Table 76 lists results of the determination of dîree 
from 1:10,000 aerial photographs. 

Table 76 

r1 

U.0-4.11 
^ 4.1-6.» 
(g)Du.irc 6.' 

17 
■l 

U 

Legend: A — greater than 6.0; m * [subscript] tree 

The mean square deviation öw * t 4.6 cm with systematic 
correction /7 * -1.2 cm, the emergence of which is accounted 
for by the +0.2 meter overstatement of the measured crowns. 

Table 77 lists measurements from 1:19,000 aerial photo¬ 
graphs . 

Table 77 

as- .. 
“m, " «1 

* 
/• 

0.0-4.0 

®bÂ 

12 
10 
R 

I 

1 

30 1 100 

Legend: A — greater than 6.0; m = [subscript] tree 

The mean square deviation +4.67 cm with systematic 
correction /7 * -3.1 cm, which is accounted for by the approxi¬ 
mately +0.4 meter systematic overstatement of measured crowns 
using data of aerial photographs. 

It is clear from the data given that as the scale of 
the aerial photographs is reduced the error of determination 
of mean tree thickness from u£T and from Table 47 rises. On 
1:8,000 aerial photographs the mean square deviation +3.6 
cm lies within the bounds of permissible )rror, but deviations 
on 1:10,000 and 1:19,000 aerial photographs exceed the possible 
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allowances. As a whole, however, precision in determining 
thickness from crown size is not high, which evidences the 
not wholly intimate correlation between these variables and 
that the correlation between Dc and d^r06 requires further 
investigation and refinement. This in fact is also true of 
crown measurements from aerial photographs. Still, experience 
shows that there is a possibility of approximation or estima¬ 
tion of tree thickness from crowns measured on aerial photo¬ 
graphs and efforts in this direction must be kept up. 

34. Determination of Mean Tree Thickness From Mean Tree 
Stand Height and From the Correlation Table 

Table 78 lists the results of determination of dtree 
from h0 and correlation Table U7. The mean heights are 
measured from l:10f000 aerial photographs. 

The mean square deviation O « +2.5 cm. If we count 
deviations for trees from 18 to 26 cm~*in thickness, that is, 
on the average for d-tree s 22 cm, then we get an error of 
mean tree diameter determination of roughly 12 percent, that 
is, a precision close to the precision of mean thickness 
determination in ground appraisal of forests (10 percent). 

Table 78 

èíf CM 
rfl* 

m /* 

0.0-4,0 
/T\ 4.1-6.0 
'U fxuiee 6.0 

26 
3 

2 

84,0 
9.7 
6.3 

31 100.0 

Legendt A — greater than 6.0 

Table 79 lists data of the determination of d$.ee based 
on h values measured on 1:10,000 aerial photographs or the 
second area. 

The mean square deviation 0 =+3-0 cm, but when four 
coarse measurements are excluded, <T « ¿2.5 cm with systematic 
correction /7 = -1.7 cm, which is accounted for by a +0.1 meter 
systematic overstatement of h°. The deviation in percentages 
for the mean thickness dt-pe = 22 cm is 10.9 percent, which 
actually does not exceed the permissible error of 10 percent. 
We must note that large deviations relate mainly to slender 
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and low-standing trees. If we take the most important ^nd 
the most widespread thickness values from 18 to 26 cm, the 
mean deviation and distribution of deviations for these are 
more satisfactory, for example, in the given area 80 percent 
of the deviations are less than 4 cm and only 20 percent lie 
within the limits 4 to 6 cm. 

Table 79 

Legend: A — greater than 6.0 

Table 80 lists the results of determination of d^ree 
based on h measured on 1:10,000 aerial photographs in the 
third area. 

Table 80 

Legend: A — greater than 6.0 

The mean square deviation +3*4 cm with systematic 
correction /7 * +1.1 cm, which is accoimted for by a -0.5 
meter systematic understatement of measured h0 values and by 
other factors. If we drop coarse measurements, (¾ = +2.6 cm, 
and the error in percentages will be close to 12.6 percent 
for mean thickness values d$ree * 22 cm. 

Table 81 lists data of the determination of d!^ree made 
from 1:19,000 aerial photographs. 

The mean square deviation +2.5 cm with systematic 
correction /7 « +1.1 cm. For trees with dtree = 22 cm, the 
error is close to 12 percent. In this case, distribution 
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of deviations is somewhat poorer than on 1:10,000 aerial 
photoçraphs. But owine to the fact that systematic under¬ 
statement of heichts amounts to -1.5 meters and the correla¬ 
tion between h and dtree cave understated values of djree, 
fairly good results were obtained when mean thickness was 
determined even from 1:19,000 aerial photographs. 

Table Rl 

legend: k — greater than 6.0 

As a whole, it can be held that determination of mean 
thickness from heights measured on aerial photographs and by 
use of the correlation Table 4? is greater in precision than 
determination of d^ree that rely on Dg. 

T5. Determination of Mean Tree Thickness Simultaneously 
From Height, Crown Diameter, and Correlation Table 

Under this method, in determining mean thickness mul¬ 
tiple correlation between three characteristics of tree stands 
is used. Mean tree thickness is taken from Table 47 based 
on two input data — mean height and mean crown diameter, 
and for the final value the average of two determinations is 
adopted. Tt is presumed that this method affords mutual com¬ 
pensation of deviations obtained in independent determination 
of d$ree from h0 and from D^ and thus securing a more satis¬ 
factory precision of off ice déterminât ions of mean thickness. 

Table 82 lists the results of determination of d$ree 
from h0 ami d£ measured on 1:10,000 aerial photographs. 

The mean square deviation +2.4 cm with systematic 
correction P = -0.4 cm. The small systematic correction 
results from mutual extinction of systematic overstatements * 
of Dc and understatement of h measured on aerial photographs 
(+1.2 and -1.1 meters, respectively). 
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fV'“ I ' I 

<10 4.0 I 

Legend: A — greater than 6.0 

r( 
:• i 

(’.<» 

nr » 

Distribution of deviations is also considerably im¬ 
proved, since almost 97 percent of all deviations are less 
than 4 cm. The mean square deviation for trees ranging in 
thickness from 18 to 26 cm is equal to +2.2 cm, or only 10 
percent of the mean thickness d^roe = 22 cm. 

The resulting precision of mean thickness determination 
using this method can be held satisfactory, since in general 
it is difficult to anticipate getting more satisfactory pre¬ 
cision for variables that are statistical and that have been 
subjected to numerous natural factors, and also owing to 
causes associated with the techniques of making measurements 
on aerial photographs and the approximational correlation 
between h, d^ree, and Dc. 

If so great a diversity of factors still affords 
satisfactory precision in mean thickness determination, then 
this above all evidences that in nature a statistical correla¬ 
tion which shows up ultimately among the mass of random events 
does actually exist and takes on the force of necessity. 

Table 83 lists the results 
d?ree based on h0 and d£ measured 
graphs. 

of the determination of 
from 1:19,000 aerial photo- 

Legend: A — greater than 6.0 

Table 83 

44,,.tM m /*» 

0.0-4.- 
4.1-6.0 

P>o.ie< b U 

IQ 
2 
1 

86 
0.1 
4.9 

22 100,0 
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The mean square deviation <3,/« +2.0 cm with systematic 
correction H = -1.4 cm, which is accounted for by the largo 
systematic overstatements of Dc (+3.1 meters) and understate¬ 
ments of h0 (-1.1 meters). For average trees 22 cm in thlie¬ 
nees (from 18 to 26 cm), the error is about 10 percent. 

The results obtained for 1;19»000 aerial photographs 
must be held as satisfactory, but this precision is a con¬ 
sequence of the fact that the measurements were taken mainly 
on tree stands with trees more than 17-18 cm in thickness. 
Determination of dtree for tree stands with lower thickness 
classes will obviously have lower precision. 

As a whole, determination of mean tree thickness 
simulvaneously from h0 and Dg gives higher precision, and in 
the experiments rim the error of 10 percent corresponds to a 
precision of field appraisal. This precision can be viewed 
as wholly adequate for topographic and other purposes. 

Determination of mean tree thickness fror.i height and 
correlation Table 50. This table affords the opportunity of 
allowing for the effect of species composition of tree stands 
on the precision of mean thickness determination. It is ap- 
proximational. However, its use afforded some increase in 
precision of estimation of d4-ee. In mixed stands, d-t-ee 
is taken from the table for the same height for different 
species, but the mean d$ree is obtained by allowing for the 
percentage ratio of tree species. This method advanced by 
the author has proven quite laborious, but it nonetheless 
has meant a reduction in deviations. This denotes that stand 
composition does have an effect on the precision of dtree 
determination. 

Since this experiment was verified for a small number 
of plots, we do not present the results of the test here. 
Table 50 requires refinement and inclusion of tree species 
widespread in Siberia and other parts of the U.S.S.R. Com¬ 
pletion of studies aimed at discovering multiple correlation 
between d-tree, h, and Dc with provision made for composition 
of mixed and pure stands in different parts of the U.S.S.R. 
is a separate undertaking. 

The following conclusions can be drawn from the results 
of the studies conducted. 

Determination of mean thickness based on h0 and Dc 
measured on aerial photographs and taken from the correlation 
tables give approximational information about forests. However, 
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until other, more precise methods are found, we will have 
to use existing methods and be satisfied with the precision 
they can Rive us. 

The simplest method must be viewed as the method of 
determininR mean thickness from tree stand height. The method 
of determining d?ree from crowns affords low precision as a 
consequence of the low intimacy of the relationship between 
D0 and dt.ee. A more intimate and more stable correlation 
has been found between h and d^ree, ensuring in most cases 
determination of dÇree based on hp values with an error of 
the order of 12 percent. The method of determining d$ree 
simultaneously from h0 and Dg gives higher precision and on 
the average affords determination of d$ree with an error of 
10 percent. 

Analysis of deviations greater than 4 cm affords 
grounds to assert that in most cases they pertain to those 
forest plots for which too great a violation in the ratio 
of h, dtree* ftnrt Dc has been observed, for example, h = 18.5 
meters, d-tree = 40 cm, and D« = 6.8 meters. In plots dif¬ 
fering sharply from normal plots in low height and in large 
thickness of trees, or in contrast, in large h and small 
(¡tree values, crown diameter often proves to be very large 
in the first case and too small in the second. It is best 
in these plots to determine d2 simultaneously from h0 
and Dg, which affords more satisfactory dÇre0 values. 

However, we also can encounter cases of other relation¬ 
ships between dtree, Dc, and h, and here this procedure will 
not bring us desired results. Studies described earlier have 
been conducted by the author to secure topographic information 
about forests, but the theory, methods, and procedures set 
forth in this work can be used (transformed and developed) 
also for forest-inventory work of different precision classes. 
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CHAPTER 9 

APPLTCAT70NS OF MEASUREMENT INTERPRETATTntf nF 

AERIAL PHOTOGRAPHS IN FOREST MANAGEMENT AND 
AERIAL APPRAISAL op FORESTS 

36. Use of Measurement Interpretation of Aerial Photographs 
in Forest Management 

Interpretation of aerial photographs is used in forest 
management at different levels. However, the extent of its 
application, content, and scope differ, only one principle 
is wholly obvious: thus far, recognition and measurement prop¬ 
erties of aerial photographs or, as the term now is, the In¬ 
formation capacity of aerial photographs, have not been fully 
utilized. The quality of forest management and its profi¬ 
tability depend entirely on this use. 

Materials of aerial photography and office interpre¬ 
tation using measurement procedures will be of the greatest 
importance in primary forest management both in the first, 
as well as in the second year of operations. Success in 
forest management above all will depend on the quality of 
the aerial photographic materials. 

Aerial photographs in scales from 1:5,900 to 1:15,000 

are the most suitable for measurement interpretation. In 
the latter, the number of details is considerably reduced 
and crown sizes are minute. However, it is possible to use 
a two or three-fold magnification of aerial photographs which 
can compensate for some of their drawbacks. As far as 1:25,000 
aerial photographs are concerned, although their magnification 
leads to a relative increase in crown sizes and openings 

between crowns, this does not introduce substantial changes 
into the nature of the imaging of the stand canopy. Aerial 

photographs of this scale can be used under reserve zone con¬ 
ditions not intended for exploitation in the immediate future. 
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Spectrozonal aerial photographs are the most suitable 
as well as aerial photographs on panchromatic and orthochroma- 
tic aerial films obtained during the period of seasonal 
changes in the forest tracts. Tf the aerial photography is 
not performed in a stereotyped way, but with allowance taken 
of the condition of stands, then the quality of the aerial 
photographs, their measurement properties and ultimately 
savings of funds can be boosted. 

In all cases the aerial photography must be performed 
a year ahead of forest management. During this time meas¬ 
urement properties of aerial photography must be studied and 
preparatory work carried out. Aerial photographs not more 
than two-three years old are most suitable for interpreta¬ 
tion. In mature and overmature stands of the near-timdra 
and reserve zones, no substantial changes must be introduced 
into the stand themselves during this period, though in 
felling areas, in young forests, and in moderate-aged stands 
owing to the intensity of ongoing processes changes in the 
nature of photographic images can be substantial. 

Preliminary aerial-visual observations will assist in 
singling out those sections that will be subjected to repeated 
aerial photography, therefore a new sampling session of aerial 
photography is possible, even when there are five-year old 
aerial photographs available. 

In the first season of forest management work (after 
obtaining aerial photographs for the area), before entering 
the forest it is essential to study the nature of the stands 
from materials of the early aerial-appraisal Inspection of 
forests or other available material. Information summaries 
are drawn up in which the scope of stand diversity is shown 
for the main appraisal indexes of the stands (in composition, 
growth classes, occupancy rates, site classes, forest types, 
etc. ) 

Then aerial photographs are studied aiming at finding 
the extent of differentiation of different categories of 
stands, and the possibility of using these to measure apprais¬ 
al indexes, and tests are made of the suitability of measure¬ 
ment instruments, templates, and scales. 

On this basis, premises are developed on the use of 
measurement methods of interpreting aerial photographs in 
determining the main appraisal indexes of stands. 
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And, finally, by using reproductions of superimposi¬ 
tion montage, photo-layouts, one or several flight routes 
are plotted for the purpose of familiarization with the 
nature and condition of stands in the given area. These 
flights are of importance for the final choice of the ap¬ 
praiser training locations, sampling plots, and number and 
extent of paths for ground training appraisal, bearing in 
mind the covering of the mort diverse stands and the compact 
layout of training areas. 

Later, all work with aerial photographs must be con¬ 
ducted in conjunction with ground operations, with office and 
measurement interpretation of aerial photographs, or with 
aerial appraisal of forests in given combinations and scope 
depending on local conditions and the problems dealt with. 
After delimiting the sampling plots, the latter must be care¬ 
fully coordinated at the actual locality and drawn on the 
aerial photographs based on easily discernable markers. 

Appraisal-interprétât ion description and a count of 
crown participation in stand canopy are carried out at the 
sampling plots, in addition to ordinary work stipulated in 
the forest management instructions, as applied to the method 
set forth in our study [50], 

In addition to necessary measurements of trees and 
their crowns, training is conducted at the same sampling plots 
on visual determination of tree crown diameters, stand canopy 
closure, composition of stand canopy, and the mean tree spacing, 
as well as determination of average height of stands and average 
height of trees making up the horizontal projection of stand 
canopy. 

If color aerial photographs are available, additional 
training is conducted on recognition of tree species, species 
composition of stands, and their age based on differences in 
color tones. 

The number of samples must be found in accordance with 
the diversity of the stands and must not be less than 20-30 per 
object of operations. 

Besides sampling plots, in this same field season ap¬ 
praisal sections are delineated on aerial photographs along 
pathlines, they are subjected to preliminary examination in 
the stereoscope, appraisal indexes are measured, and there 
is office comparison of appraisal descriptions with those 
entered into the appraisal log. 
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After this preliminary preparation, on-the-acene ap¬ 
praisal of atanda ia carried out with entry into the appraisal 
loe of the indexes of crown shape and aize, composition of 
atand canopy closure, and features of canopy structure that 
have a bearine from the point of view of measurement interpre¬ 
tation of aerial photographs. 

In parallel with on-the-scene appraisal, after the 
aerial photographs have heen inspected, the characteristie 
features for interpretinc them and for aerial appraisal of 
forests are entered. Along with ocular appraisal, the fol¬ 
lowing necessary measurement are taken: height of tree stands, 
mean breast diameter, mean tree spacing, and crown diameters 
by species. 

Thia work on appraisal paths laid down along the most 
diverse and representative stands serves as a reliable basis 
for subsequent training of appraisers, here the appraisal 
station locations must be marked (by pricking) on the aerial 
photographs. All known methods and measurement instruments 
are used for appraisal characterization of stands in these 
localities to formulate the most objective and reliable char¬ 
acterization of the tree stands. 

The extent of the training paths must be auch that for 
each area of operations a quite specific familiarization with 
atand growth conditions and the correlations in their canopy 
structure is secured. Ty way of a guideline, we note that 
the extent of paths must not be leas than 10 kilometers with 
the description along the paths of not less than 5n appraisal 
sections. This same number of sections can he obtained by 
random selection from the forest tract. 

Later, data of the sampling plots and data obtained 
along appraisal routes undergo processing to establish true 
relationships essential for further production and measurement 
interpretation of aerial photographs, between the following: 

crown diameters and diameters at breast height; 

stereoscopic heights of tree stands of forest elements 
and calculated mean -free stand heights; 

mean tree stand heights and mean diameters; 

composition of horizontal stand canopy projection and 
actual composition of stands calculated from yields; 
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extent of stand canopy closure and stand occupancy 
rates ; 

mean distance between crowns visible on the photocrapb 
and mean tree spacinc in the actual locality. 

As a result of establishine these relationships between 
these indexes, a composite table is drawn up specifyine the 
size of the correct ions that are necessary to be inserted for 
proper determination of the compositions of mixed stands, 
occupancy via canopy closure, mean tree spacinps, mean tree 
stand heichts, and from this listing indexes essential for 
detoririnincr stand yields are refined. 

If color photographs are available, a table is drawn 
up for determination based on color tones of species composi¬ 
tion of stands, tree stand aire, and habitat conditions (site 
class ). 

At the conclusion of this period, by usine: a variety 
of instruments, templates, and scales and the above-proposed 
methods, appraisal indexes are measured for all the objectives 
of forest appraisal. As a result, the methods of operations 
are refined for subsequent recular interpretation of aerial 
photographs, the suitability of particular equipment is deter¬ 
mined, and the indexes of confidence with which appraisal 
features of stands discovered after statistical treatment of 
data aro cal ciliated. 

Contour and appraisal-measurement interpretation of 
aerial photographs is undertaken in the office period by 
stereoscope analysis. 

ïlased on fieldwork with aerial photographs, features 
°f the interpretation of different categories of forests or 
forest types are refined. The appraisal interpreter working 
under field conditions must have suitable tables of relation¬ 
ships between J)c and dfree? ^ ^ rttree* the extent of crown 
closure and occupancy rates; canopy composition based on the 
participation therein of various species and stand composi¬ 
tion by yield levels, as well as tables of corrections to 
he inserted into appraisal indexes of stands and color charac¬ 
teristics for species, forest generations (ages), and habitat 
rond itione . 

Prior to the onset of regular and measurement interpre¬ 
tation of aerial photographs, it is recommended that training 
he conducted in the determination and measurement of appraisal 
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indexes of stands ir sampling plots and along appraisal routes 
using available tables. Ry combining these with true data, 
analysis must be made of errors of interpretation and measure¬ 
ment. 

The results of measuring tree heights or heights of 
tree stands as well as other appraisal indexes that require 
calculations are written up in individual reports that are 
later compiled into log form. 

Tree stand heights are measured by difference in pa¬ 
rallax if the ground surface in the actual plot or close to 
it is visible in the photograph. After suitable training, 
the measurement of heights by the ocular-stereoscopic method 
is possible [47t 54]. 

Determination of diameters at breast height d^ren is 
accomplished based on measurement of crown diameters ana mean 
tree heights. The number of measurements is determined by 
relying on field determination of variants. The values of 
dtree are obtained from correlation equations or tables pre¬ 
viously compiled on the basis of such equations. 

Stand composition is measured by using templates made 
for the given aerial photographic scale, with the insertion 
of corrections into the stand malceup coefficient if there 
are mixed or complex stands. 

Stand occupancy is determined from crown closure by 
inserting required corrections in the event of pronounced 
discrepancy therein. Mean tree spacing and the number of 
trees are determined by the methods described above. 

Forest type, stand age, and site class are determined 
by ocular interpretation using previously calculated data 
that serve as the starting-point for obtaining appraisal 
characteristics of the stands. Auxiliary tables published 
in the work [54] can be used in determining site class. 

The following must be verified under local conditions 
(in sampling plots) for determination of stand yields: 

applicability of standard tables of the sums of cross- 
sectional areas [basal areas] and stand yields for an occu- 
pancyof 1.0, using the above-calculated mean heights and occu¬ 
pancies by stand stories for those determined from aerial 
photographs; 
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the method described in section 26; 

or by use of other methods of determining stand re¬ 
serves (according to I. A. Trunov and G. C. Samoylovich). 

Methodologically, it is above all desirable to deter¬ 
mine the forest type, species composition of stands, height 
by individual species and then to proceed to measurement and 
determination of other appraisal indexes of stands that are 
interrelated. 

If summer panchromatic aerial photos are available 
when the difference in species is poorly pronounced, the 
methodological recommendations set forth by the author in 
Geograficheekiv Shornik [Geographic Collection ], No 5, 1955, 
must be borne in mind. 

In summing up a balanced analysis of the opportunities 
of appraisal-measurement interpretation, we determine the prop¬ 
erties of aerial photographs and the necessity for those sup¬ 
plements that must be carried out during the field period of 
the second year of operations, as well as refine work methods. 
To be specific: the question of whether it is best to use of¬ 
fice interpretation or to engage in aerial appraisal over part 
or all of the tract is being resolved, as is the issue of 
which of the appraisal indexes should be determined by measur¬ 
ing aerial photographs and which by supplementing as a result 
of aerial appraisal by helicopters or fixed-wing aircraft. 

For instance, if spectrozonal photographs of mixed and 
complex stands are available, the following can be determined 
in the office: stand composition, occupancy, and site class 
and age — by aerial appraisal. If panchromatic aerial pho¬ 
tographs are available for the same region — composition of 
stands and age can be determined by aerial appraisal, and the 
rest of the indexes -- by interpretation of aerial photographs. 
This is an approximate scheme that must be corrected depend¬ 
ing on the nature of the stands predominating in different 
parts of the forest tract under appraisal. 

Finally, the volume of essential ground operations 
that wake it possible to coordinate into a single whole all 
the most rational suggestions in forest inventory for a par¬ 
ticular forest-plant cover area are determined. 

In summing work done during the first year, methods of 
subsequent operaticns and preparation for second-year field 
appraisal are undertaken. These other operations must include 

- 229 - 



contour and meaaureTtent-appraiBal interpretation of aerial 
photoprapba within the bounds of each appraisal plot. This 
work ia done by spécialiste who have undergone suitable pre¬ 
paration and training. 

Forest-management instructions at level IV of primary 
forest management recommend ground appraisal only for block 
clearings, but if spectrozonal photographs of a scale not 
smaller than 1:15,000 and not more than five years are avail¬ 
able, appraisal-measurement stereoscopic interpretation of 
aerial photography must be conducted instead of aerial ap¬ 
praisal from helicopters. 

In particular cases, it is permissible to engage in 
aerial appraisal or stereoscopic interpretation without ground 
appraisal in block clearings. Ground routes are pursued only 
in those localities where diversity in appraisal characteris¬ 
tics is pronounced. 

At level IT1 of forest management, both appraisal- 
measurement interpretation of inter-clearing expanses as well 
as their aerial appraisal are conducted in economically low- 
value plots in individual sparsely inhabited sections of the 
tree farm that has been established (forest industry aren). 

This recommendation greatly limits the possibilities 
of materials of aerial photography and must be re-examined 
with characteristics of the forest tract taken into account. 

Appraisal-measurement interpretation will be of auton¬ 
omous importance for refining characteristics of group 111 
forests in which forest exploitation will proceed in the long 
run. In areas of the near-tundra zone, the northern reaches 
of Siberia, and the Far East previously subjected to aerial 
appraisal, it is quite possible with a small volume of ground 
appraisal to use widely measurement methods of interpretation 
and their automation based on interpretation by forest cate¬ 
gories. rty way of example, we can cite the work done in Gor- 
naya 3horiya, the results of which have been published in the 
study 

37. Combined Method of Forest Inventory via Aerial Appraisal 
With Measurement Interpretation of Aerial Photographs 

Aerial appraisal of forests (in conjunction with field 
work in forest management levels III and IV) is carried out 
in sparsely-settled forest regions of the ^rth, the Irais, 
Siberia, and the Far East. 
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At present, aerial appraisal of forests by helicopter 
is carried out at a flight velocity of 40-50 km/hr and from 
a flight altitude of 50-IOO meters. Under this flight regime, 
appraisal description of stands proceeds, in which, in addi¬ 
tion to stand composition, occupancy, site class, and age, 
mean tree stand height, and diameter at breast height are 
indicated. 

Aerial photographs serve chiefly to distinguish plot 
contours, and photo-layouts — to project flight routes, 
orientation during flight, super impos ition of plot contours, 
and within their limits entering of appraisal characteristics 
of stands. 

It is quite understandable that the operational methods 
employed are not based on the full-fledged use of recognition 
and measurement properties of aerial photographs. These meth¬ 
ods must be improved both as to preparatory and appraisal- 
training work, as well as in the use of measurement interpre¬ 
tation of aerial photographs. 

Aerial photography for purposes of subsequent primary 
forest management is carried out one year ahead of operations. 

For all kinds of aerial appraisal, color spectrozonal 
aerial photographs of a scale not smaller than 1:15^0^ will 
be the best for operations. Preliminary calculations have 
shown that some of the costly flight and field operations 
will be cut back by relying on quality of aerial photographs 
and the possibility of using them to secure greater informa¬ 
tion. 

Ground training of aerial appraisers essentially must 
go hand in hand with the training of appraisers in the same 
scope and content as described earlier. 

The aerial appraiser, just as an ordinary appraiser, 
must engage not only in contour, but also in appraisal- 
measurement interpretation. Additionally, during ground 
training aerial photographs must be used for simultaneous 
characterization both of interpretation as well as aerial- 
visual features of stands side by side with determination of 
appraisal indexes of stands. These features must include 
above all those that determine the nature of stand canopy 
structure (shape and size of tree crowns, composition of . § 
the visible part of the stand canopy, canopy closure, etc.) 
and also account for the relationship between appraisal and 
interpretation indexes of stands. 
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In compiling appraisal characteristics of stands, one 
must simultaneously analyze both the interpretation qualities 
of aerial photographs as i?ell as aerial-visual features of 
stands. 

In conducting training together with appraisers and 
in measurement interpretation of aerial photographs, aerial 
appraisers will be wholly trained for independent work with 
aerial photographs. 

Preliminary study of natural interrelationships between 
appraisal indexes of stands must precede aerial appraisal of 
forests and must be a constituent part of the whole technologi¬ 
cal process. 

The mission of aerial appraisers in preparing for flights, 
along with contour-topographic interpretation of 1:15,000 
aerial photographs, will embrace measuring the heights of tree 
stands of forest elements and other appraisal indexes of stands 
(composition, canopy closure, crown diameter, tree stand density, 
etc.). If panchromatic, autumn panchromatic, or spectrozonal 
aerial photographs are available covering the bounds of the 
plot contours, those appraisal indexes that can be differentiated 
with full certitude in stereoscopic interpretation are written 
down in the course of interpretation. For example, the numera¬ 
tor gives the composition and height of tree stands by species 
and the denominator — canopy closure and site class. The rest 
of the missing appraisal indexes are written up during flight 
over these same plots. 

Given black-and-white summer panchromatic aerial photo¬ 
graphs, the stand coefficients must be written down during 
flight time, and height by species or forest generation (if 
the latter is readily distinguishable) from data of measure¬ 
ment-interpretation of aerial photographs. 

Thanks to the opportunities afforded by aerial photo¬ 
graphs for a complete survey of the entire appraisal tract, 
determination both of stand composition as well as occupancy 
will be more objective and precise than when flying over the 
plot during a single, or on rare occasions several, minute. 
The same can be said for tree stand height. Its measurement 
with the use of stereo-instruments in different plots of the 
tract will be more precise than when scanning a narrow strip 
from a helicopter. Introduction into ocular aerial appraisal 
of measurement indexes increases its objectivity and quality 
of operations and leads to refinement of the indexes calculated, 
in particular, stand yields. 
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Parallax-measuring stereoscopes, parallax sheets, 
templates, and scales can be used in measurement characteriza' 
tion of stands as well as stereo-measurement instruments. 

Thus, depending on stand characteristics, quality, and 
interpretation properties of aerial photographs, for each 
tract only those appraisal indexes that can be interpreted 
confidently and free from doubt are determined. 

Composition coefficients, if they are not written down 
during the course of interpretation of aerial photographs, 
age by species and forest generations, site class, forest type, 
merchantability of tree sttnd, and percentage of windfall and 
dead standing timber are written up by the aerial appraiser 
in helicopter flight from a specified altitude. 

Under this combined method of operations, interpreta¬ 
tion properties of aerial photographs and the advantages given 
by aerial appraisal when inspecting stands from shallow flight 
altitude are more fully used. 

Incorporation into operational use of the proposals 
recommended, taking into account also the possibility of 
landing the helicopter when necessary close to or in the middle 
of stands, will make it possible to secure, in conjunction 
with a limited scope of fieldwork, quite reliable materials in 
forest inventory, especially in near-turdra and semibog areas 
of the north and homogeneous forests of Siberia and the Far 
East applicable to the requirements of forest management levels 
TV and even III. 

If forests are located only along streams, scattered 
among bogs, are homogeneous in appraisal indexes, and will 
not be exploited for several decades, office appraisal-meas¬ 
urement interpretation based on a small volume of field ap¬ 
praisal for several flights by helicopter for landing to be¬ 
come familiar with stand character will fully replace exhaus¬ 
tive aerial appraisal of forests and cut the costs of opera¬ 
tions down to one-fourth or one-fifth. 
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CHAPTER 10 

PROSPECTS F'Tt AUT«WATTNG INTERPRETAT) ON op AERIAL 
PHOTOGRAPHS OF FORESTS AND ELECTRONIC COMPUTERS IN 

FOREST MANAGEMENT 

38. Hypothesis on Types of Tree Arrangement and Cybernetic 
Principle of Stand Study 

The method of point sets and systems and the eeometric 
analogues of tree arrangement with their characteristics 
dervic from the main appraisal indexes (chapter 2), constructed 
on the basis of this method, can be used as the mathematical 
framework for modelinp. 

In principle, this method can be applied to the study 
of any phytocenosis. The method of mathematical modelinp is 
best combined with the cybernetic principle of stand study 
in the course of stand development in time and space, suc¬ 
cesses in cybernetics, information theory, electronics, and 
mathematics strongly affect procress in many branches of 
knowledce. 

At the present time, cybernetics and mathematics have 
also penetratine the science studyine animate orcanisms. 
They assist in solvinc problems of mathematical statistica 
modelinp of biolocical phenomena and in explorine and model¬ 
ine certain functions of the activity of the brain and nervous 
system. 

r>ne of tbe main principles adopted in cybernetics is 
the principle of feedback, which allows us to retain the stable 
existence, self-orcanization, and self-repulation of animate 
orcanisms and certain automata. The common pround of the feed¬ 
back control principle in control of processes in animate and 
inanimate nature has been confirmed. There are no prounds 
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either to refute the operation of this principle in develop¬ 
mental proceesee of phytocenoses, including forests. 

From this viewpoint, the stand can be represented as 
a biologically self-reeulatinc system developing in time and 
space on the principle of multilateral feedback. The suc¬ 
cessful survival and development of this system is based on 
those interrelationships and stable quantitative ratios of 
stand indexes that have been formed in the course of adapta¬ 
tion to given havitat conditions. 

Tf self-régulâtion is violated in this system (as a 
consequence of violation of multilateral feedback), then the 
system and the natural quantitative ratios inherent in it 
(correlations of arrangement and distribution, correlational 
ties, etc.) are also violated. Discovering the reasons for 
the development and disturbance of this system is a problem 
for foresters and geobotanists. Accordingly, we must recog¬ 
nize as most vital the research and concepts of l’r of essor V. 
h. Nesterov1, who obtained by mathematical statistical meth¬ 
ods of meteorological criterion of plant moisture content 
and the variable "decorrelation coefficient" as an indicator 
of the perfection of plant organ isms. 

’Vithout talcing up these involved problems, it appears 
to us to be useful to advance a working hypothesis about the 
types of tree arrangements in stands and the types of tree 
spacing distribution functions corresponding to them in the 
dynamics of stand development as self-regulating systems with 
feedback. 

For differentiating and mathematical description of 
the most probable types of tree arrangements in stands we 
use the method of point sets and systems. 'rree arrangement 
in areas (plants in general, points, and discrete objects) 
can be divided into two main classes: regular and non-regular. 

The Swedish scientist Svedberc adopted as a criterion 
of regularity of individual plant arrangement in a plot of a 
locality to be the coefficient of plant density dispersion 
per unit area. The number of plants per unit area he called 
"profusion," however in the more exact sense this corresponds 
-1--— 

'V. G. Nesterov, "Experience in Determining the Auto¬ 
matism of Organisms and Its Applications," Diolo^icheskive 
Aspekty l ibernetiki ( liological Aspects of Cybernetics!, n. 
S.S.R, Academy of Sciences Fub. house, Moscow, 19Í2. 
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to plant density. ?vedberc made an error when he character¬ 

ized arrangement types as plant density in areas, since 
arrangement of plants in a given area at the same density 
can he most varied in regularity. Therefore, we cannot deem 
density to he a satisfactory criterion of regularity or non¬ 

regularity of plant arrangement in an area. 

Accordingly, the author proposes that we consider as 

the meaning of mathematically precise tree (plants or points) 
arrangement in the form of any regular point system investi¬ 
gated in chapter 2 to correspond to the term "regular arrange¬ 
ments." As noted earlier, the regular system of points placed 
at the apexes of adjoining equilateral triangles is a most 
remarkable system. In this system, the distances between all 
neighboring points are the same, and this arrangement gives 
the largest number of points for the area covered. Therefore, 
we mutt accept as the first class and first arrangement type 
the regular placement of points at apexes of adjoining equi¬ 

lateral triangles. 

The second class — the class of nonregular arrange¬ 
ment — is best divided into a series of types which differ 

in degree of nonregularity. 

We can propose the following arrangement types as the 

first variants 

type I — regular arrangement of trees in the area; 

type J1 — weak nonregularity of arrangement; 

type 111 — optimal nonregularity of arrasi gement ; 

type ÎV — severe nonregularity of arrangement. 

What then are the characteristics and mathematical 

features of the four arrangement types? 

Type T — regular arrangement. This arrangement type 
has precise mathematical characteristics. Points (trees) 
are located at the apexes of adjoining equilateral triangles 
or in the centers of circles touching each other. Distances 
between points (trees) are the same. Therefore, 10 = Ij = 

I2 = • • • — In» G = 0, V = 0. 

The spacing distribution type is expressed by a single 
vertical straight line equal to 100 percent of the spacings 

(Figure 28). 
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The distribution function fi = const. Tt can be re¬ 
presented as the maximum case of normal distribution in the 
form of a series out of the same interval 10 when G = 0, v = 
0, and frequency fraction w0 = 1.0. Then, fx = w0 and f 
percent = 100 (Figure 29). The relationship between spacing 
1 and density N is determined by formulas (4) and (5). 

Is such an ideal type of plant arrangement met in na¬ 
ture? 9y artificial plantings (seedings) we can cet this type 
of tree (plant) arrangement. This arrangement has several 
advantages over all other arrangement types, including those 
with any regular systems. 

The most favorable spatial conditions for development 
of each tree (plant) are provided under this system. Each 
stem is given the same feeding area, the best conditions for 
spreading of the root system to all sides, and the largest 
number of directions for access to air and sun (when the row 
planting layout is used there is just one direction, in the 
square-nested arrangement — two directions, but in the tri¬ 
angular arrangement — there are four directions). The 
greatest number of plants per hectare is provided for. 

It is obvious that under these arrangement conditions 
we can anticipate the greatest harvest yield, the highest 
forest site class, and the fullest use of the area (locality). 
And it is approximately to this ideal arrangement type that 
we can classify the "normal" stand. 

In our view, the fir?t type of arrangement is of practi¬ 
cal importance for application in farm work as the most profi¬ 
table type of planting (sowing) system for many farm crops. 
In addition to the above-noted propitious conditions for plant 
development, the proposed system of planting (sowing) can 
yield the greatest harvest (under otherwise equal conditions) 
since this system makes possible within the same area the ’ 
placement of the greatest number of plants (considerably greater 
than in the row and square planting systems). As an example, 
let us take an area of one hectare and locate plants in it 
at distances of 0.5 meter. Under the square planting system 
one hectare can accommodate 40,401 plants, but under the ’ 
triangular system — 96,717 plants, that is, 13.5 percent 
more, which is tantamount to increasing the yield by 13.5 
percent from each hectare. If the planting (sowing) of corn, 
for example, is carried out on 100,000 hectare and each hec¬ 
tare gives a harvest increment of about 19 percent, and each 
percentage is equal to even one pood [36 pounds], the incre¬ 
ment would be reckoned by the enormous figure of 1,400 000 
poods. ’ 

237 - 



GRAPHICS 
NOT REPRODUCIBLE 

üovever, 
rangement is not 
as we know, is nliserved in 
found in thn numerous factors 
ment, which in totality covern 
arrancement in a section of a 

in nature in natural forests the type 1 ar- 
encountered. Nonreeular tree arrancement, 

forests. The reason is to he 
of forest habitat and develop- 
the nonrepularity of stem 
locality. 

Type 1! — week nonrecularity of arrancement (Fieure 
28). Mathematical characteristics of this arrancement type 
can as a premise be formulated as follows. 

Tree spacincs are not identical. Therefore, a mean 
distance 12 is arrived at. When there is weak irrecularity 
most tree spacincs have small deviations from lo, which leads 
to small in value. Then the spacinp distribution type 
f'j. retain inc the ceneral correlation of normal distribution, 
will be characterized by a distribution curve swellinc upward 
with a sharp decline toward the X-axis. Table 8't lists cal¬ 
culations of the function f2 for <*2 = °.l. I2 y meter, 
and V? = 10 percent, with the parameters 12 = ^ and Zii = 
0.9. 

Fipure 28. Arrancement types for trees and their 
approximational mathematical characteristics! type 
] _ recular; type II — weakly nonreeular; type 
J71 optimally nonreeular; type IV — severely 
nonreeular. 

Lepend: A — type I; 3 — type II; C — type Til; 
D — type IV 
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Figure 29. Types of tree sparine distribution 
curves 

Legend: A — when^= 0.4Í4, v = 10^; n — type TT; 
C — type 1; D — when <5 = 1.3, V-U3.2Í; E — c 
= 3.96, v = 5($; F — type III; G — type IV 

Figure 29 shows the type T1 distribution curve con¬ 
structed from the function f20)* 

If we consider the arrangement type 11 as applied to 
forests, then as an assumpiion this type in schematic form 
as well can apply to the youngest forest, starting with sprouts 
and up to the point when the trees can exist only in an inti¬ 
mate community of high density as similar individuals and with 
very small stem distances. 

Thus, for example, a vast number of sprouts of young 
pine and spruce are observed in felling areas — up to several 
tens of thousands per hectare; they give the appearance of a 
thick brush. Nonregularity of arrangement in this period is 
caused by the randomness of natural scattering of seeds in 
the plot. Under the given conditions, we can expect weak 
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GRAPHICS 
NOT REPRODUCIBLE 

nonreRiilarity of arrangement and email deviations in indivi¬ 
dual epacinge from the mean plant spacing, the mean spacing 
itself being very small. Here it is most probable to expect 
also very small values of G . 
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This arrangement will be preserved until the young 
saplings acquire stability adequate for independent existence. 
Until that moment, all plants can successfully develop solely 
on account of intimate joint existence of the entire plant 
community. If this dense stable community did not exist, 
each young plant considered separately could survive only 
with great labor. 
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Later, with growth the young plante begin to displace 
each other, their root systems intermingle, and capture of 
nutrient and moisture takes places; the negligibly small 
feeding area becomes inadequate for normal deyelopment of all 
this dense plant mass and upon root interweaving the process 
of self-thinning sets in. Particular individuals outpace 
others in growth. Securing greater amounts of light, they 
develop a stronger root system and crown. Individuals lagging 
in growth, falling ’.rnder the canopy of other plants, become 
feeble and gradually expire. 

This is approximately how the process of natural thin¬ 
ning of a young forest takes place [1,2]. An increase in 
the feeding area of each plant affords surviving plants 
an opportunity to acquire individual stability, and this 
stable comrmmity is consolidated, successfully developing 
under normal habitat conditions. 

It can be assumed that from this moment the type II 
arrangement intergrades into the type 111 arrangement, that 
is, to a more nonregular plant arrangement. Gradual thinning 
of plants becomes random. 

In one way or another this plant community acquires 
the optimal nonregular arrangement in the plot that is pro¬ 
duced by nature itself for successful development of the 
community. Thinning will occur even later, but more weakly, 
which is mainly reflected in an increase in mean tree spacing 
and not in the arrangement type, which by this time has been 
consolidated and become stable and most favorable for the 
development of each plant and for the entire plant community 
in the given plot of the locality. 

Type III — optimal nonregularity of arrangment (Fi¬ 
gure 28). Mathematical characteristics of the type III ar¬ 
rangement are as follows: mean distance lo is variable; ¢3¾ 
0.43*13; V3«43.2$. The spacing distribution type is deter¬ 
mined by a statistical function (4?) and by the distribution 
series shown in Table 26; the type III distribution curve t'x 
(Figure 29). It can be assumed that the nonregular type III 
arrangement is the most widespread, the most stable and the 
most optimal for the natural development for the plant com¬ 
munity under ordinary habitat conditions and during the 
period of life that is characteristic generally of most 
stands. During this period all trees affect each other and 
form an intimately interacting and successfully developing 
plant community in which those changes in tree indexes occur 
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(heicht, thickness, and mean spacinn) with development of 
the community, but the entire community continues its develop¬ 
ment as a mutually related complex adaptinc to civen habitat 
conditions, with a stable arrancement type induced by nature 
itself and with a spacine distribution type which is induced 
by the correlation of the latter. Therefore, this typo of 
arraneement and distribution can be called optimal. 

If the forest lias taken hold, adapted to civen habitat 
conditions, and constituted a stable community, this state 
and type of arrancement and distribution can be retained even 
in old forests, where different habitat conditions, it appears, 
will be reflected to some extent only in the value of 10, 
but not in the arrancement typo and spaoinc distribution. But 
only under especially habitat conditions (soil-climatic factors 
or artificial measures) can intense nonreçularity of tree 
arrancement in the area take hold, which of course will lead 
to a chance in the stem spacinc distribution type. In this 
case, a transition to the type IV arrancement is probable. 

Type IV — severely nonrecular arrancement (Fleure 28). Ap¬ 
proximate mathematical characteristics of the arrancement 
type are as sollows: variable and usually larce mean spacinc 
In; <J Ä 0.9*14 and vg^ÇOfo. The distribution curve f4 is 
shown ’n Fieure 29. It is a pradnal, low normal distribution 
curve extended alone the X-axis. 

The distribution function fn has been calculated in 
Table 84 with the parameters = 3.96; V4 = 90; 41/0^ = 0.22?. 

Earlier it was noted hypothetical under which conditions 
the existence of type IV arrancement in nature and the type 
fh spacinc distribution correspondinc to it are possible. Under 
these condilinns, unstable, severely nonrecular tree arrancement 
in a plot of the locality appears and a violation of the inter¬ 
relationships between plants essentially sets in, as a result 
of which the plant community cradually disintecrates. At 
first they break down into individual parts (croups) within 
which proceeds a weak interrelationship with individuals can 
still be retained, but subsequently stem spacines be coiro so 
Créât that within the croups a breakdown in relationships 
sets in and the forest as a plant community ceases to exist 
for stem spacince attain such values that any relationships 
between trees are lost and free-standinc trees are formed at 
larce spacince from each other. 

Tree arrancement types and tree spacinc distribution 
functions described are viewed by the author as a first 
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hypothesis, which needs to be verified by experimental meas¬ 
urements for different stand types and acres. 

li’or type TIT it is useful to invest icate the stability 
limits of the function to either side from >j0 percent 
«¡thin tie limits v = tlO + 20 percent in order to determine 
the boundary regions between the distribution types TT and 
TU, and between typos TV and 1U. 

Some remarks can be matte about normal stands as related 
to the arrangement types cons i(tored here. M appears mope 
worthwhile to view as "normal" (more correctly, optimal stands! 
not stands that exhibit occupancy close to unity, hut stands 
close to type TIT arrangement and the distribution correlations 
corresponding to them, for in nature this arrangement type 
predominates and is most stable during the greater part of the 
life of each forest. 

Foresters and appraisers have long since arrived at 
these findings about normal stands. The difference here is 
only that our assumptions are based on mathematical investi¬ 
gations of arrangement types and tree spacing distribution 
types in stands. 

The correlation and stability of type TH can be ac¬ 
counted for by the presence of biologically self-regulating 
systems in the form of a plant community with multilateral 
feedback . 

Tn conclusion, we must once again emphasize that the 
suggestions advanced here about arrangement types must be 
viewed as a first hypothesis, which requires experimental 
verification for tree cover. Tn the geohotanical method, 
it appears to be worthwhile to use as indicators first of 
all mean spacing, the most powerful indicator of principal 
differences in development of a plant community, and then 
distribution types and curves with variable parameters ¢7 and 
V, which taken together are secondary indicators of other 
factors of plant habitat. 

30. Principles for Automating Aerial Photo-Interpretation 
of Forests 

•ITiat we by tradition have become accustomed to regard¬ 
ing as interpretation of aerial photographs appears best to 
call the theory and methods of obtaining information about a 
locality from aerial photographs. An aerial photograph is a 
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source and carrier <>f diverse information about a locality, 
including forests. À larpe amount of information from an 
aerial photograph can he obtained by simple visual inspection 
without any interpretation or decodine. The advantace of an 
aerial photopraph here lies precisely in the fact that it 
passes on its information in craphic form and not in especial¬ 
ly coded or enciphered form requirinp some keys or code for 
decipherinp or decodinp information visible to the eye. Also, 
the photograph bears that information about objects that is 
difficult or impossible to obtain by direct visual observation 
with required precision and in a quantitative numerical expres¬ 
sion. In these cases it becomes necessary to develop a theory, 
methods, procedures, instruments, and techniques. 

Advances in interpreting aerial photocraphs have come 
in successive stages from ocular estimation to measurement 
lêtE! fron, single visually observed inforrratiou to the 
securing of more precise and diversified information about 
various objects and phenomena. At the first stage, interpre¬ 
tation of aerial photographs is limited to ocular estimation, 
and at the second stage simple measurements and reference 
standards begin to be used. The fhird stage is characterized 
by use of complex photogrammetric instruments for precise 
measurements of a stereo model of the aerial photographs and 
bv the elaboration of theory, methods, and procedures of meas¬ 
urement interpretation based on an understanding and use of 
statistical correlations of distribution, correlations, and 
the sampling method. Thus, interpretation of aerial photo¬ 
graphs of forests gradually acquire all the features of a 
scientific solution of a problem. The essential prerequi- 
sites for moving on to the fourth stage — the stage of serch- 
ing for methods of mechanization and automation — have also 
been provided. 

Given today*s stage of science and technology, it is 
not at all too early and not wishful thinking to start search¬ 
ing for methods of automation. While the third stage is 
involved mainly with opticomechanical photogrammetric instru¬ 
ments, the fourth stage invariably will be associated with 
the use of electronic instruments, which in turn will require 
application of advances in such sciences as cybernetics, 
information theory, electronics, the theory of algorithmiza¬ 
tion and programming, and also electronic computers. 

Right now it appears possible to use three principles 
of the automation of securing and processing about forests 
from aerial photographs: the principle of comparison, the 
principle of measurement, and the principle of comparison and 
measurement simultaneously. 
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The principle of comparison is used also in ordinary 
ocular interpretation of aerial photocraphs that rely on 
reference standards. An aerial photorrraph of the forest 
plot under interpretation is successively compared with a 
series of reference standard aerial photocraphs, whose 
aporaisal indexes were known in advance. The human labor 
i-, reduced to visual comparison of the structure of the 
photo-imace of the aerial photocraph pair and to detection 
of the Greatest similarity of the eiven structure to one of 
the civen reference standard photocraphs. Use of this prin¬ 
ciple in automatic interpretation amounts to performinc the 
comparison and detection of similarity of imaces by machine 
and not by man. If we are able to model the process of 
comparison in the form of Ioríc operations, then machines 
can do this work. 

What then are the theoretical and technical possibi¬ 
lities today for solvinc this problem? 

The problem of comparison and discovery of similarity 
between photoimaces of a forest from aerial photocraphs is 
closely boimd up with the cybernetic problem of recocnition 
or readinc of imaces by automatic devices. A number of auto¬ 
matic devices have been developed in the IJ.3.S.R. and abroad 
in recent years for reading (recognition) of alphabeticonu¬ 
meric information, and some successes have been recorded in 
developing devices for recocnition automatically of such 
images as figures and other similar representations. Under¬ 
lying the reading automatic devices is the principle of com¬ 
parison and identification of images and objects by the human 
brain and the principle of self-teaching of machines to rec¬ 
ognize visual images. Thus, the theory of automatic reading 
devices is founded on physical modeling of the proposed process 
of recognizing images and objects by man, on the use of bi¬ 
onics . 

This process in systematic form can be represented as 
follows. Visual apperception of objects is subjected to 
processing and transformation, as a result of which images 
of the object -- reference standards — pile up in the human 
brain. Recognition of objects upon their repeated visual 
apperception occurs by comparison of the image received with 
the reference images stored in the brain. The agreement of 
these two images is recorded and understood by the individual $ 
as the fact of the recognition of the given object. In rec¬ 
ognizing images, machines employ this same principle. In 
actual practice, the images themselves, binary codes of images, 
geometric features of figures (letters, digits, arbitrary 
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siens), and point sibBets of imaees can in fact \)e compared. 
In these cases, loeic rules of forminp fieures from simple 
elements (straieht lines, curved lines, ancles of intersec¬ 
tion, their arraneement and mutual relationships), countine 
of the number of elements and the correspondine alcorithm 
descri bine the fieure of each sien are used. Reference 
standard imaees prepared in advance in proçram form are 
stored in the machine's memory bank. The imaees to be rec- 
oenized are perceived and compared with reference standards 
stored in the machine's memory. This principle can be used 
also in automatine the interpretation of aerial photoeraphs 
of forests. However, here we immediately encounter the 
problem of what to compare and what to take as reference 

standard imaees? 

Photoeraphic representation of a forest on aerial 
photoeraphs can be depicted in the form of a point set (anal- 
oeous to the screen imagine of half-tone orieinals) and then 
point subsets of various structures of the photoeraphic image 
nf tree stands on aerial photoeraphs can be taken as the 
object of comparison. Rut this compels us to find a method 
of transforming a half-tone image into a discrete point set 
and to express the latter in digital form, that is, to carry 
out binary coding of an image. All images can be divided 
into two groups based on the complexity of binary coding: 
hatched (discrete) and half-tone (continuous). 

In hatched images the boundary of the transition from 
black to white is expressed in jumplike fashion and corres¬ 
ponds to the logical principle — Yes — No, which in binary 
representation is identical to — °ne -- Zero. If we desig¬ 
nate the black elements by one's and the white with zero s, 
then by using the opticomechanical line scanner, we can 
carry out binary coding of the hatched images and thus con¬ 
vert the graphic image into digital form in the form of bi¬ 
nary numbers, and the latter can be entered into punched 
and inserted into the electronic computer's memory for subse¬ 
quent processing and comparison of binary codes of imaees 
with the codes of images to be interpreted (recognized). 

The process of transforming half-tone images of an 
aerial photograph into digital binary code. This requires 
first the transformation of the continuous image into a 
discrete image, that is, quantification of the image on the 
aerial photograph or film. D. S. Lebedev [36] proposed a 
device for entering a motion picture film onto punched cards 
by determining and quantifying the transparency coefficients 
(ratio of light intensity for light passing through the film 
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to the intensity of impinjunc lis:ht). This method evidently 
can he used also for entérine aerial photoeraphs of forests 
onto punched cards. Now we can propose a possible technolo- 
Cical scheme of automatic interpretation of aerial photo¬ 
eraphs. Its basis will be the principle of comparine binary 
codes of imaces of the aerial photoeraph to be deciphered 
with reference standard aerial photoeraphs: 

preparation of reference standard (identical in area 
of square sections) of aerial photoeraphs of forests of dif¬ 
ferent density, heieht, and thickness of trees, canopy clo¬ 
sure, species composition, aee, and yield; determination of 
precise values of this information about tree stands by 
measurements at the locality; 

quantifyine and entérine of binary codes of the imaees 
on reference standard photoeraphs onto punched cards with the 
insertion of the latter into the electronic computer’s memory 
(with a proeram of hunt ine for the reference numbers of the 
reference standard sections); 

entérine binary codes of point values of appraisal 
indexes for the stands of each reference standard area onto 
punched cards and input of the latter into the electronic 
computer's memory; 

quantifyine and insertion of the binary code of the 
imaee of the standard forest area beine interpreted onto 
punched cards and input of the latter into the electronic 
computer's memory; 

compilation and input into the electronic computer of 
a proeram for comparine codes of the images of the reference 
standards and aerial photoeraphs underpoine interpretation 
with loeic operations of estimating the greatest aereement 
between two codes and a command to release for printing digi¬ 
tal values of appraisal indexes. 

In this method, the greatest agreement of binary codes 
will serve as the criterion <>f reliability of interpretation. 
Actually, we estimate the confergence of subsets of zero's 
and one's. Vie can determine the size of the permissible 
deviations in codes by experimental mathematical statistical 
studies. For this purpose, it is worthwhile using the method 
of statistical tests, which sometimes is called in the scienti- # 
fic literature the Monte-Carlo method, or the method of trial 
and error. The basis of this method is modeling of tests in 
a scheme of random events and corresponding agreement criteria 
described by us in chapter 3. 
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The principle of combining comparison and measurement 
has been proposed and described in the studies [15»16]. In 
this method of automation, codes of the numerical values of 
appraisal indexes of reference standard aei ial photoirraphs 
are compared with the codes of the numerical values of these 
indexes measured electronically on the aerial photoiraphs 
(films) being interpreted. The basis for measurements consists 
of methods developed and described earlier for measurement- 
interpretation of aerial photos of forests, but transformed 
appropriately for processing binary codes based on the appro¬ 
priate algorithm. Schematically, this method is as follows: 

preparation of reference standards (standard square 
areas) of aerial photopraphs of a forest with precise values 
of canopy closure, mean tree spacing, mean crown diameter, 
mean height and thickness nr trees, yield, species composi¬ 
tion, and age; 

binary coding of precise numerical values of these 
appraisal indexes of reference standard aerial photographs 
and their input via punched cards into the electronic com¬ 
puter’s memory; 

quantifying, binary coding, and measurement of canopy 
closure, mean tree spacing, and mean crown diameter on the 
standard areas of the aerial photographs being interpreted; 
binary coding of the numerical values of three indexes and 
their input into the computer’s memory; 

compilation and input into the computer of a program 
for comparing codes of measured (three) indexes of the aerial 
photographs being interpreted with codes of the precise 
values of these indexes for reference standard aerial photo¬ 
graphs and logic operations of the estimation of greatest 
agreement between codes of indexes of the aerial photograph 
under interpretation with one of the codes of the reference 
standard aerial photographs; issuance of a command to print 
appraisal indexes of the aerial photographs undergoing inter¬ 

pretation. 

Execution of the scheme described requires an algorithm 
for determining 10, C0, and DS in binary code. We can use 
opticomechanical scanning of the forest photo-imaging as the 
technical means of determining and measuring these indexes 
in binary code. 

An algorithm for determining three appraisal indexes 
of a stand in binary code has been proposed in the studies 
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[15,16]. Essentially, this alRorithm consists of the follow¬ 
ing: let us assume that in scanning of an aerial photograph 
covering a standard area, corresponding to the crown image 
are one’s, and to the openings — zero’s. Then canopy closure 
can he represented in the form of a ratio of the total of 
one’s to the total of one's and zero's of the standard area. 
The Cn obtained in this way is compared with the reference 
standard CBt stored in the memory of the computer. ïïe can 
adopt the logic rule Cn - CBt 4*0.1 as a criterion of con¬ 
vergence. 

The mean tree spacing in the line If equals the ratio 
of the length of the line L to the number of discrete groups 
of one's in the line N. The length of the line of the stand¬ 
ard area is known to us. The number of groups of one's 
expresses the number of crowns in the line n. The ratio of 
the total of mean areas over all lines to the number of lines 
in the standard area is taken as the mean tree spacing 10 of 
the aerial photograph being interpreted, that is, 10 =2li/n. 
The criterion of convergence 10 with reference standard 10 
values is determined by the logic rule ln - lBt ^0.1 meter. 

The mean crown diameter is determined by the following 
method. For the length of the images of all crowns along the 
line we can take the number of one's in the line m and multiply 
it by the linear size of the scanning unit, that is, DÄ0.2 
meter. The crown diameter in the line is equal to the ratio 
of the length of all crowns in the line to the number of dis¬ 
crete groups of one's in the line, that is, IÃ * D/n. The 
ratio of the total of crown diameters over all lines to the 
total number of lines in the standard reference area is taken 
as the mean diameter oi crowns in the aerial photograph under¬ 

going interpretation, that is, = ^ 1)1/1. The criterion 

of convergence of crown diameters 0.1 meter ,> DJ, - Dc » where 

Ds* is the mean crown diameter of the reference standard areas. 
0 

The method described includes three criteria of inter¬ 
pretation reliability, where the program of comparison and 
selection of the reference standard aerial photograph closest 
in its appraisal indexes car. be refined by resorting to cor¬ 
relations and inserting corrective coefficients obtained via 
experimental statistical tests. The precision of appraisal 
index determination can be affected by shadows cast by crowns, 
but since this effect is systematic in character, it can be 
allowed for by a statistical method. In the future, however, 
it is possible to use a method of automatic determination 
of mean heights from a stereo-model of the forest, which 
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doubtless will increase precision of automatic interpretation 
of aerial photoeraphs of forests. 

The methods of automatin': interpretation that we have 
described doubtless must be viewed as the first approxima¬ 
tion and as one of several possible approaches to solvin': 
this complex problem. 

tin. Prospects for 'electronic Computers in Forest Management 

Use of electronic computers for solvine scientific and 
production problems in forest manazement is altoeether pos¬ 
sible and at the present time does not represent any funda¬ 
mental difficulties. Formulâtine algorithms and programs for 
solvinc problems in forest management by use of computers 
does present some complications, but these problems are re¬ 
solvable in practical terms. 

The advantages of computers is that they afford com¬ 
plete automation of labor-consuming calculations and process¬ 
ing of diverse information about forests, where the machines 
do this worli thousands of times faster than a large number of 
highly qualified engineers and technicians. Statistical cor¬ 
relations of distribution, correlational functions, and com¬ 
pilation of stand growth pattern tables require for their 
study fairly complex formulas, processing a vast amount of 
starting data, and carrying out laborious calculations re¬ 
quiring large outlays of time and efforts, for which even 
scientific personnel are not always enthusiastic. Use of 
electronic computers opens up here unbounded vistas for sci¬ 
ence and production, only mastery of the working principles 
required in preparing problems for computer solution is re¬ 
quired . 

'.Ve know that computers can perform simple arithmetical 
and logical operations. Therefore, in preparing for solu¬ 
tions of problems on the computer, preliminary breakdown of 
formulas or systems of equations into specified elementary 
operations which the machine will execute in strict sequence 
following a man-formulated program is required, high-speed 
electronic computers perform tens of thousands of such ele¬ 
mentary operations per second. 

To use the electronic computer, we must first of all 
have starting information on forests for which we have re¬ 
solved to obtain the entire set of appraisal indexes of tree 
stands. We will conventionally call such information we 
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wish to eet after processinc starting information "processed 
information." Appraisal indexes measured and determined by 
methods of field and office appraisal and entered on forms 
of appraisal descriptions of tract, card entries of sampling 
plots and model trees can serve as the startinc data. The 
following can be the processed information obtained by usine 
electronic computers: 

table of classes of ace, site, occupancy, merchantabi¬ 
lity, and yield for dominant anti other species; this informa¬ 
tion can be provided by the machine in summary form for each 
quarter, economic accountine unit, forestry station, tree 
farm, oblast, kray [territory], and republic; 

statistical correlations on the distribution of ap¬ 
praisal indexes of stands in the fori.- of theoretical functions, 
series, and tables for any species (pure and mixed!, acres, 
and areas of U.3.S.R. forests with data about variance, dis¬ 
persion, and mean values of appraisal indexes; 

correlation equations and tables of the function 
relating appraisal indexes of stands of any species composi¬ 
tion, ace, and density (for any territory of the country's 
forests) with curvilinear and multiple correlation taken 
into account; 

tables of stand crowth pattern, pure and mixed, for 
which fract ional izincr of areas occupied by forests is suitable; 

optimal variants of the system of plantines, organiza¬ 
tion, and planning of tree plantations, location, and construc¬ 
tion of forest roads. 

Solution of the listed problems usine computers can be 
carried out separately, at different times, without any 
rifforous system of organization and storace of startine and 
processed information about the country's forests. This 
approach to the overall problem area is not rational and 
economically expeditious. As it appears to us, use of the 
electronic computer in forest manaeement from the very out¬ 
set must be orcanized most advantaeeously from the scientific 
and production points of view. This requires compilinc a 
new type of map adapted for combined use with electronic 
computers. Rieht now many maps and layouts of tree farms 
and other territorial units are being compiled. However, f 
ordinary maps are not suitable for securing all essential 
information about forests. This information must be obtained 
by ocular and manual methods, but obtaining processed infor¬ 
mation involves great outlays of time and effort. 
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For successful use of electronic computers in forest 
management, it is best to prepare special maps bearing infor¬ 
mation about forests, used in conjunction with electronic 
computers. Compiling such maps does not however present any 
fundamental difficulties. Essentially, they amount to the 
following. The boundaries of the tracts, blocks, forestry 
stations, tree farms, and other territorial units are written 
on the sheet of the map of a suitably selected scale and pro¬ 
jection. Each of these units are given an ordinal number, 
which then is written on the map in the center of the area 
that images this unit. For cuidance and coordination of 
forest areas with the rest of the objective and locality, 
roads, inhabited localities, hydro-sites, and their names 
are also specified on the map. Thus, all the starting infnr- 
mation about stands of tracts will be linked by numbers to 
the information map. 

The starting information is inserted in standard tables 
giving the number of the tract indicated on the map. Infor¬ 
mation about standard tables is added to the external memory 
of the electronic computer via preliminary binary coding and 
punching. Data programs are drawn up for processing original 
information for the above-listed problems. The programs are 
inserted into the operational memory of the computer. With 
the information card in front of him, the engineer chooses 
the necessary unit numbers for which it is required to secure 
processed information out of the machine. Thus, the computer 
can be fed any version of problem solution and any territorial 
units. Extremely convenient and economical methods of storage 
and replenishment of all the information about the country's 
forests are being formulated, since this information will be 
entered on magnetic tapes and as necessary any starting or 
processed information in printed form without any human part¬ 
icipation, that is, automatically, can be rapidly secured 
from the tapes. 

As a whole, organization and methods of working with 
computers in forest management can be presented, in our opinion, 
in the following order: 

compilation of information maps adapted for work with 
electronic computers; 

preparation of tables containing starting information, 
punching them onto cards (binary coding), and insertion into 
the computer's external memory on magnetic tapes; 

Formulation of algorithms and compilation of programs 
for the solution of scientific and production problems in 

252 - 



forest maimEement usine computers, and input of programs into 
the operational memory of computers; 

the practical solution of problems in forest manapement 
with the aid of information maps and computers relyine on 
original information and procrams inserted into the machine. 

What then are the chief features of the execution of 
the second and third stapes of methods for workinp with com¬ 
puters in forest manapement? 

1. Tables of startinp information must he prepared 
and the latter must be fed to computers. Starting informa¬ 
tion (appraisal indexes) about stands within the bounds of 
tracts is determined by methods of field and office appraisal 
and is entered onto standard forms. The forms of original 
information tables are best desipned anew, since forms of ap¬ 
praisal descriptions of tracts, samplinp plots, and model 
trees are unsuitable for punched card work (binary codinp) 
and subsequent feed of their information content into compu¬ 
ters . 

Since modern computers are digital machines, all the 
starting information to be fed into the computer must be ex¬ 
pressed in digital form. In the computer^ memory cells all 
information is entered and stored in binary digital form. 
Therefore, all data must be expressed in the starting infor¬ 
mation tables in decimal or other counting systems suitable 
for transformation (punched card) into binary form, that is, 
into digits of binary counting. 

Quantitative indexes are easily and simply transmitted 
into information tables by decimal digits. It is also neces¬ 
sary to express the qualitative characteristics of stands 
that now are transmitted into appraisal descriptions in alpha- 
betic(word) form, for example, species composition. For trans¬ 
mitting alphabetic information into digital form, arbitrary 
coding can be used, which must be retained unchanged in all 
information tables. A method of encoding, using the example 
of digital transmission of information about ten tree species, 
is shown in Table 85. 

In accordance with this table, the usual inscription 
of species composition 5C3E2L [5 Pine 3 Spruce 2 Cedar] in 
decimal code must be entered in the starting information table 
ag — 503124, and in binary code — 101 0 11 1 10 loo. 
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Lecend: 1 
2 
3 
'4 
5 
6 
7 
R 

spec ios 
d ici tal code 
decimal 
binary 
octuple 
pine 
spruce 
fir 

Q — larcli 
10 — cedar 
11 — birch 
12 — aspen 
13 — ash 
1'4 — poplar 
15 — nah 

Owinc to the economy of the computer's memory, the 
most widespread and the most frequently encountered species 
are hest assicned the smallest code dieits. Such data as 
ace class, site class, and forest type should be entered in 
startinc information tables in a standardized decimal code, 
and Roman numerals, for example, must never be used. 

It is not necessary to list information that cannot 
be used by the electronic computer in the startinc informa¬ 
tion tables, anti there is no requirement to provide the 
information that can be obtained by arithmetic and other 
operations on the starting information, since the machine 
does this itself more rapidly and better than man and man 
does not have to encace in this work. 1n a word, the tables 
must include only the information that has been obtained by 
the appraiser by*direct measurements and determinations. 

U is clear from this table that all the information 
has been expressed in decimal dicitai form. Similar tables 
are compiled by appraisers for each tract. 
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As an example, we present part nf a starting informa¬ 
tion table: 

® ® © ® © 

Legend : A — block number 
b — tract number 
C — area of tract 
m = [subscript] tree; 

I) — species composition 
£ — age 
F — mean indexes 
k = [subscript] crown 

The position system of entering information into tables 
economizes the memory capacity of computers. Feeding infor¬ 
mation from tables into the computer makes use of punched 
cards, information is entered onto the punched cards from 
tables by perforators that automatically the decimal code 
to binary code in the form of punches. This part of the work 
is done by ordinary methods and does not present any diffi¬ 
culties. 7t appeared rational that starting information 
tables about each section be entered onto a separate ptinched 
card. From the cards the starting information is fed in 
strictly specific order into the external memory of the com¬ 
puter, and best of all, onto magnetic tape. Thus, the Strela 
electronic computer has a ^3-column code cell. The external 
memory consists of magnetic tapes. A single tape has 511 
zones, and each zone contains 2048 numbers (cells). It is 
best that all information for a block or a forestry station 
be entered onto the same zone, and information about forests 
of an oblasts stored on the same magnetic tape. Thus, all 
starting information will be entered into the memory of the 
computer. 

2. Algorithms must be developed, programs for proces¬ 
sing starting information compiled, and programs fed into the 
operational memory of the computer. 

This stage of computer use in forest management is the 
most complex. First of all, a list must be compiled and the 
problems that we wish to solve on the electronic computer for¬ 
mulated, and then the algorithms for their solution drawn up. 
Simple sequences of arithmetic operations of addition, sub¬ 
traction, multiplication, and division can serve as such 
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of sections by alßorithms: for example, co\mtinR the area 
blocks, forestry stations, etc.; formulas for calen atme 
yields from starting information (for example, from r*0, djree> 

and h0, and from stem volume tables, the latter being best 
replaced by formulas for calculating the volume of a single 

tree by relying on d$roe and h0); formulas of theoretical 
functions of the distribution of appraisal indexes proposed 
in chapters 3 and systems of equations for calculating 
the correlation between tree height and thickness given 
chapter 5; forest management project-planning, etc. 

in 

All these algorithms must have a strict sequence of 
arithmetic and logic operations, as a result of the execution 

of which the person or the machine receives the final solu¬ 
tion of the problem posed. By relying on the algorithms 
thus developed, a program is drawn up in alphabeticonumeric 

form, which ensures solution of the bulk of closely related 
problems under the same, but with different starting infor¬ 
mation for different forested areas of the U.S.S.R. The 

programs are fed in the usual way into the computer. 

To clarify the second stage of the undertaking, let us 

give one example. A problem is posed: calculate the table 
of the correlation between tree height and tree thickness. 
We use as the algorithm the correlation equation (94) similar 

to the equation we derived in section 22, that is, 

h =1 v;. . .«vile/; U'U 

Now we will compile the basic program for calculating the 
correlation table based on formula (94) and on starting in¬ 
formation fed into the computer^ memory. To do this, we 
break down the right-hand side of the formula into several 
successive arithmetic operations, as the result of the execu¬ 
tion of which the machine will issue forth the sought-for 
correlation table. 

Let us designate the constants in formula (9*0 by 
letters, that is, a = 1.157 and b =0.011. Then, to calculate 
h we have to carry out the following four operations: 

A -- a dmt 

"s 

, rrfr-Aj 

Ai»// = A| — Aj. ■ 'K>) 
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Each of the elementary operations A is conducted by an 
electronic computer on a separate command, therefore succes¬ 
sive command numbers must be stipulated in the program -- we 
will call them Aj, A2» A3, and A4. 

Then we must indicate in the program the nature of 
the operation-command to be carried out (addition, subtrac¬ 
tion, multiplication). At this point, then, the numbers of 
the cells from which we must taJce the starting information 
to carry out the stipulated operation on it are entered into 
the program, and the results of the operation are placed in 
the cell whose address has been entered into the successive 
section of the program. 

Let us call the addresses (numbers) of the cells in 

which s 
£X3 = d 
mediate 
ju, oj2 = A2» ^3 - A3, and ^4 = A4. The fundamental diagram 
of the program drawn up following the stipulated rules is 

shown in Table 86. 

tarting information is placed ¿*1 = a, ^2 = 
tr_e, and the addresses of the cells in which inter- 
anfl final results of the operations are placed * 

Table 86 

ID K,».®Ur jUJJ ■■♦Op*»'! 
<s>i 
i«i 

isõ5S$- 
ontymHH ) Hoi ■I © 

A\ X 
.< 

Ai i /■ ! 

A* - 1 

H 

p 

“M 

’3 

aS 
(Oj 

«3 

»1 

•*4 

Aj-^Ai-O.OUA* 
A4-A-A1-A3- ;wi 
^ 1,157 rf«-0.01UV 

Legend: 1 — command number; 2 — operation code; 
3 — starting information; 4— operation 
results; 5 — remarks 

Starting information from the external memory is con¬ 
veyed into the cells of the operational memory. The program 
stipulates other operations-commands as well which are not 
described here. A similar program is compiled for each 
problem to be solved. A set of programs is fed in the ordi¬ 
nary way into the computer’s memory, which automatically 
performs all operations and issues the results of solving the 
problem in printed form. 

# 
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Such are the principles for usine computers in forest 
manaeement. It is clear from what has been said that here we 
do not have any basic difficulties and the concern is only 
that we enter this extremely promisine innovation for science 
and practice in forest management in a practical way. 
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