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Foreword

The last decade has seen major changes in the assessment of forest resources. Going
back to the meeting held in Kotka in 1987 (FINNIDA) and to the subsequent reports
published by the FAO after it completed the last decennial Forest Resources
Assessment (FAO 1993, 1995, 1996), and taking stock of the ongoing discussions
in several international fora such as the Commission on Sustainable Development set
up after the United Nations Conference on Environment and Development (Rio de
Janeiro 1992), it may be observed:

- that the standing stock in the forests is not considered any more as being only a
timber or biomass resource, but that it is increasingly viewed as one of the
compartments in the global biosphere processes (e.g., as a compartment in the
global biogeochemical cycle of carbon);

- that the concern about deforestation still very much exists, but that it does not
only concern the loss in forest area and wood resources but also, more and more,
the loss of species (tree species of course, but also other living organisms which are
part of the forest ecosystems);

- that the growing concern on the erosion of the biological diversity means that all
forms of forest degradation —not only deforestation, the most striking one— should
be considered and monitored;

- that forest resources encompass many products —timber and non timber—,
which are necessary to the very subsistance of local populations and are strongly
linked to the maintenance of the biological diversity in forests.

Foresters have always been concerned by the renewal and sustainability of
forest resources, but the scope of this very word —sustainability— has changed as a
consequence of the growing awareness of the society that forest resources are not
just simply timber. These changes are being widely discussed in a number of
international scientific, technical and political fora (Palmberg-Lerche 1995) and have
already led to new policy orientations. It is worth noting that they are gradually
becoming visible in the way forest resources are being assessed (e.g., Anon. 1995,
Nyyssonen & Ahti 1996): global change, biodiversity and the need to promote a
balanced development which takes care of the local populations and their forest
resources cannot be ignored anymore by the forest inventorists.
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It is within this general context that the FAO requested the Institut frangais de
Pondichéry (French Institute of Pondicherry, India) to organize a one-month training
course on the "Assessment of biological diversity of forest ecosystems". This
training course was part of a French funded project implemented by the FAO in
Cambodia, Laos and Vietnam with the aim to "Establishment/strengthening of
country capacity in planning, assessment and systematic observations of forest
resources in South-East Asian countries" (GCP/RAS/157/FRA).

The training course was attended by twelve South-East Asian forest officers (4
from each country) involved in forest inventory operations, either at the national
level or on a regional project basis, and an Indian forest officer from the Tamil Nadu
Forest Department. It was organized in continuation of a one-week course in
Hyderabad where the participants visited the GIS unit at the Andhra Pradesh Forest
Department and the Forestry and Ecology Division at the National Remote Sensing
Agency.

The academic and practical organization of the training course was coordinated
by Dr. Rani M. Krishnan and Dr. Claire Elouard, with the collaboration of staff
from the Institut frangais de Pondichéry (Dr. V.M. Meher-Homji, Dr. G.
Bourgeon, Dr. B.R. Ramesh, Dr. S. Darracq, C. Nouguier, Rattnadeep Datta, S.
Aravajy, S. Ramalingam, Barathan Ravi, Gopal, Kanagalingam) and of several
other people from the Laboratoire de biométrie, génétique et biologie des
populations at Lyon (Dr. J.-P. Pascal), the Karnataka Forest Department, the
Kerala Forest Research Institute (Peechi), the Forest Survey of India (Bangalore)
and the Centre for Ecological Sciences (Indian Institute of Sciences, Bangalore).

The documents contained in this folder are the revised versions of the lecture
notes given to the participants in Pondicherry. The form of a folder, rather than a
book or a bound report, was chosen to clearly indicate that these documents are still
preliminary. It is true that there are many good textbooks on forest mensuration and
inventory which have been published in the 70s and 80s (e.g., Loetsch & Haller
1964, Loetsch et at. 1973, Husch 1971, FAO 1981, Duplat & Perrotte 1981).
There are also some, but not so many, textbooks on the methods used to assess
biological diversity (e.g., Frontier 1982: 416-436, Magurran 1988, Hawksworth
1995). But the former lack the biological and ecological dimensions that are required
if we want to estimate "biodiversity" and they essentially focus on the assessment of
forest area, timber volume and timber increment, while the latter are very general
with more references to bird or insect communities and to marine ecosystems than to
forests.

While dealing with biological diversity, the distinction is often made between
the different types of diversity. These types refer to spatial scales and levels of
organisation. For this training course, the focus was on the species diversity at
different scales (within communities, ecosystems, landscapes and regions) and the
community and ecosystem diversity (within landscapes and regions) rather than on
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genetic diversity (on this topic, see for example the articles in Boyle & Boontawee
1995).

The task was thus to try to bring together the classical perspective of forest
inventories (with its strong emphasis on sampling strategies) and the ecological
approach which is more often followed by researchers. We thus had lectures on the
definition of biological diversity itself (Drs. J.-P. Pascal and Rani M. Krishnan),
on the biological and ecological evolutionary processes which help creating or
maintaining diversity (Dr. J.-P. Pascal), on vegetation and forest mapping and the
way to include ecofloristic information (Drs. J.-P. Pascal, V.M. Meher-Homji and
B.R. Ramesh), on sampling strategies and on the utility of permanent plots
(Drs. F. Houllier and C. Elouard).

We also thought that it was necessary to mention the role of human societies,
not only by considering the level of migration due to human activities
(Dr. P.D. Mahadev) but also by providing an insight into how minor forest
products can be quantified and valued (Dr. N. Sasidaran). Indeed, timber and non
timber forest products constitute a direct link between the existing biological
diversity, the needs and activities of the local population and the social and economic
value attached to the maintenance of species and ecosystems.

The lectures were completed by a study tour in Karnataka under the
supervision of Drs. C. Elouard and Rani M. Krishnan. This tour provided an
opportunity to interact with Indian foresters and scientists and to apply sampling
strategies in two contrasted forest ecosystems: a moist evergreen forest (near Makut)
and a deciduous forest (near Bandipur). These field case studies were carried out
thank to the help and collaboration of the Karnataka Forest Department and the
Centre for Ecological Sciences.

The data collected during the field case studies were analysed by the
participants at their return in Pondicherry. The aim of this analysis was to
understand and practice simple methods by which diversity and richness can be
quantified: thus, comparison of methods (plotless vs. plot-based, role of sample
size, applicability of various indices) was examined. The report which summarizes
the output of these case studies was prepared by Drs. Rani M. Krishnan and
C. Elouard, and is presented in the volume 2 (PPE n° 5).

K.D. Singh Frangois Houllier
Forest Resources Assessment Project Institut frangais de Pondkhéry
FAO, Rome India
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Scaling diversity estimates
Rani M. Krishnan

Introduction

On a very small scale, it is well known that the number and diversity of species
increases as we move from the canopy to the understorey conditions (Fig. 1). This
is partly due to the size of the organisms encountered in the gradient, and an inverse
relationship is possible between size and abundance (Muller-Dombiois et al. 1981).

108

( ) = Number of species

10%
(19)

V
A\

),

—

NN

Layer number

Figure 1. The number of individuals and species of woody plants per hectare in
different layers of the canopy of a Hawaiian rain forest. I = herbaceous plant layer
(0-0.5 m); II = tree fern layer (> 0.5-5 m); III : low-stature tree layer (> 5-10 m);
IV = intermediate-stature tree layer (> 10-15 m); V = emergent layer (> 15 m).
(From Mueller-Dombois ef al. 1981.)



8 Assessment of forest biodiversity. Lecture notes

This understanding can be applied or extended for calculating the number of
same species for a specific number of same sized individuals that would compensate
for the bias introduced by sampling plants of different sizes using the same sized
plots.

The concept of diversity can be understood and extrapolated to larger scales
only by comparisons. For instance, low-diversity tropical forests of Peruvian
Amazon, Amazon basin, Mangrove forests and flooded palm forests are compared
with the neighbouring species-rich forests. This brings out the importance of the role
of other environmental factors and the spatio-temporal scale that determines
diversity.

Comparing diversity over different space and time scales involves the use of
statistics to interpret diversity. The problem with statistical interpretation of diversity
is that although evenness and richness are independent properties, they could give
high correlations in samples obtained at random.

How then do we compare diversity?

The most extreme (and the most unacceptable) example for depicting the diversity
of an ecosystem would be to sum up the total number of species into a single
number. Such a lumping not only ignores the critical biological differences
between the groups, guilds and organisms, but also on the whole ignores the
different ecological processes that influence each type of organism (Heal & Grime
1991).

Comparisons between organisms or groups of organisms that are of the same
'functional type' is of relevance here. The choice of organisms between the same
'functional type' can therefore provide an understanding of the factors that influence
the diversity of the organisms across a larger geographic scale. For example,
comparing the birds of North and South America would be misleading if the total
number of birds was taken. If the functional type of each continent is studied for all
the areas compared, patterns of diversity will emerge. For instance, comparisons
between frugivorous, insectivorous, nectarivorous and omnivorous birds would be
more useful and meaningful (Huston 1994). This method has been used to compare
shrub diversity in the understorey of evergreen tropics globally (Rani & Davidar
1996). Comparing organisms of similar functional types helps understand the
factors in the community that regulate the partitioning of diversity into their
components.

The basic unit of diversity at smaller scales can be individual species.
Lumping of 'functional groups' can provide insights into community
organization. Thus, at the community level, trophic, guild and life form diversity
are integral parts of the community organization (Fig. 2). The mechanisms that
influence diversity at larger scales are different from those that operate within
groups of organisms at smaller scales.
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Figure 2. Causal factors that may influence the species diversity of a community

Selection of an appropriate unit for comparison is therefore a basic and
important issue in studying diversity. The time and space scales at which the
samples should be collected are also critical, especially due to the comparative nature
of the studies. These scales are important not only for organisms, but also for
appropriate sampling and interpretion of physical and biological factors that can
influence species diversity. Of these, resources which fluctuate on a spatio-temporal
scale and climatic conditions, like rainfall and temperature which vary over space
and time, are significant. If the area sampled exceeds the size of an environmentally
homogeneous area, the relationship between the species and area (expressed as
species / area curve) should rise again as species from other environments are
sampled. With a species / area curve over larger scales, more complex patterns are
likely to appear (Fig. 3).

Species / area curve is used to test the hypothesis that rates of diversity
increase with area. The species / area curve should begin from spatially random
distribution and level off at the total number of species within the homogeneous area
or habitat.
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(Redrawn from Shmida and Wilson 1985)
Figure 3. Increase in plant species diversity with increasing sample area, in the
Judean desert of Israel. Transect T, is in a homogeneous area. T, is in a
heterogeneous area with four vegetation zones and demonstrates a stairstep pattern
caused by complete sampling of a single homogeneous habitat followed by sampling
in an different habitat. T is in a homogeneous area close to transect T,, and shows
the presence of species from both the homogeneous and zoned area. (From Shmida
and Wilson 1985.)

What are the levels of species diversity?

It is clear from the above that environmental heterogeneity and homogeneity are
critical factors in explaining species diversity. The relationship between sampling
scale and the processes that influence species diversity forms the basis for
distinguishing 'within-habitat diversity' and 'between-habitat diversity'. The
‘'within-habitat diversity' is also known as alpha diversity (o-diversity). It represents
the number of species or other components of species diversity within the area and
explains the species homogeneity (Table 1).

'Between-habitat diversity', also known as beta diversity (B-diversity), is
essentially the response of organisms to environmental heterogeneity. It is measured
as similarity index or species turn-over rate.

Gamma diversity is the number of species within a region. It can also be
defined as the difference in species composition between similar habitats in different
geographical areas (Shmida & Wilson 1985, Fig. 3).

Landscape diversity of an area can be expressed as 'mosaic-diversity', in
which the species and their habitats tend to be represented in a truly diverse pattern.
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Table 1. Hypotheses explaining the diversity of trees in natural ecosytems

11

Author

Prediction

1. Static or classical view

Whittaker (1977)

Co-existing species in a community
share resources among themselves
and occupy a part of the different
available habitats.

Expected results

Local diversity is correlated
to the environment and
diversity of the resources,

2.Species diversity
MacArthur (1965); Willson
(1974)

1. Relationship between the niches
2. Habitat heterogeneity
3. Trophic equivalence

Diversity thrives in mosaics
of microsites, varying
according to environmental
attributes and successional
staees.

3.Models for explaining tropical tree diversity
i) Intermediary disturbance Density of seeds / seedlings

hypothesis (Connell et
al. 1984)

ii) Regeneration niche
hypothesis (Grubb
1977)

decreases with distance from parent
(Janzen 1970).

Diversity is maintained by
availability of regeneration niche.

Rare species have higher
recruitment than common
species under high predatory
pressure

Diversity higher in sytems
with disturbance

iii) Accidentals or mass
effect (Brown & Kodric-
Brown 1977)

Species diversity is inflated by the
presence of accidental species
(poor adaptors to habitats)

Constant input of accidentals
inflates the richness and
inhibits their competitive

exclusion.

What are the major issues on diversity that
ecologists are trying to find an answer to?

The fundamental questions that arise when we study and compare diversity are
related to the origin and maintenance of diversity. Crucial questions on diversity like:
- How is diversity generated?

- Why does diversity persist?

- Where does diversity thrive?

- When does diversity survive?

have no simple answers.

How is diversity generated?

To answer this question we searched all the species rich ecosystems in the world to
try and find the common underlying factors. In general, it can be stated that plant
species diversity increases with increase in rainfall and decrease in the length of the
dry season (Huston 1988; Ramesh & Pascal 1984).

Phytogeographers are of the opinion that several species present in a given
area indicate that they are relicts of the past and that much of the observed diversity
is actually a reflection of a common past and subsequent evolution following
isolation (Gentry 1988). It is interesting to note that the comparisons in
phytogeography begin with families, move down to genera and on to species levels.
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These levels of comparisons are important in understanding the origin and evolution
of the flora. The debate on the rates of evolution and extinction, process of
succession and role of climate and environment gradients are inconclusive and have
not helped much in furthering our understanding of the process of speciation.

Why does diversity persist?

In a remarkable experiment, the productivity of an ecosystem was linked to survival
and maintenance of diversity (savanna). The results led us to examine the role of
productivity and nutrient recycling in the persistence of species diversity (Tilman et
al. 1996).

Several models try to explain the persistence of diversity (Table 1).
Significantly, these models can explain the role of the ecosystem process at the level
of the community only. The role of the landscape in explaining the diversity is yet to
be understood wholistically, although they can be readily broken down into their
components and the process and interactions studied for each component (Fig. 4).

Where does diversity thrive?

When we compare the diversity on a global scale, latitudinal gradients, reverse
latitudinal gradients and altitudinal gradients of diversity appear to be important.
Diversity of trees increases from the monospecific boreal forests to the mind
boggling diversity of tropical rain forests. Diversity of orchids is seen to increase
dramatically towards the tropics. This is also true for most plant groups. Increasing
diversity with decreasing latitudes has been observed in vertebrates, mammals and
birds.

Reverse latitudinal gradients of diversity are seen in fresh water fishes where
diversity decreases from the poles towards the tropics. Sea birds also have a higher
diversity in the poles than in tropical latitudes. This pattern has also been reported
for lichens, marine benthic organisms, parasitic wasps and soil nematodes.

Species diversity generally decreases with increase in elevation. Significant
decrease in diversity over altitudes has been observed in vascular plants (Nepalese
Himalaya) and birds (New Guinea). Environmental factors like temperature and
rainfall are known to create complex patterns with changes in conditions along
elevational gradients.

Although diversity is by and large confined to the tropics globally, there are
other areas where specific groups have more diversity than in the tropics (Huston
1994).

When does diversity survive?

Several theories have been put forward to explain the maintenance of diversity in the
tropics. They suggest that diversity can survive only when there is a constant
evolution induced by disturbance on different spatial and temporal scales (Table 1).
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Ecosystem diversity -within landscape

« Habitat diversity (Shmida & Wilson 1984)

* Species and their relative abundance across
habitats (Hoover & Parker 1991; Tumer
etal. 1989)

* Biological spectrum (Raunkaier 1934)

* Architectural complexity (Hallé er al. 1978)

* Measured as Peta diversity (Shmida &
Wilson 1984)

Community diversity -within ecosystem

» Different species of same ic group)
(Whittaker 1965)

* Average amplitude and extent of niche
(McArthur 1962)

= Biological spectrum (Raunkaier 1934)

* Architectural complexity (Hallé et al. 1978)

* Measured as feta diversity (Shmida &
Wilson 1984)

* Distinguish and demarcate
one ecosystem from another
(Heal & Grime 1989)

« ldentify specific habitats

(Wilson & Mohler 1983)

Factors involved in
organization and evolution
(Mader 1991)

Species diversity -within community

« N2 species with their relative abundance
(Magurran 1988)

* Applicable within a population or
community (Magurran |1988)

* Measured by diversity indices
(Magurran |1988)

* Ecological succession
(Southwood er al. 1979)

* Population isolation

(Mader 1991)

* Evaluation of specific
diversity (Heal & Grime 1991)

Genetic diversity -within population
* Variation at different loci of the same
species (Murawski & Hamrick 1992)

« Observations of interspecific
competition (Harvey & Goodfray
1987, Tilman 1988)

« Making system diversity
(Epperson & Allard 1984)
= Population diversity

+ Applicable at the population or sp
(Nicholas 1986, Murawski & Hamrick
1991)

* Measured as outcrossing rate (Barton 1979)

{Bijlsma et al. 1991)
* Onigin and systematics of the
species (Palmer et al. 1988)

Landscape > Ecosystem > Community > Population > Species > Genotypes

Figure 4. Levels of diversity and their applicability (Arranged in order of decreasing

complexity)
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Landscape analysis and vegetation mapping

Gérard Bourgeon

Introduction

The aim of this paper is to examine why a touch of geomorphological analysis of
landscapes should be introduced in vegetation mapping procedures, and how. A
study of the various vegetation maps, including those published recently by this
Institute, is sufficient to show that they are not generally based on geomorphological
analyses and zoning. Two questions then arise:

- What would the introduction of such an analysis give? and,

- How to introduce it?

A critical examination of FAO's recommendations ("Classification and
Mapping of Vegetation types in Tropical Asia" manual 1989), and a study of a few
concrete examples would help answer the first question before giving practical
suggestions on how to implement geomorphological analysis.

The FAO mapping manual viewpoint

The authors of the manual Classification and Mapping of Vegetation types in
Tropical Asia (FAO ibid.) distinguish two levels in the classification of plant
formations:

"the ecological order based on climatic, physiographic or edaphic factors" is
"the first level of the classification";

"the ecofloristic zone for which the dominant or characteristic species of the
flora are taken into account” is "the basis of the proposed classification".

The text itself is not very precise regarding the hierarchical relationships
between the two levels of the classification, but many examples in the manual show
that the ecofloristic zones are distinguished on the basis of bioclimatic and floristic
criteria, and that edaphic types intervene only when they express highly specific
conditions, e.g., mangroves, peat bogs, efc. The problems linked to the scale and to
the change of scale, which are inherent to all cartographic works, are not dealt with.
Nevertheless, the authors' choice of scale seems to be only 1/1,000,000 which
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would explain the fact that they did not have to face the problem of changing the
scale.

The mapping and classification are not, in fact, based on an explicit analysis of
land forms or land systems despite the authors' claims that they are so: "The
physiographic contours and the soils help in defining further the bioclimatic limits.
The subdivisions of physiographic and edaphic orders are relatively distinct on the
terrain; they corrrespond, on the whole, to the notion of land forms and land
systems][...]." (FAO ibid. p. 9).

Only the anthropogenic effects have been systematically taken into account to
explain the plant formations differing from the "climax" type. The authors of the
manual, after emphasizing the necessity of taking land forms and land systems into
consideration, seem to have stumble over the second question stated above: how to
introduce a land systems analysis.

Moreover, they admit to having difficulties in appreciating the role of soil:
"With reference to edaphic formations, if large units of vegetation of unquestionably
edaphic origin (such as hygrophytic or halophytic communities) are exempted, the
relationships between plant communities and soils are generally not easy to
establish..." (FAO ibid. p. 13).

To conclude this brief critical analysis, it can be stated that if foresters have,
since a long time, recognized the necessity of taking into consideration criteria such
as geomorphology and the nature of the soil for preparing vegetation maps, it would
most probably be geomorphologists, and not botanists or plant ecologists, who
could provide information on the methods and means of carrying them out.

Some definitions and notions pertaining
to geomorphology

Definition of the terms “land system”,
""terrain classification' and "land form"

CSIRO (Commonwealth Scientific and Industrial Research Organization, Australia)
appears to have developed the most complete mapping method based on land
systems. A land system is defined thus: it is "an area or group of areas throughout
which a recurring pattern of topography, soils and vegetation can be recognized"
(Christian & Stewart 1953). The recurring pattern is called land unit.

Cartography based on land systems is just one of the ways of terrain
classification which consists of dividing all landscapes into smaller units. Some
units may be unique (for example, a meteor crater) but most will be made up of a
number of repeated land forms" (Ollier 1977).
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Morphopedological cartography practised by French scholars of CIRAD and
ORSTOM also belongs to an approach of the terrain classification type'. Ongoing
research (Brabant 1992), aimed at structuring Geographical Information Systems
(GIS) designed for the evaluation of soils around the notion of Natural Terrain Unit
(NTU), shows a similar approach.

A land form is any physical recognizable form or feature of the earth's
surface; it includes major forms such as plains, plateaux and mountains, and minor
forms such as hills, valleys, etc. (adapted from Glossary of Geology, Bates &
Jackson 1987). Therefore, this concept does not correspond to any particular scale.

Spatio-temporal scales in geomorphology

Earth sciences, which include geomorphology, give importance to two notions:
- duration (the famous geological time scale), and
- level of organization (or level of perception) where every element may be
considered as being a part of the whole, itself being made up of parts.

The passage from one level of organization to another is often accompanied by
a real qualitative jump. The elements constituting two successive levels are rarely of
the same nature (like in anatomy, a cell and the organ to which it belongs are not of
the same nature), and have a life span (between formation and disappearance) which
diminishes with their size. These two notions are at the root of spatio-temporal
classifications.

' All these approaches are based on a common postulate: that of the coincidence of different limits
(physiographic, pedologic, biogeographic,...) in a given region or tract of land. It would be going
too far to say that this coincidence is perfect, but it is generally quite considerable, particularly for
soils and geomorphological units for the following reasons: (i) the topographic surface is the outer
envelope of the soil, (if) soil is the material on which morphogenetic processes act, and (iii) soils
and land forms have a long common evolution. Even if the postulate is not always strictly respected
in all the points of a region, it allows a substantial economy in inventory operations: if, for
example, 90 % of a study can be correctly carried out on the basis of a simple photointerpretation,
most of the ground controls could then be devoted to the more complicated points.
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Figure 1. The four levels of the hierarchy of spatial and temporal scales in
geomorphology (adapted from the text and tables of Summerfield 1991).

One of the most recent ones is Summerfield's (1991) hierarchy of spatial and
temporal scales in geomorphology, where four large levels are distinguished
(Fig. 1).

In 1956, Tricart and Cailleux (Tricart 1965) had proposed a "taxonomic
classification of geomorphological facts" based on the same principles. They
considered eight major orders: from the Earth taken as a whole up to that which is
observed under the microscope. Although it is very detailed, this classification now
suffers because it was conceived forty years ago, i.e., well before the revolution
prompted by the tectonic plate theory in the early 70s.
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Figure 2. Division of the Indian sub-continent according to different organization
levels.
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Application of these notions to
the Indian subcontinent

The place of a land system in a division of the Indian subcontinent into different
organization levels can be seen in Fig. 2. It is also observed that, except for the
distinction between the Indian and Eurasian plates -"mega" level of Summerfield's
hierarchy- most of the subdivisions belong to the "macro" level, the "meso" level
being dealt with only for the land systems.

Anthropogenic effects (historical context), if compared with the different
elements represented in Fig. 2, will belong to historical time (101-103 yr) and must
not be confused with natural events occuring during geological time (practical
application: the formation of a ferricrete, which is formed over a period of a few
million of years, should not be attributed to an anthropogenic deforestation).

What is the contribution of such an analysis to
vegetation mapping?

At the "mega" level of the hierarchy

Summerfield (ibid.) proposes, for the whole world, a sketch showing some "major
morphological features" which correspond to the mega level of its hierarchy. For
South and South-East Asia, with the sketch map thus established (Fig. 3), it is
possible to state that, except for Cambodia which is wholly situated on a continental
platform (lowlands and plateaus), all the other countries are composed of several
units:

- Vietnam is thus divided, with the north-eastern area corresponding to highly
eroded mountain belts of Early Palaeozoic age and the rest of the country to a
continental platform;

- similarly Laos is divided, with the central part corresponding to partially eroded
mountain belts of Mesozoic and Late Palacozoic age and the rest of the country to a
continental platform;

- in India, the Himalayan chain in the northern part corresponds to the mountain
belts of Cenozoic age and the rest of the country to a continental platform.
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The entities thus distinguished are land forms in a very general sense of the
term, resulting from the geological history of the Earth (reconstituted now thanks to
the methods and models of plate tectonics) and were able to play a role in the
vegetational history, and hence in its present composition.

The distinctions which can be thus established are interesting for making
inventories for each country, and should normally serve as a framework for
classifications and legends of maps. While carrying out the floristic analysis of the
vegetation series for India, Legris (1963) distinguished the plains and low elevations
series (corresponding to Summerfield's continental platform) and the Himalayan
series, and this clearly confirms the interest of a global view.

This analysis may be still more interesting when considering the harmonization
of inventories among different countries of the same region: for example, it is more
likely that the plant formations of South Laos and South Vietnam would be similar,
than those of South and Central Laos. Global geomorphological criteria can thus be
taken into consideration along with the usual climatic criteria to define the major
vegetation zones.

At the "macro" level of the hierarchy

In India, the Western Ghats play an important role in the distribution of the
vegetation by controlling the rainfall in the entire western border of the peninsula. In
traditional vegetation mapping, it is through the medium of bioclimatic maps and
while defining ecofloristic zones (it would be more pertinent to call them climato-
floristic) that this role becomes apparent. In doing so, cartography is deprived of
important data which are the lower and upper limits of the escarpment of the Ghats.
To understand the full importance of these limits, it would be necessary to go back
to the origin and functioning of the Ghats.

Recent knowledge helps understand the genesis of the Ghats resulting from
the passive margin dynamics of the western border of the Indian plate (Fig. 4).

Figure 4. General evolution of a passive margin (modified from Thomas 1994).
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retreat

Sea level
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Subsidence
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Over geological time, the escarpment receded rapidly due to erosion,
sometimes qualified as retrogressive, and the coastal zone as well as the backslope
(Deccan Plateau) evolved much more slowly under the influence of classical
weathering and continental denudation mechanisms (Fig. 5).

As a result of these evolutions, the soils of the escarpment are much younger
than those of the coastal zone and backslope. This young age is expressed by a
greater richness in weatherable minerals and finally by a higher fertility (pH,
saturation rate and richness in bases which are high when compared to those of other
areas supporting moist evergreen tropical forests) (Bourgeon 1989, Ferry 1994,
Petterschmit 1993, Swamy & Proctor 1994).

By ignoring the escarpment limits and by retaining only isohyets for tracing its
ecofloristic zones, the phytogeographer:

- is deprived of valuable edaphic information, and
- extends the floristic composition of the forest observed in the lower part of the
escarpment on young soils to the whole coastal zone.

Mo |ateritic mesa

COASTAL ZONE WESTERN GHATS KARNATAKA PLATEAU

Figure 5. Application of the passive margin model of evolution to the western
part of India.

In the map published by Pascal (1982a & b, 1984a, 1986), the
floristic composition of scattered shrubs covering coastal regions lateritized
during the Tertiary and Late Quaternary is not described; they are
considered simply as secondary succession stages of the evergreen forests of
low elevation. However, the same author (Pascal 1984b) has given a slightly
better description of the floristic composition of the Sapium insigne -
Syzygium caryophyllum -Ixora coccinea thickets, and has also explained
why he considered them as secondary succession
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stages: at the time the map was prepared, the lateritic crust was interpreted as being
the result of anthropogenic action (see § 3.3 above). It is now quite evident that:

- for a new edition of the map or for a more detailed cartography, it would certainly
be more appropriate to consider these thickets as edaphic formations (see Fig. 7);
and

- it would be necessary to accord them some interest in a study of the regional
biodiversity by adopting an approach of the land system type.

At the "meso™ level of the hierarchy

The "meso" level of the hierarchy will be illustrated by going back to the example of
land system shown in Fig. 2. This land system concerns the Sorab region well-
known to foresters and ecologists for its kan forests which are patches of evergreen
forest growing under bioclimatic conditions which are supposed to be more
favourable to deciduous formations. The mean annual rainfall in Sorab is only
1824 mm (mean of the period 1945-75) and the length of the climatic dry season is
6 months. The kan forests are separated by patches of deciduous forests and
cultivated areas.

Cartography based on bioclimatic studies (Plate 1)

Details of this mosaic were mapped at the scale of 1/250,000 (Pascal 1982b, 1984a).
The hypothesis advanced by Pascal is that "these kan forests may have been part of
an almost continuous stretch of forest which had developed under more favourable
climatic conditions. Changes in climatic conditions (lengthening of the dry season)
has led to the disappearance of species less tolerant to these long dry periods [...].
Human activity beginning from the more accessible zones, notably the eastern
border, has broken up this forest stretch [...]. When anthropic pressure is stronger,
deciduous species become increasingly abundant; such degradation causes complete
substitution of the evergreen forest by a secondary deciduous one. As the climatic
conditions are more favourable to the latter, the substitution is well established."

The map resulting from this hypothesis is shown in diagram A of Plate I. In
diagram B of the same plate, a thick line represents an implicit limit (not shown on
the published map) which illustrate the cartographic conception based on ecofloristic
zones defined on bioclimatic criteria alone: to the west (left) of this limit (which
corresponds roughly to an isohyet, but modified to encompass all the kan forests to
the east), the evergreen forest is considered to be a climax forest and to the east
(right), it is the deciduous forest. While preparing the map, this implicit limit serves,
in fact, to distinguish climax formations from secondary formations among the
deciduous forests.
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PLATE |

GROUP I: Evergreen and semi-evergreen climax forests and degradations

A - Evergreen and semi-evergreen climax forests and degradations
|. Low elevation (0-850 m)

Diospyros spp.-Dysoxylum malabaricun
-Persea macrantha "Kan forest” type

B - Secondary or degraded stages

m Secondary moist deciduous forests

GROUP |l: Deciduous climax forests and degradations

m Moist deciduous forests (Lagerstreemia r
[ -Tectona grandis-Temninalia tomentosa type)

\ Implicit limit = boundary

between ecofloristic zones
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PLATE Il

Toposheet

=

N

Overlay of toposheet on forest map

CC: cross section (see Plate III)
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PLATE Il

CC : cross section
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Observations on land system, land unit, and soils (Plates Il and I11)

The land system is made up by very wide convex interfluves (2-3 km wide). A
cross-section through a land unit, presently an interfluve (Plate II-A), allows to
identify the different land facets.

A short, often indurated, slope follows the convex centre of the interfluve. The
limit between the interfluves and beginning of the slope is marked by a strip of
ferricrete outcrops, often dismantled in blocks by roots of trees. Lower down on the
slope, a very thick laterite horizon is observed at a shallow depth which is
sometimes exploited for the manufacture of bricks. This laterite has a vesicular
facies.

The valleys are completely modified by human activity and often widened to
the detriment of the non-indurated zones of the slopes. They are now used for
cultivating rice and for water tanks.

The maximum difference in altitude between interfluves and valleys is not
more than 50 m and the evergreen and semi-evergreen stands appear to be located
on the interfluves.

Soils of the interfluves: the humiferous horizons, which are about 50 cm thick
are dark reddish brown in colour and have very little ferruginous gravels near the
surface, but much deeper down; they have a massive structure associated with a
crumb structure and a sandy-clay-loam texture. The non-humiferous horizons are
red, very gravelly with sandy-clay-loam texture and massive structure. The cation
exchange capacity in the deep horizons (lacking significant organic matter) is quite
low, between 9 and 11 meq/100g when expressed in function of the total soil.
When related to clay alone, it is around 16 meq/100g. On the other hand, it is
higher, almost double, in the organic horizons and the percentage of saturation is
also higher, varying between 75 and 100 %.

Relationship between land system and distribution of the

vegetation (Plate 1V)

The slopes, when not cultivated, are covered by deciduous formations. The kan
forests are confined to the gravelly soils of convex interfluves. The existence and
preferential location of the kans have been interpreted (Bourgeon & Pascal 1986) as
the consequence of the high water holding capacity of these gravelly soils; in the
absence of measurements made in India, it was interpreted as follows:

- by first considering the important difference in depths exploitable by roots that
exists between soils of the interfluves (depth > 2 or 3 m) and of the slopes (depth +
0.5 m);

- by analogy with similar cases often described in West Africa (Avenard 1971,
Peltre 1977).
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PLATE IV

the physiographic boundary between inter-
fluves with deep gravelly soils and slopes
with shallow soils becomes an implicit limit

GROUP ?: Edapho-climatic forests and degradations for
the Sorab land system

A - Evergreen and semi-evergreen forests and
secondary stages on the interfluves

Diospyros spp.-Dysoxylum malabaricurr
-Persea macrantha "Kan forest” type

m Secondary moist deciduous forests

B - Moist deciduous forests and degradations
on the slopes

\\‘1 Moaist deciduous forests (Lagerstreemia
L -Tectona grandis-Terminalia tomentosa type)
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While interpreting the distribution of the vegetation for cartographic purposes,
it becomes possible to substitute a strictly bioclimatic hypothesis by a pedoclimatic
one. By drawing the limits of deep gravelly soils of interfluves on a physiognomic
vegetation map (Plate V), it becomes possible, among the deciduous forests, to
distinguish those which are found on shallow soils with very little likelihood of once
having been evergreen forests, from those which had the same edapho-climatic
conditions as the kan forests and could therefore be interpreted as secondary
deciduous forests. A sampling design aimed at estimating the regional biodiversity
should take these subdivisions into account.

It should be noted that in this approach, the kan forests and deciduous forests
should be considered as formations linked to particular pedoclimates. It would be
improper to state that the kan forests are edaphic formations and the deciduous
forests on the slopes are climax formations. It is the distribution of the vegetation for
the entire land system which may be considered as dependent on the quality of soils,
and hence edaphic, within a broad bioclimatic context.

To arrive at these conclusions, it is important to remember that it was
necessary to consider the components of the land system, viz. land units and even
land facets. Integrating an analysis of the land system type in inventory operations
would involve not just drawing the external limit of each land system, but also
explaining its internal structure. To illustrate this more precisely, two possible
applications of the researches carried out in Sorab can be envisaged:

- for a detailed study of the regional biodiversity, it would be enough to work on
one, or few, representative land units in order to (7) locate the strip of ferricrete
outcrops, (i) carry out the exercises illustrated in Plate IV, and finally (i) to study
sample plots in each of the formations thus delineated;

- if the existing vegetation maps are to be modified, a morphopedological sketch
map should be prepared at a medium scale (1/50,000) to delineate the strip of
ferricrete outcrops. This would require having access to aerial photographs (not
available in India) or, for want of them, a good satellite image accompanied by
toposheets at 1/50,000. Field work would be relatively easy to accomplish because it
would only consist in locating ferricrete blocks and outcrops. The exercise illustrated
in Plate IV should then be applied to the entire region of kan forests.
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Other well-known cases

Such an influence of soils on the vegetation, which is expressed by a
preferential localisation of forests in zones which are topographically high, is
relatively rare. Most often the densest formations are observed in low land areas,
especially if the presence of a shallow water table helps the vegetation to maintain
itself during a long dry season (Fig. 6) or if a ferricrete occupying the interfluve
hinders the growth of a dense vegetation (Fig. 7).

" Watertabe 000000 ITITT= —

Figure 6. Example of land system where the pedo-climate is modified by the
presence of a shallow water table.

Lateritic mesa

R

I

Figure 7. Example of land system where a ferricrete constitutes a major constraint
for the forest.

How to introduce geomorphological analysis in
phytogeographic inventory operations

Geomorphological analysis, to be most useful, should precede the setting up of
sampling plots to describe forest stands. In the examples just cited,
geomorphological analyses were not carried out by vegetation mapping experts. This
will generally be the case as it is difficult to be a good forester or a good botanist
and, at the same time, have a sufficiently extensive knowledge in geomorphology
and soil sciences.
The integration of an analysis of the terrain classification type with a traditional

vegetation mapping approach should pass through 3 stages.
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Collection of basic data

Whether or not associated with the services of a geomorphologist, the
phytogeographer should first gather the existing information on land forms and
soils. He would have already procured, for his own work on vegetation mapping,
aerial photographs, topographic maps, satellite imageries, as well as all the available
botanical and forestry works. In addition to these, he should search for:

- toposheets at a large scale, even if the map to be prepared is at a medium or small
scale;

- published geomorphological maps (there are several, especially for Vietnam);

- geological maps, paying particular attention to those which provide information
on superficial deposits;

- pedological maps, searching for detailed documents even if they cover only a
small part of the area to be mapped;

- books, dissertations and research papers dealing with geology, physical
geography and soils of the region under consideration.

Outline of a zoning of the zone to be surveyed

From this documentation he should try to:

- draw up a hierarchic framework (like the one in Fig. 2) to illustrate his analysis in
terms of terrain classification;

- delimit, if possible, the different land systems and pay more attention to those
where (i) the plant cover is still well conserved and (ii) the organization of the
landscape seems to influence the characteristics of the vegetation, for which a study
of aerial photographs would be extremely useful.

Reasoned field work according to the land systems
A sketch of the different land systems in the zone to be surveyed (in the form of

cross sections, block diagrams and detailed maps) will enable the drawing up of a
carefully reasoned sampling plan which will help in establishing floristic lists.
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Interpretation of satellite images
for vegetation mapping
B.R. Ramesh

Introduction

Rapid depletion of biodiversity is of major concern the world over, more so with
respect to the tropics which house between 2.5 and 15 million of the reported
species (Parker 1982, Arnett 1985, Erwin 1983, Wilson 1988). Much of the
biodiversity is confined to tropical forests.

Remote sensing could play a major role in detecting the diversity of habitats
and vegetation over large areas, in addition to monitoring the spatial and temporal
changes in them.

Remote sensing provides information about objects on the earth's surface
without physically coming into contact with them. The satellite's sensors detect the
reflected energy from objects and convert them into photographic images. The
characteristics of an object can be deduced from the spectral variations in its reflected
energy.

Spectral reflectance of the vegetation is quite distinctive (Fig. 1). Strong
absorption of chlorophyll radiation occurs in the blue (0.48 pm) and red (0.68 um)
bands of the visible range. The reflectance in the green region of the light spectrum,
on the other hand, is evident between 0.52-0 and 60 pm. Strong reflectance occurs
at near the infrared region (0.75-1.3 (um). The reflectance ratio between the visible
and near infrared bands are sensitive indicators of the growth and vigour of the
vegetation. Thus, plant communities with distinct seasonal peaks of growth and
phenological activity can markedly affect the spectral reflectance. Other small scale
changes in the vegetation of an area like a canopy gap following the death of an
individual tree, or major changes, for example, due to anthropogenic pressure
(including fire and flood), can also be detected using remote sensing.
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Figure 1. Vegetation reflectance spectrum (from Current Science 1991)

A good example is the dry deciduous forest where trees shed their leaves
during the dry period and show differential spectral reflectance as compared to the
evergreen forest. In a satellite image, these two formations appear very distinct.
Further, the density and combination of different colours can be used to interpret the
degradations.

Worked example

False Colour Composite (FCC) picture with band 2, 3, 4 of either LANDSAT or
IRS taken during the dry period (January to March) is ideal to demarcate the
different physiognomic conditions of South India.

Dense evergreen forests appear bright red. Certain plantations (coffee, rubber
and eucalyptus) also give similar colour. This has to be verified on toposheets and
by fieldwork.

Semi-evergreen and disturbed evergreen forests show lesser density of red
colour and appear to be less homogeneous in texture visually. A mixture of pink
indicates thickets in their serial stages.

Deciduous forests appear homogeneously brown to greyish or reddish brown
during leafless period in dense formations. Disturbed forests and degradation stages
from woodland to savanna woodland, and tree savanna to shrub savanna show a
gradual shift from mottle brown to grey. As deciduous forests are fire prone, the
burnt area appears black or dark grey. Scrub woodland, grasslands and thickets are
open formations with clumps of shrubs and scattered trees, with both evergreen and
deciduous elements. This kind of physiognomy appears grey or pinkish grey.

Plantations of different species are depicted differentially with respect to age,
location and species. For example: teak and certain softwood plantations appear light
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grey during the deciduous season. They can only be recognised if they are
surrounded by dense evergreen forests, but not if they are located within deciduous
forests. Tea plantations appear pink in colour. Rubber and coffee appear red.
Cardamom cannot be distinguished because they are grown under a canopy cover.

Limitations

- Remote sensing cannot give information about floristics;

- Needs ground truthing for initial interpretation and a posteriori checking;

- The colours attributed to the above physiognomic formations have been found to
vary, depending on the way in which the images are processed;

- Unlike with aerial photographs, satellite pictures do not allow precise density

classifications of the canopy. The advent of high resolution satellite images (IRS 1C
and others) with pixells less than 10 m x 10 m in parchromatic are modifying this

situation.

- Image resolution and band selection are important for accurate interpretation of
the vegetation.
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Assessing species richness and diversity at the
community level: methodological background

Francois Houllier, Clémentine Gimaret-Carpentier

Abstract

Most difficulties in biodiversity assessment arise from the very fact that it is
essentially a matter of measuring a variability and not an average: counting the
number of species which are different from each other rather than the average
number of stems per ha. As a consequence: the usual sampling strategies which aim
at estimating an average and its precision are not necessarily adapted; much more
than for other resources, assessing biodiversity is scale- and level-dependent.
Another important methodological point for regional studies and across-
ecosystems studies is that the assessment of species diversity and richness of
ecosystems is the dual viewpoint of the study of the ecological niche and geographic
distribution of species.
In this context, this lecture reviews the following topics:
- General statistical background: sampling design and estimators; accuracy and
precision; random, systematic, stratified and cluster sampling.
- Assessment of species richness:

» number of observed species and species list;

« why the natural estimator obtained as the number of observed species is biased
(it always underestimates the true richness);

* the cumulative species-area and species-individual curves and the correction
method designed by Sanders and Hurlbert to compare samples of different
size;

« the relative efficiency of various sampling designs and estimators: random,
systematic and stratified sampling, fixed-area vs. fixed-number of individuals
plots, non parametric estimators.

- Assessment of species diversity:

» diversity as a combination of species richness and evenness and the role of

rare species;
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statistical properties of the usual estimators of Simpson's and Shannon's
indexes of diversity: accuracy and precision.

Introduction

Most methodological difficulties in biodiversity assessment arise from the very fact
that it is essentially a matter of measuring a variability rather than estimating an
average: counting the number of species which are different from each other rather
than enumerating the total number of stems per ha or estimating their mean diameter.

That diversity should actually be considered as some form of variance
(Pielou 1995) has two important methodological consequences: (i) the usual
sampling strategies which aim at estimating means and their precision (i.e., the
standard error) are not necessarily adapted (Box 1); (ii) assessing biodiversity,
much more than other resources, is scale-dependent and level-dependent
(Box 2).

Box 1. Sampling for richness: a comparison with _Il ﬂ ﬂ
tratified rand. ling.
stratified random sampling £B bic iéd

Let us take the case of a forest made of different
compartments (or stands, or ecosystems), where one
of these compartments contains several unique il j_l l’ﬂ
species (here VI is the c?nly stand that contains ae b.d b.e,f.g
species e, f and g), while other compartments

contain only a few, but common, species. If we
want to estimate average volume per ha, this stand
should be sampled as intensively as the others. But

if we are interested in species richness then we ._[_l —il _]'L![
should survey this stand more intensively than - ) 2
others: else we might miss the rare species (e, f and g2 =7 o=3
g). We can somehow compare this situation to the
case where stratified sampling is applied to estimate
the volume per ha and the internal variance of one M _ﬂ iﬂ
stand is high: in such a case we indeed know that i 5

o' =2 g =2 o =4

the optimum allocation of samples requires that
more samples are laid in the highly variable stand
than in the others (Cochran 1977, Scherrer 1983).

Scale refers to spatial units: the size of the spatial unit for which estimates are
to be made as well as the size of the elementary sample units. Level refers to the
taxonomic hierarchy: e.g., genotype, species, genus, family, efc. The fact that these
two types of hierarchy, spatial and taxonomic, are intertwined with the hierarchical
approach used to name ecological entities (from the biosphere to spatially distinct
populations, through landscapes, ecosystems and communities) adds to the
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conceptual and technical difficulty involved when dealing with biodiversity. In this
lecture, we mainly consider the species richness and diversity within ecosystems and
communities which may be more or less large, i.e., within a range of, say, 1 to
1 000 ha.

Box 2. Scale-dependence of species richness.

The scale-dependence of diversity and richness measures can be easily understood from the usual
species cumulative curve: when the study area increases, the species richness also increases, but in a
non-linear way. In this virtual example, species are denoted with letters (a, b, efc.) and are spread
over an ecosystem made of 4 compartments. 4 such ecosystems are figured and 4 methods are utilized
to assess their richness: (i) average
species richness per compartment; (if)
average species per group of 2
compartments; (iif) total species
richness in the ecosystem. They show
that richness ranking varies according
to the scale at which it is estimated.
There is no canonical way to
standardise richness (no such standard
unit as m’.ha’! for volume): to | Gd | d.& 2 2
compare species richness among two
different ecosystems, we may count
their total number of species (but it is | &:b.c [a.de 3 3
likely to "favour" the largest 5 5 5
ecosystem), or we may estimate the |c,d.e |b,cd 3 3
average number of species in
standardised sample plots (e.g. usual
forest inventory fixed-area plots) or in |a.b,c |efg 3 3
one ha. But, all these measures may 5 5 g9
yield different results. The same [¢de g.hii 3 3
happens when diversity is
hierarchically =~ decomposed along
taxonomic groups: family, genus, species, genotypes.

ab.c [cde 3 3

abe {cde 3 3

ab | ac 2 2

Another important methodological point for regional studies of species
diversity is that there are two reciprocal viewpoints: (i) a species-by-species
approach where the emphasis is put on the ecological niche and geographic
distribution of species across ecosystems; (i) an ecosystem-oriented approach
where the focus is on the richness and diversity within different ecosystems or types
of ecosystems. This duality is best shown when the correspondence analysis
technique is applied to phytosociological data (Box 3).



Assessing species richness and diversity 41

Box 3. Reciprocal points of view:
diversity of ecosystems and ecological
amplitude of species.

5

Let consider the case where several
ecosystems are sampled within a region and

species |

the presence/absence of a group of species
(e.g. woody plants) is recorded. A table
made of '0' and 'l' is obtained, with the
species in columns and the sample plots (or
ecosystems) in rows. This table can be plol

analysed by correspondence analysis, a plot i 10(1l0 o0 1

method which provides information on the
ecological amplitude of species (within the
region under study) and the diversity of

ecosystems (for the range of taxa selected). That
correspondence analysis is equivalent to the
method of "reciprocal averaging" (Hill 1973) clearly shows that the two points of view are
intimately linked. It is also worth noting that the estimates obtained through this method have no
general value but are contingent to the context: i.e. the region and the range of taxa under study.
If these were to be changed, so would be the measures of diversity and ecological amplitude.

With this general context in mind, these lecture notes review the following
topics:
- General statistical background for sampling strategies: the complementarity of
sampling design and estimators; the concepts of accuracy and precision; random,
systematic and stratified sampling designs.
- Sampling strategies for assessing species richness: list of species vs. number of
observed species; the unavoidable bias of the number of observed species; the
cumulative species-area and species-individuals curves and the correction method by
Sanders and Hurlbert to compare samples of different size; the choice of a sampling
design (random, systematic and stratified sampling, fixed-area vs. fixed-number of
individuals plots) and the non parametric estimators of species richness.
- Sampling strategies for assessing species diversity: the role of evenness and rarity
in o-diversity indexes; how to estimate species composition and species rarity; the
role of the spatial structure and its endogenous (e.g., silvigenesis) and exogenous
factors (e.g., topography); statistical properties of the usual estimators of
Simpson's and Shannon's indexes of diversity (accuracy, precision, scale-
dependence).
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Sampling strategies: generalities

Objectives of forest inventories

As a first point it is important to emphasise that stating the objectives of a survey is
always the most crucial point. For example:

- Isit aimed at estimating standing volume or biomass, or is it aimed at assessing
the species richness and diversity?

- Isit aimed at mapping the physiognomy of the vegetation (forest cover being the
most important criterion) or the ecological nature of the ecosystems

(i.e., ecofloristic type)?

- At which level should the result be reasonably accurate and precise: world,
country, state or region, administrative forest unit, ecosystem?

A second major factor is obviously the cost of the survey. It is often thought
that transforming a timber-aimed inventory into a plant-diversity-oriented survey is a
good way to make economies. This is partly true (it is not necessary to go twice to
the field) but such a transformation also needs additional resources in terms of
money and time (spent in each plot) as well as of human skills (e.g., appointment of
botanists and/or training of survey crews) and of data analysis (e.g., new computer
routines to be developped).

An historical analysis of the evolution of forest inventories in Western
countries would probably show that their focus successively shifted from assessing
standing stock (forest area, volume and increment) towards estimating the future
wood available cut, monitoring changes (in forest area, in standing volume and in
volume increment), assessing total biomass (and not only the volume of timber) and,
later on, carbon contents, forest health, non timber forest products and ecological
diversity. On the one hand, these trends are natural consequences of the technical
evolution: as such, they account for the progressive accumulation of data and
knowledge (monitoring is obviously subsequent to a first assessment); on the other
hand, they are the results of the changes in national or international forestry issues
and concerns (deforestation, loss of biodiversity, global warming, etc.).
Nevertheless, it remains that the design and organisation of most national forest
inventories in the world are still mainly timber-oriented, not biodiversity-oriented.

Sampling strategy, accuracy and precision

A sampling strategy has always two components, which are closely associated: (i) a
sampling design, that is the way samples are drawn from the population or
domain under study; (if) estimators, that is equations and formulas that are used to
get estimates (of the unknown values which constitute the goal of the surveyor) from
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the samples. The articulation of the sampling design and the estimators requires a
statistical model: without such a model there is no possibility to infer estimates
from the observations. It happens that this articulation is not strict: for example, it is
possible (but not necessarily optimal, nor wise) to use a systematic sampling design
and apply the estimators derived from the theory of simple random sampling.

There are several criteria to assess the quality and reliability of the estimates
derived from a sampling strategy. It is indeed worth reminding that no survey, but
an improbable exhaustive and perfect inventory of a small finite population, will ever
provide the exact value which the survey is aimed to assess. Two statistical concepts
are of prime importance for samplers: the accuracy and the precision of the
estimates.

Let us define . the unknown value (for example, u is the mean value of
volume per ha), which is estimated by £ (for example, { = y the average value of
volume per ha observed in different sample plots). The accuracy of [ refers to its
unbiasedness: if we repeat the survey several times (with the same sampling design),
[ should exhibit no systematic —neither positive nor negative— departure from u.
ifEf {1 ],= u, fisunbiased; B[ i ]1=E[ i ] - u is the bias of fi.

But even for an accurate (that is unbiased) estimator, there is always a random
variability of [ around its theoretical expected value E[ f ]. The precision of
[ is the measure of this variability: it is usually defined thank to the estimation
variance (or sampling variance), V[ 4 ], and its square root, the standard
error of the estimator, which describe the dispersion of the estimator around its
expected value.

Precision and accuracy are often combined in the mean square error,
MSE]J £ ], and its root, RMSE[ f ], which describe the dispersion of the estimator
around the true but unknown value:

v{i) = ¥(a- £a))’]
MSE[4] = E[(a-u)’|= V[a]+ B°[2]

RMSE{ 1] = \[MSE[i]

The standard error of the estimator can also be used to build confidence-
intervals which give an estimated range where the true unknown value is likely to
be.

Some classical sampling strategies
Let us note y the variable whose mean value, u, we want to estimate. Let also ¢

be the variance of y. Most common estimators of u are in fact linear estimators
(i.e., linear combinations of the observed data) and are designed so as to be the best
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linear unbiased estimators (under a given statistical model). Their statistical
properties are well known for most standard sampling designs, which aim at
assessing usual mean characteristics such as mean volume, number of stems or basal
area per ha. But we will see below that this is not the case for the estimates of
species richness and diversity: their estimators are not always linear, some are biased
and some have an unknown variance.

Here we only review four classical and basic strategies presented in most
sampling or forest inventory textbooks (e.g., see Lanly 1981); regression sampling
and sampling at successive occasions (i.e., monitoring) are not considered (for the
latter, one may refer to the lecture note on permanent plots). These basic strategies
mainly differ according to: (i) the respective weight given to precision and to cost
efficiency; (ii) the availability or absence of external prior information that helps
making the sampling more efficient. With respect to the latter point, simple random
sampling, the most famous strategy, could be termed "you don't know much, you
don't get much". Actually, operational as well as research forest surveys usually
combine several of these basic strategies.

Table 1. Standard sampling strategies for estimating the mean, y, of a variable,
y: estimators and their variance (from Scherrer 1983 and Cochran 1977).

Sampling strategy Estimator: fi Variance: V[ﬁ]
" n 2
Simple random e i a’
sampling ’ n n
. H = H H 2.2/
Stratified random Z;,:[SJ: “Yh with :LF;.HJ; Z,ﬂ,zlsn Oy [ ny,
sampling s » +h ny 52
Systematic ; - 2 ;
szin‘lpling No simple formula No simple formula
Zu 5 o 2 o 2
. - —1Yi } "
Cluster sampling fi==i=lT ——

n n n-m

Note: All these estimators of y are unbiased under the respective assumptions of
each sampling strategy.

Estimators of V[ﬁ] are obtained by replacing the theoretical variances by their usual

n N2
. . A2 i
the theorical estimates (for example: O =S2=Z M)
i=1 n—1
Estimation variances given here do not include the correction factor due to sampling
intensity. If sampling intensity is high, this factor must be included and will

diminish the estimation variance.
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Simple random sampling

This classical reference sampling strategy consists in drawing » independent
samples, y; (1<i <n), with a uniform probability. The formulas are simple and
well known (see Table 1), but it is often forgotten that laying a true random sample
in the field is not so easy and actually requires a lot of rigour. Because of their
simplicity the formula associated to simple random sampling are often utilised,
although they are sometimes not appropriate.

Stratified random sampling

Most national forest surveys which are based on a two-stage process —(7) mapping
from either aerial photographs or satellite imagery, (ii) field measurements in sample
plots— use stratification for the second stage of the survey. The rationale for this
strategy is to split the domain under study, which has an area S, into /7 subdomains
or strata, 2(1<h<H), which are more homogeneous than the whole domain itself and
have an area S, (1<h<H). Each strata is then sampled with n;, observations, y;;
(1<h<H, 1<i<my).

The overall variability is thus divided into two components, the between-strata
variability, which is exhaustively sampled, and the within-strata variability, o’
(1<h<H), which remains uncontrolled. Stratification can only be achieved by using
some prior external information such as aerial photographs. The efficiency of
stratified random sampling chiefly depends on the relative magnitude of the between-
and within-strata variability, that is on the capability of the stratification criteria to
account for the global variability of y.

Another reason for using stratification is when results are simultaneously
sought for the total domain and for some of its components (e.g. different forest

types).

Systematic sampling

Several empirical studies followed by more theoretical developments have shown
that systematic sampling is usually a very efficient strategy when no prior
information is available (so that stratified sampling cannot be applied). The reason is
that systematic sampling ensures a good and homogenous coverage of the domain to
be sampled. There is one exception to this general rule: when the phenomenon under
study exhibits a periodic behaviour.

Systematic sampling consists in choosing a grid with steps on x and y, and a
randomly selected starting point. The difficulty with this strategy is that the best
linear unbiased estimators are not as simple as for other designs. The choice of
unbiased and efficient estimators requires that a spatial statistical model of the
population be formulated (Journel & Huijbregts 1978). Such spatial models are out
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of the scope of this lecture. However, an interesting output of the study of
systematic sampling is that it shows that estimators and their variance depend on:

- the spatial structure of population under study, e.g., the spatial correlation
between two point according to their mutual distance,

- the number, size and spatial arrangement of the samples,

- the size of the domain to be estimated and its position vis-a-vis the samples.

For example, if the phenomenon exhibits some regularity (i.e., the value of y
at x is positively "correlated" to its value at a short distance from x), the mean of
sample observations is usually an unbiased estimator, but it is not the most efficient
and its estimation variance is very different from —and, in fact, much lower than—
the approximate estimation variance derived from the simple random sampling
theory.

Cluster sampling

Cluster sampling is an example of multilevel (or multidegree) sampling. Cluster
sampling is a particular case of a two-level (degree) sampling design. It consists:
(7) in partitioning the domain in N primary units among which » are randomly and
independently selected; (7i) in further partitioning the primary units in M secondary
units among which m are sampled in the # primary units already selected.

Let i denote the primary units and j denote the secondary units: observations
are y; (1<i<n, 1I$j<m); the average estimated value for the primary unit ;i is noted
v 1; the variance among primary units is noted o, the average variance within
primary units and among secondary units is noted o, . Estimators are given in
Table 1.

This sampling strategy is not very efficient in terms of precision, but can turn
out to be a very good compromise when cost and travelling from sample to sample
come into the picture. It has been popularised in forestry by the Swedish and
Finnish national forest inventories which use cluster of secondary units organised in
L-shaped or square "tracts".

Assessment of species richness

One of the most evident and, apparently, simple parameter to characterise ecological
diversity is the species richness. As will be seen below, this parameter is however
less simple than usually expected. Species richness depends only on the presence
(vs. absence) of the species. It is thus based on binary data (Pielou 1995): it
corresponds to the classical phytosociological approach and avoids to measure the
abundance or frequency of the species. Other components of diversity include the
frequency of the species and the evenness of their relative distribution. They will be
dealt with in the next section.
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How to characterise species richness

Species richness can be assessed by two ways: (i) by counting the number of
species; (ii) by enumerating the list of species. In both cases, it must be clear that
any survey, but an exhaustive inventory of a finite population, can only yield a
biased estimate of species richness: the observed list or number of species always
underestimate (or at best exactly equals) the actual species richness.

This very fact has been known for long and has generated many studies on the
so-called collector's curves (Pielou 1995) also named the cumulative species-
area and species-individual curves: these curves picture the cumulative number
of distinct species observed when either the sampled area or the number of sampled
individuals increases. These curves are monotonously increasing and usually have a
logarithmic shape.

If we are interested in assessing the species richness of an ecosystem, region
or country, nothing can replace the list of species: the number of species is only a
by-product of this enumerative list and is of no use if the aim is to define a
conservation strategy or to initiate monitoring. This fact is a very consequence of the
qualitative nature of biodiversity. The major difficulty lies with rare species: there is
no means by which we may be sure to observe them in a sample.

However, the number of species, whichever way it is estimated, can be
useful in scientific studies which aim at assessing the effects of ecological factors on
biodiversity (e.g., Box 4), the role of biodiversity in the functioning of ecosystems
(Tilman & Downing 1994; Tilman et al. 1996) or the temporal changes in
biodiversity. Note that, even in these cases, understanding the phenomena will often
require a species-by-species analysis (e.g., which species did disappear? what are
their ecological behaviour and requirements?).

As already mentioned in the introduction, one of the difficulty in assessing
species richness (and diversity) stems from the fact that this variable is scale- and
level-dependent. This can be further discussed, looking at the additivity of
richness:

- when richness is hierarchically broken according to taxonomic levels, the total
richness at a lower level (e.g., species) is equal to the sum of richness within the
broader classes (e.g., genus);

- the same does not hold true when the spatial decomposition of richness is
considered. If two communities are merged their total richness is not equal to the
sum of their own richness (the number of species common to both communities
must be substracted; e.g., see Box 2).



48 Assessment of forest biological diversity. Lecture notes

Estimates of species richness

Relationship between observed richness and sample size

The naive and simple estimator of species richness is the total number of
observed species. S, As stated above, this estimator is biased. Several attempts
have been made to obtain unbiased estimates of species richness: (i) modifying the
sampling design by enlarging the sample size so as to observe all species;
(i) correcting S, with some terms which account for rare species (Table 2).

The collector's curves have been extensively used to determine the minimum
size of a sample in order to observe "all" species present in an ecosystem. The
very fact that they rarely reach a stable maximum value indicates that such an attempt
(i.e., that the number of observed species could be an unbiased estimator of species
richness) is vain. For example, Condit ez al. (1996) have clearly shown that in both
tropical evergreen rain forest (from sites in Malaysia and Panama) and tropical
deciduous forest (from a site in Southern India), the species-individual and species-
area curves do not reach a plateau within large 50-ha plots and that they continue to
increase, at least slightly, when the sample size itself increases.

Box 4. Effect of slope on species richness in a moist evergreen forest (Data come from the
Kadamakal Reserve Forest, Western Ghats, Karnataka, India; Gimaret pers. comrn.).

Although less dense, stands situated on slopes contain more species and are more heterogeneous
than stands located on flatter areas (plateaux, ridges). Likely causes are the higher frequency of
chablis (i.e., treefall gaps) and the greater availability of light on the slopes (Pélissier 1997).

This situation has also some methodological implications: if we want to estimate the overall
richness and/or diversity in a forest where topography is heterogeneous, it is preferable (i.e., more
efficient) to stratify our sample so as to cover the various topographical situations. If we do not
stratify and use simple random sampling, we take the risk to omit some specific topographical
situations and miss the species which are associated to them.

Topography Plot size Qbserved Expected Richness for  Expected richness
richness richness 50 trees for 50 trees
Plateau 0.40 ha 40 50 16 21
Plateau 0.32 ha 32 49 15 21
Ridge 0.40 ha 46 52 17 21
Slope 0.40 ha 46 50 21 21
Slope 0.24 ha 39 41 20 21

Note: "Expected richness" is the number of species calculated from the Sanders-Hurlbert formula
(see Box 5) using the species distribution observed on 3.12 ha and the density observed in the plot.
"Richness for 50 trees" is the richness estimated through simulated sampling of only 50 trees.
"Expected richness for 50 trees" is the number of species calculated for a sample of size 50 from the
Sanders-Hurlbert formula using the species distribution observed on 3.12 ha.
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Box 5. Comparison of species richness among different ecosystems using samples of different
size.

 Using the collector's curve. Let consider the case where an average collector's curve has
been established for a given type of ecosystems (e.g., low elevation moist evergreen forests in the
Western Ghats of India) and suppose that this curve can be fitted with an analytical model:
E[Sobs(n)] = f(n, 6), where 0 are parameters and n is sample size (n could be replaced by 4, the
sample area). For example: f(n, 6) = 1 +0.1n(n). Let now consider samples drawn from
ecosystems or communities belonging to the type for which the collector's curve has been
established: let n;, be their size and Sobs, their observed richness. The index Sobs/E[Sobs(n;)]
is independent of sample size and provides a means to rank samples according to their relative
richness. In the virtual example below this ranking would be: sample 2<sample 3<sample 1.

| 6,00
| 5,00
4,00 -
3,00 A
2,00

\ 0 100 200 300

Such a rule of thumb procedure has the advantage of being simple (provided the collector's curve
exists and is reliable). Its main drawback is that this method is arbitrary and that there is no
theoretical background for the definition of such an index.

*Sander’s & Hurlbert's rarefaction method. This method aims at standardising estimates

of species richness to the same minimum sample size. Let n be the total number of individuals
recorded in a sample and n; be the number of individuals of the ith species. Let m (m<n) be the
sample size to which species richness estimate should be scaled down. The probabilitv for a given
species not to be in a m-size random and independent subsample is:

n—n.|(n) (n—n).(n—m)!

if n, <n—m,Pr(sp, ¢ sample) = /

m (n—n, —m)!.n!
if ni 2 n—m,Pr(sp, ¢ sample) =0

The expected number of species in a m-size random and independent subsample is obtained by summing
the probability of the species to be included:

sobs| 1 _ (n—n).(n—m)!

E[So(m]= D

(n—n, —m)!.n!
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The collector's curves can however be used in another way. If we consider an
ecosystem which has been intensively sampled, it is possible to build several such
curves by randomising the order of accumulation. This procedure provides an
empirical way to estimate the variance and precision of S, for smaller samples.

In some studies, the focus is not on the absolute value of richness but on
comparing the relative richness among different forest stands, ecosystems or
communities. The collector's curves show that this goal can be reliably achieved
only if the size of the sample is the same in the different stands. When sample size is
not consistent across ecosystems to be compared, two strategies can be followed
(Box 5):

- Ifan average collector's curve has been established and is valid for the
ecosystems to be compared, this curve can be used as a qualitative means for
ranking different samples: however, the reliability of this method strongly depends
on the reliability of the collector's curve itself and on its applicability to the
ecosystems which are under comparison.

- Sanders (1968) and Hurlbert (1971) have proposed the so-called "rarefaction
method" to scale the estimate of species richness down to a common minimum
sample size. This method is non parametric in the sense that it is only based on
combinatorial analysis (under the assumption of random and independent sampling)
and that it does not require the a priori existence of a collector's curve.

Non parametric estimators and rare species

Another strategy to obtain more reliable estimates of species richness starts from the
recognition that the problems stem from our inability to observe rare species. This
strategy is based either on modelling the distribution of frequency of species (the
frequency-rank diagram or the number of species-frequency diagram), or on
correcting S, with additional terms which take the role of rare species into account.
Several such estimators have been proposed (Table 2, Fig. 1). These estimators are
named non parametric or distribution-free estimators because they make no
statistical assumption, neither on the spatial distribution of the trees, nor on the
shape of the frequency distribution of species.
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Figure 1. Correction of the collector's curve using Chao 1 estimator. The
observed number of species is increased by a term that takes rare species into
account through « (the number of species represented by a single individual) and b
(the number of species represented by exactly two individuals). Here: S, =4, a=2,
b=1; the corrective term thus equals 2.

One of the method used to obtain such non parametric estimators consists in
using the Jackknife procedure (Heltshe & Forrester 1983; Magurran 1988):

- suppose there are n sample plots in which species are enumerated. The naive

overall estimate of species richness is obtained by pooling these # plots: this estimate

is noted S, s,

- Imagine that we remove the ith sample plot: we then get another estimate of
species richness based on n-1 plots, which is noted S;

- From this estimate, we may derive a so-called pseudo-value of species richness
defined as S;=n * Sy - (n-1). .S‘('i);

- The empirical mean of these n pseudo values yields an estimator of species
richness (see the 1 st-order Jackknife in Table 2), whose variance can be estimated

from the empirical variance of the pseudo values.

These non parametric estimators can be used to derive "corrected" species-area
or species-individual curves where they replace S,s. These "corrected" curves
exhibit a very steep increase when sample size is small and then tend to stabilise
quicker than the usual collector's curves, thus helping us in selecting a minimum
sample size. However, recent studies (Condit et al. 1996) show that, in moist
evergreen forests, even these "corrected" curves do not reach an upper stable value
(a plateau), which would provide a simple estimate of the minimum sample size.
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Table 2. Non parametric estimators of species richness (from Chao 1987,
Colwell & Coddington 1994).

S,ps= number of observed species; a= number of species represented by a single
individual; b= number of species represented by two individuals exactly; L= number
of species represented in one single plot; M= number of species represented in
exactly two plots; n= number of plots; f;= number of plots that contain exactly j
unique species.

Name Estimator Variance
- a aY (a) a '\
i S, = Sobs + — b (_J +[_J +(_7]
Chaol : bs + T prs > o5
2 4 3 2
B I L L L
ao2 S1 = Sobs + —— M| — +( ] +(_]
e 2T TOM [(4;\4) M IM

2 L
Jackknife Sy = Sobs + | T =

g 2
| st-order - Lin—=1) n—1 Sobs .2

2nd-order L2n-3) M(n-2y

- % 5 = S{l s =+ _
Jackknife 4 : n n(n—1)

Note: these four estimators contain the naive estimator of species richness to which a non-negative
(except, may be, for the 2nd-order Jackknife) correction term is added. This additional term accounts
for the proportion of very rare species (those which are observed only once in the samples) and rare
species (those which are observed exactly once).

Another non parametric way to characterise and compare the pattern of species
richness variations across several ecosystems is to perform a correspondence
analysis on the presence/absence table of species in these ecosystems (Box 3).
Correspondence analysis does not provide an absolute estimate of richness but
provides a means to simultaneously compare the relative richness of sites (i.e.,
communities, ecosystems, stands) and the width of the ecological niche of the
species that can be found in these sites. More recent data analysis techniques such as
the canonical correspondence analysis (or the use of instrumental variables) help
analysing the environmental factors which cause the changes in species richness (Ter
Braak 1986, Gégout & Houllier 1996).
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Which sampling design for species richness?

Here we focus on assessing species richness at the level of an ecosystem or a
community (not of a landscape, a region or a country) in the context of a
comparative approach across ecosystems.

An example of a design defined for South Indian moist evergreen forests is
given in Fig. 2: this sampling design was used to get reference values for different
types of ecosystems along a bioclimatic (low-elevation vs. high-elevation) and a
disturbance (unlogged forests vs. logged forest and coffee plantations) gradient.
Preliminary results are given in Table 3 for the influence of logging and altitude.

The choice of a sampling design cannot be made in general but some
guidelines may be followed and adapted to every special case:

- Because of financial and time constraints, it is generally preferable to sample plots
or quadrats rather than scattered trees. Therefore, 2nd-degree sampling is often a
good strategy (primary units being plots and secondary units being trees).

- The main drawback with the above design is that the spatial distribution of
species is rarely at random (e.g., pioneer species are clumped together in the
openings and gaps). Therefore there should be several small plots (rather than a
single large plot). The total size of the sample (i.e., number of sample trees or
sample area) and its break up among plots can be decided only after considering
some a priori available information: shape of the collector's curve, frequency of rare
species, spatial pattern of the species, efc.

- If we are only interested in species richness, plots with a fixed number of sample
trees may be a better choice than plots with a fixed area. It is indeed preferable to
think sample size in terms of individuals rather than of area. From observations in a
South Indian moist evergreen forest (Gimaret et al. 1997) and other tropical forests
(Condit ez al. 1996), it turns out that the minimum total sample size should at least be
of, say, 1 000 stems.

- The procedures used to select the plots can be varied: the random and independent
selection is probably the worse; systematic, transect or tract sampling (e.g., see
Fig. 2) are better procedures which help "covering" the within-ecosystem natural
variability; stratified sampling may also be a good choice if some ecological factors
are known to influence the distribution of species (e.g., local topographical factors,
see Box 4).
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Figure 2. A sampling design for assessing tree species richness and a-diversity in
moist evergreen dense forests of the Western Ghats (Gimaret pers. comm.). This
design was defined for these forests (which have an actual richness of say 100-150
tree species in a 50-ha compartment) and was later adapted to coffee plantations
(when the stands are not dense, the number of sample trees was reduced to less than
10 in size class). rl= distance to the 10th tree, r2= distance to the 10th sapling.

Note: The total number of sample trees (i.e., 400) is below the minimum value derived from the
collector's curve obtained with non parametric estimators: this choice was finally made after taking
costs, time and other constraints into account. The two census thresholds help limiting the field
work, while providing information on both smaller and larger trees. One of the drawback of this
system is that it complicates the estimation of diversity because the latter also requires information
on species frequency; richness per se does not require such information but the non parametric

estimators use them.

One major difficulty is that it is fairly rare that we are only interested in species
richness at one point of time: we also want to estimate species diversity, characterise
stand structure, assess standing volume or biomass, understand the processes which
determine the functioning of the stand, and set up a permanent system to monitor the
changes! With these many other objectives in mind, it becomes rather difficult to
rigorously define a sampling design and some compromises have to be made.
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Table 3. Estimation of the tree species richness and diversity in moist evergreen
forests along disturbance and altitudinal gradients in Coorg (preliminary results from
Gimaret, obtained using the design described on Fig. 1). No clear trend comes out
of these results which suggest that selective logging and altitude have only a mild
impact on the total number of species. The figure is different if we consider the list
of species: e.g., deciduous species are introduced as the result of human-driven
forest degradation; the rate of endemic tree species decreases with altitude.

Site Forest type Altitude Sobs Sl i
Uppangala Undisturbed evergreen ~450 m 78 135 0,945
Uppangala Once-logged evergreen =350 m 68 92 0,960
Uppangala Disturbed semi-evergreen ~200 m 67 102 0,955
Uppangala Secondary moist deciduous ~200 m 80 121 0,948
Makut [67] Disturbed semi-evergreen 150 m 68 95 0,961
Makut [59] Undisturbed evergreen 450 m 76 99 0,946
Makut [52] Undisturbed evergreen 800 m 67 112 0,947

Kabbe Motte Undisturbed evergreen 1300 m 64 90 0,945

Note: the sampling design is described in Figure 1: Sl is the Chao 1 estimator defined in Table 2;

Ais the estimate of the Simpson's diversity index (see below); saplings and bigger trees are pooled
together, irrespective of their relative frequency. Note that the two estimators of richness are fairly different.

Assessment of species diversity

Diversity: a combination of richness and evenness

Diversity combines two aspects: the species richness and the evenness (or
equitability or dominance) of species distribution in the community. There are many
different ways to assess diversity. They can be classified into two broad classes:

- analysis of the distribution of species frequency, which can be compared to some
theoretical models;

- global diversity indexes which give more or less weight to evenness and
richness. Some of these indexes may be derived from the analysis of species
abundance (e.g., see the Fisher index below).
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Models of species abundance

There are different ways to investigate the distribution of species abundance (or
frequency). A first method consists in ranking the species according to their
frequency, from the most abundant to the rarest: this yields the rank / abundance
plot. A second method is based on counting the species according to their
frequencies, which yields the classical frequency distribution plot.
For the distribution of species two classical models are often considered
(Magurran 1988):
- logarithmic series, where the number of species with j sample individuals is
proportional to the jth term of the Taylor series of the logarithm: a = ¥//j, where x
and a are parameters to be estimated, a is the so-called Fisher's index of
diversity, which can be directly estimated from the following implicit equation
(Condit et al. 1996): S, = & In(l+ n/& ), where n is the size of the sample;
- the lognormal distribution, where the number of species having an abundance of
n sample individuals is proportional to a lognormal probability distribution function.
Two other models have been designed to represent the rank-abundance
relationship (Magurran 1988)*:
- geometric series, where the frequency of the species with rank i+] is
systematically proportional (with a constant less than 1) to the frequency of the
species with rank i,
the ""broken stick model**, where the frequency of the species with rank i is

proportional to Zj_:l_l/j.

Diversity and evenness indexes

Among many other indexes, we consider here two common diversity indexes: those
of Simpson and Shannon. Other diversity indexes (Brillouin, Margalef, Gleason,
Q-statistic, Berger-Parker dominance, efc.) may be found in the textbook by
Magurran (1988).

Simpson index

The Simpson index, also called the Gini coefficient, is defined as A =1-D
(Magurran J988), where D is the estimated probability that two individuals
randomly and independently selected belong to the same species (D is called the

. . s 2
Simpson concentration): D = Z;:l D;

? These models can also be expressed in terms of distribution of species according to their
frequency.
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where p; is the probability of a sample tree to belong to species i.
Under the assumption of random and independent sampling, an unbiased

estimator of Simpson index is:
i =1 % n; (ni — 1)
o on(n=1)
where #; is the number of sample trees of species i, and # is the total number of
sample trees.
Under the assumption of a random spatial distribution of species, the
theoretical variance of the Simpson index is:

A 4 s 3 s 2 2)
Var[ﬂ,:l= ;(Zil Di _(Zizl bi )

For a given species richness, .S, the maximum value of the Simpson index is
obtained when the species distribution is fully even (i.e., p; =1/S):
max( A ) = (S-1)/S. This result shows that the maximum value of the index very
quickly tends towards an upper value of 1, when species richness increases

Fig. 3).

(e Tl)lis result can further be used to define an evenness or dominance index,
which varies between 0 (one-species community) and 1 (all the species have the
same frequency): EA =A S/S -1). When S is high, say $>20, this evenness index
is approximately equal to the Simpson index itself, a fact which explains why A is
often called a dominance index rather than a diversity index.

For a given value of the Simpson index, it is also possible to determine an
effective species richness S’ as the number of species which would give the
same value of the index if they were evenly distributed (Fig. 3): S"=1/(1- 4)
(1=8°<S).

Another interesting feature is that there is a direct link between the cumulative
species-individual curve, E[S(n)], and the Simpson index: A = E[S(2)] -1.
Sometimes the Simpson's index is defined in another way as A' = 1/D (Fig. 3),
which varies between 1 (for a one-species community) to S (for an even community
composed of S species).
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Figure 3. Simpson dominance index and its relationship with species richness. Let
consider a forest stand with S= 10 species and a value of A equal to 0.75: the
evenness is estimated as £ A = 0.75/0.9= 0.833 (for 0.9 is the maximum possible
value for A when S= 10) and the effective species richness as S'= 4.

Shannon index
The Shannon diversity index was derived from the information theory. It is defined

as (Magurran 1988):
H'= _zi=1pi'lnpi

where p; is the probability of a sample tree to belong to species i.
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Because the true value of p; is unknown but estimated, the following formula
provides a more rigorous estimate of the Shannon index (Magurran 1988):

1 1 s i)il K (]3 -1 [372
s N - ; i i i Vi
H=-> p.np — + = +&A

Z’:lp’ Py n 1212 121°

where ﬁ . =nyn. In practice, the difference between this estimate and the value
derived from the previous formula where p; is replaced by its estimate is very small.
A larger source of bias stems from the fact that we do not known S, but only
observe a subset of the existing species (S, <5).

The theoretical variance of the Shannon index is (Magurran 1988):

j:l pi(lnpi)z —(Z;lll’lpi)z + s—1

n 2n’

For a given species richness, S, the maximum value of the Shannon's index is
obtained when the species distribution is fully even (i.e., p; = 1/S): max( H "y=1InS.
This result shows that the maximum value of the index indefinitely increases when
species richness increases.

This result can further be used to define an evenness index, which varies
between 0 (one-species community) and 1 (all the species have the same frequency):
EH' = H'/InS. For a given value of H'\ it is also possible to determine an
effective species richness S” as the number of species which would give the same
value of H’ if they were evenly distributed: S"=exp( H ") (1<8"<S).

Var[H’]=

Which sampling design for species diversity?

Most of the guidelines mentioned above for species richness still hold true for
diversity. Several points should however be emphasised.

When sample size increases, diversity indexes tend to stabilise much earlier
than richness estimates (which, as we saw, never stabilise but steadily increase).
The size of the sample can thus be reduced if diversity is the primary concern (in
fact, this is the reason why only 400 trees are sampled in Fig. 2).

The diversity indexes are not based on binary data but on the relative
abundance of species. Estimates derived from sampling designs where the
probability of trees to be included in the sample varies according to tree size (e.g., as
in Fig. 2) should thus take this aspect into account. Another related issue is whether
the index should be based on the frequency of the individuals or on some other
information such as the relative biomass of the species (which may yield very
different estimates of diversity, because some species never reach a big size).

Another difficult point concerns the estimation of the frequency of a given
species. Such estimates can be precise for most species only if a very large number
of individuals is sampled (say, more than 10 000 trees in an evergreen forest which
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may contain some 200 tree species). Even in that case, very rare species may be
omitted and the frequency of rare species is poorly estimated.

The Jackknife procedure presented for species richness (§ 3.2.2) can also be
applied for diversity indexes (Heltshe & Forrester 1985).

As for species richness, it may be recommended to stratify the sample
according to ecological factors —both exogenous (e.g., topography, local changes
in site quality) and endogenous (e.g., silvigenetic cycle)—, which influence the
partern of species distribution (Pélissier 1997, Gimaret et al 1997). Beside the fact
that it has a simple interpretation (the probability that two independent sample
individuals do not belong to the same species) and that its maximum value is rapidly
bounded, a key advantage of the Simpson index is that it may be broken into
additive components when stratified sampling is chosen: it is indeed possible to
estimate an average diversity within strata and an across strata diversity (Lande
1996).
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Permanents plots as a means to
monitoring forest dynamics and biodiversity

Frangois Houllier

Abstract

With the emphasis shifting from the one-time assessment of forest resources to the
continuous monitoring of their changes, the question of installing permanent plots
has become more and more acute across the world. This paper reviews some of the
problems that arise when permanent plots are set up with the aim to monitor forest
biodiversity and/or forest dynamics.

The major advantages of setting permanent plots rather than having successive
independent surveys are that (i) this reduces the imprecision in the estimates of
change, and (ii) this provides a means to investigate the components of the changes.

However there are several technical issues which always come to the surface
and have to be discussed and solved according to the specific context and objectives:

- whether the plots should be physically demarcated in the light of the diffusion of
global positioning systems (GPS);

- the choice between several alternative sampling designs: minimum size of the
plot, cluster of plots vs. a single connected plot, network of medium-size plots
vs. a few large plots;

- the minimum size of the sample trees;

- the way changes are estimated if the time step is long.

Introduction

Due to the fast quantitative erosion of forest area in the world and to the qualitative
degradation of the remaining forests (e.g., replacement of "natural" closed forests by
disturbed open forests or tree plantations), the focus of most forest inventories has
shifted from the one-time assessment of forest resources to the continuous
monitoring of their changes.
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In that general context, two complementary approaches are often proposed in
order to estimate the ongoing changes:

- using remote sensing, mapping and geographic information systems as means to
detect, represent and assess the global changes in forest area and the flows from one
forest type to another;

- installing permanent plots for assessing the local changes in forest biomass and
structure, in tree species richness and diversity, and for describing and
understanding the processes involved in forest dynamics and maintenance or loss of
biodiversity.

This lecture is only concerned with the latter point and discusses some of the
technical issues involved when permanent plots are to be laid and monitored. The
choice of the sampling design is obviously crucial, for it determines the amount of
field work —hence of money to be spent—, as well as the reliability of the
estimates. This problem has already been partially discussed during the lectures
focusing on the assessment of biodiversity itself: the homogeneity of the forest as
well as the level at which diversity is to be estimated are essential. But other
interrelated objectives often come into the picture: monitoring the changes in forest
composition; assessment and monitoring of volume and biomass; assessment of
stand structure and monitoring of its demography.

Several technical issues which always come to the surface are discussed in this
lecture:

- Whether permanent plots are useful or could be efficiently replaced by successive
independent surveys. Whether the plots should be physically demarcated in the light
of new technological developments (i.e., the diffusion of Global Positioning
Systems (GPS)) and whether the trees should be individualised and mapped.

- Whether a few large plots should be preferred to a set of medium size-plots to
assess the forest diversity and structure in a vegetation type; whether one single
connected plot is preferable to a cluster of satellite plots; the reciprocal advantages
and drawbacks of fixed-area and variable-area plots, efc.

- The periodicity of measurements and the minimum size for trees to be measured:
international guidelines, consequences on diversity estimates, on biometric
assessment, on demographic studies.

A statistical point about permanent plots

The major advantages of setting permanent plots rather than having successive
independent surveys are that permanent plots: (i) reduce the imprecision in the
estimates of change; (i) provide a means to break global estimates of changes into
their components (mortality, growth, recruitment).
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Variance of the estimate of change

Let us take the case in which the same zone is sampled at two successive occasions,
t; and %, and a single plot is laid down at each point of time. There are three
possibilities: (i) the two plots are independent of each other; (i) the plot is a true
permanent plot, i.e., it was clearly marked at # so that it is precisely relocated at ;
(iii) the plot is approximately permanent, e.g., the plot was not marked at #, but is
relocated at #, using GPS technology.

These three cases can be compared within the framework of a single statistical
model. Let y be the variable under study and x the coordinates of the plot. The
observed values are: y; = y(x,t;) and y, = y(x,t;). Let us consider the following
statistical model which, though arbitrary and simple, seems quite reasonable, at least
qualitatively: y is a random function with a known variance, ¢* , and spatial and
temporal correlation function, p(dx,dt) = py(dx).p,(dt), where py(dx) and p,(dt) are
monotonously decreasing functions. We further assume that the coordinates of the

Under this model, it is possible to estimate the variance of the estimated

change, Ay =y,-y;: Var[ Ay ] =26 (1-ps(Ax ) p( At ) where Ax = x,-x; and
At = tz-tl.

If the plots are independently selected from each other, the expected value of this

variance is:

Via=E[Var[ Ay 1]= 20" (1=Pi(AL) ([ pi(2—x1) d; )
Vina =20 (1-p (AL ) E[p, (x2—x1)])

If the plot is a true permanent plot, the expected value of this variance is:

Vperm = 202 (I' pt( At))
If the plot is approximately permanent, the expected value of this variance is:

Vi =20 A-p(A [ p(ErpE)d(&)

where the integral is taken over the range over possible values of & = Ax and p(& )
is its probability distribution function.

It can thus be demonstrated that: Vi, < Vippr < Vipa < 26°. If we take a

reasonable numerical example such as P(Af )= 0.8, p(& = exp(- & /200) and
p(f) = 1{»200’200] (5 ’/400- and if we suppose that the plots are situated in an

arca

larlger than some thousands of hectares, then we get the following approximate
values:

plots are randomly selected.
- Viu= 202,
= Vi~ 126%
- Viyem = 0.46%.
These results exhibit big differences among the three situations and clearly
show the advantage of using a permanent plot, at least an approximate one.
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This advantage has actually been recognised for a long time. But
there was some debate on whether estimates derived from permanent plots
would be biased, not at ¢, but at z, and subsequent dates. Provided that
the sampled domain is always the same, estimates derived from permanent
plots are not biased.

It has however been showed that there is an intermediate sampling
strategy, called sampling with partial replacement, which: (i) is more
efficient than temporary plots for both one-time estimates and change
estimates; (if) is less efficient than permanent plots for change estimates;
(iii) is more efficient than permanent plots for one-time estimates. This
strategy has been widely presented and reviewed in the field of timber-
oriented inventories (e.g., see Houllier 1985) and could probably be adapted
in the field of diversity-oriented forest surveys.

One important point that is often overlooked regarding sampling with
partial replacement: this strategy, though theoretically efficient, is
complicated to put in practice when it comes to operational forest surveys.

Dynamic balance and its components

The primary aim of monitoring is to assess changes. For instance: if we are
interested in plant demography and biomass between dates ¢ and #+k, it means
estimating the change in the number of stems per ha, AN, ,,, = N,,, — N, or in the
basal area, AG,,,, =G,,, — G, if we are interested in species diversity, it means
estimating the change in species richness, AS,, ., =S,,, —5,. As seen above, this
can be achieved by various ways (permanent or temporary plots), which may
strongly differ in their precision.

But soon after changes have been estimated, the questions arise of how these
changes happened, of how they can be broken down into elementary components.
Estimates of change then become global balances whose elements have also to be
estimated:

- ANTI+L’ = Nrf+1(_m Nfr+k+(rmNrf+k_
stems (see below for the meaning of these notations),

~ AG G G+ G, +(,G

tt+k :r tt+k “m
- AS

N, ,..), for the number of

rm

t1+k t1+k ti+k ~ rm Gt,t+k) , for basal area,

tt+k =r St+k “m St + (r'm St,t+k “rm St,t+k ) > for SpeCieS richness.

If the plots are not truly permanent and if the trees are not individually tagged,
there is no possibility to estimate the various components of these equations
(recruitment, mortality, felling, disappearance of species, colonisation by new
species) without some additional hypothesis on the relationships between the state of
the stand and the changes that happen. Since the very question is often to estimate
these relationships, there is no reliable solution in the absence of permanent plots.
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Transversal sampling using age instead of time

One problem with successive surveys, be it with permanent or temporary plots, is
that it takes several years before changes can be assessed: thus, the idea to use plots
sampled at the same date but situated in different stands ordinated along an age-like
gradient. The main difficulty with this approach lies in the fact that the age-like
gradient may be correlated to some ecological factors, which have themselves a
strong influence on biodiversity or standing stock. This is a very general problem,
which also applies to biodiversity studies.

Example: let us consider the coffee plantations in the Coorg District (South
India) and their impact on the tree diversity in the canopy. One possible approach is
to sample plots in coffee plantations which have a different age. In the case of coffee
plantations, it hence turns out that most older plantations are large and are situated in
the (former) moist deciduous forest belt, whereas most younger plantations are
smaller and result from the encroachment on moist evergreen forests. It is thus
difficult to simply interpret the loss of species diversity along the sampled age-
gradient as the result of a progressive degradation process when the coffee plantation
ages.

Monitoring forest dynamics

Monitoring volume and biomass

The estimation of volume and biomass at one point of time does not pose any major
methodological problem. One point that is still often lacking is the existence of
adequate volume tables: developing such tables is not complicated but is a tedious
job and actually requires a lot of time.

In many national inventories, some procedures have been designed and
applied in order to limit the number of small sample trees: for example, relascope
plots or concentric fixed-area plots where the smaller trees are sampled only in the
smaller plots. These techniques are fine and efficient for estimating volume and
biomass at one point of time. However, they generate some difficulties when change
is to be assessed: for instance, trees which had been existing for many years
suddenly appear in the larger concentric plots because they have grown above the
minimum threshold associated to these plots.
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Monitoring stand structure

The assessment of the size distribution of a forest ecosystem is important in an
ecological perspective, for the level of homogeneity / heterogeneity of a stand is
generally believed to be linked to its species diversity (not only of trees but also of
other plants and of animals). Estimating the frequency of trees in the various size
classes does not pose any major problem, except that the estimate of the frequency
of bigger trees is often very unprecise (due to their rarity and their more erratic
spatial distribution).

Regarding the fixed-area vs. variable area plot debate, the same comments as
above hold true when it comes to monitoring the flows of trees from one size class
to another.

Comparing two successive diameter distributions, to test the hypothesis of
stability between ¢ and ¢+4, can be simply achieved by a classical Chi2-test.

Characterising the structure of a stand may also mean characterising its vertical
structure and the spatial distribution of the trees:

- Beside tree height, the former may require the measurement of crown height and
width. The usual way to study the vertical structure is to study the relationship
between diameter at breast height and stem height. For self-understanding reasons, it
is preferable to analyse /-1.30 = f(d1.30) rather than 4 = f(d1.30), and to consider it
on a per species basis rather than all species pooled together. The use of the so-
called /2 =100 .d line should thus be avoided.

- At the moment, characterising the spatial distribution of trees is more a matter of
research than of operational forest surveys. The techniques which can be used are
varied: hand-drawn or automatic profiles based on stem and crown measurements,
statistical analysis of spatial patterns based on the inter-tree distribution (Pélissier
1997). Analysing the changes in spatial distribution is even more complicated.

Monitoring demographic processes

Monitoring demographic processes means breaking the global assessment of change
in its different components: mortality, recruitment and growth. As already
mentioned, true permanent fixed-area plots, where all trees are identified and tagged,
are best suited for that purpose.

Mortality

Mortality and survival rates are usually estimated by counting the trees that existed at ¢
and have either died or survived up to date t+k: N, The (relative) rate of
mortality is then obtained by dividing this value by the initial density and the time
elapsed between the two successive surveys: ,,N, +/(k . N)).
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One minor problem may occur when k is high (say, about or more than 10
years). In such a case, a better approach is to consider mortality and survival as
fixed annual probabilities: ,,N,;+x =m.N, Simple computations then give an exact
estimate of the mortality probability:

N,

=1 (= rvk )

m=
N,

t

which can be approximated by the usual formula given above (if .V, /N, « 1).
This procedure is also valid if it comes to estimate the transition probabilities from
one size-class to the other in the framework of a matrix demographic model.

Recruitment

The case of recruitment is slightly different, for it is often assumed to be a fixed
annual amount rather than a fixed annual probability.

- In the first case, recruitment is simply estimated as the number of trees counted at
t+k which had not been counted at ¢, divided by the time elapsed between the two
successive surveys: N, /k.

- In the second case, recruitment rate can be estimated using the same procedure as
for mortality rate.

Another critical feature with recruitment is the threshold size for the trees to be
measured: the higher the threshold, the lower the recruitment. Recruitment can thus
not be equated to regeneration. Internationally agreed values for this threshold are
1 cm and 10 cm dbh. It is important to stand by these values because this is the
only means to ensure the comparability of estimates obtained the world over.

It must further be observed that the above given estimates of recruitment and
mortality are both biased, for the trees which were recruited after ¢ and died before
t+k are not included. This is not a matter of concern when only a balance is
estimated for these two phenomena exactly compensate each other. However, this
may pose some problems if two forests, which have been sampled with a very
different periodicity, are compared for mortality or recruitment rate.

Turn-over

Mortality and recruitment are two aspects of the turn-over of a tree community. In a
stable "climacic" forest, it is imagined that these two values are equal. First, one may
argue that "climax" never exists and that total stability is a myth. Second, it most
often happens that the two values are actually different. Assessing the turn-over rate

is then carried out by averaging the mortality and recruitment rate:
F=(h+7)/2.
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Increment
Assessing the biological increment of the forest has been widely reviewed and does
not pose any major problem when fixed-area permanent plots are used.

The only critical point is with the clear distinction between increment of
standing trees and ingrowth (i.e., the volume, basal area or biomass of trees which
have crossed the minimum threshold for being recorded): either the increment of
recruited trees (after they crossed the threshold) is included in ingrowth, or it is
integrated into the overall increment of standing trees.

When variable-area plots are used, the situation becomes more complicated,
because this problem of recruitment above a given threshold is amplified.

From assessing changes to understanding processes

The points above all deal with how to estimate and assess the changes, either as a
global balance, or as elementary demographic components. A subsequent question is
often to understand the processes that result in regeneration and in tree growth or
death. Answering this question often leads to link these dynamic processes to the
environment of the trees and stands at the local level: light availability, site quality,
slope, etc.

This domain is more an area of research than an area of operational survey.
Permanent plots play here a key role, provided the trees have been mapped and the
plots are big enough so as to ensure that the environment of most sample trees is
known.

Monitoring species diversity

Assessing species diversity

The main problem is to clearly state at which level species diversity is to be
assessed. Let us take two contrasted examples:

- If the diversity is to be estimated at the stand or community level (a-diversity
and, possibly, B-diversity): the choice will be between a single large plot (say
between 5 and 50 ha), a set of a few medium-size plots (say 3 to 5 one-ha plots), a
cluster of several small plots (say 20 to 30 twenty-tree plots).

- If the diversity is to be estimated at the level of a forest type (y-diversity): it will
be necessary to sample various plots located in different forest patches and stands
and the choice will concentrate on the compromise between the number of plots and
their size.
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In both cases, it is necessary to state at which scale the estimates of diversity
are provided: one ha or the total community, one ha or the total vegetation type.

An important point which actually concerns most operational forest inventories
is that they use some form or another of varying-size plots, where larger trees have a
higher probability to be sampled. Let p(d) be the probability of a tree of size d to be
sampled. The estimates of the standing stock easily take this factor into account, by
weighting the observations by the inverse of the probability to be observed. The
situation is a bit different for diversity:
- for richness, this procedure may result in a bias as soon as there is any form of
correlation between species composition and size structure (e.g., some species
yielding only small individuals);
- for species frequency, the procedure described above can be applied, without any
adverse consequence, but the fact that rare small-size species have more chance to be
missed.

Monitoring species richness and diversity
Changes in species richness

The first step in assessing changes in species richness over time is fairly similar to
the first step in assessing the changes in the standing stock: the estimate of the
overall balance is to be estimated; and, as stated in section 2, this estimate is more
precise if permanent plots are used than if temporary plots are used.

Then the question comes to estimate the components of this balance: how
many new species have appeared and how many have disappeared? This can actually
be carried out even if temporary plots are used, which is a major difference from the
assessment of the components of changes in the standing stock. But, of course, the
estimates do not have the same reliability whether the plots are permanent or
temporary.

Other important points are:

- that the scale-dependence of diversity may yield paradoxical results. For example,
it may happen that changes occurring at plot scale do not appear anymore when all

plots are pooled together (Table 1).

- that the time step of richness and diversity changes is usually longer than the time
step of biomass changes. Of course, this is not the case during some special events
such as colonisation of open land, treefall due to heavy storms or massive dieback.
It is worth noting that in such cases, the standing stock also dramatically changes.
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Table 1. Theoretical example where changes in species richness are not
"consistent" across spatial scales. Each plot loses and gains one species, but the
pooled plots neither gain nor lose species.

Plot 1 1 2 2 1&2 1&2
Time 1 b 17 b 4 b
species
sl 1 0 0 1 1 1
s2 1 1 1 1 1 1
s3 0 1 1 0 1 1

Note: such a situation may occur when a forest is composed of a mosaic of silvigenetic patches

which, each, undergo the same cycle but are not synchronised.

More important than numbers of species, the lists of the species —those which
remained, those which disappeared and those which appeared— help understanding
the nature of the changes: for example, whether the species that appeared are light-
demanding or tolerant, to which strata they belong, whether they are indicators of
disturbance, whether they are deciduous or evergreen, exotic or indigenous.

Changes in species diversity

Changes in diversity indexes can be estimated simply and are, of course, more
precise if permanent plots are used. These indexes being composite, it is however
difficult to break the changes into components.

Monitoring the changes in diversity means assessing the changes not only in
species richness but also in species frequency. To that respect, this is fairly
comparable to monitoring changes in the size structure of a stand. For example,
comparing two successive species composition can be achieved by a Chi2-test.

Methods discussed for assessing the changes in the overall standing stock can
also be applied to single species: for instance, estimate of mortality, recruitment and
growth for each species in a stand. One major difficulty in tropical forests is that the
high number of species combined with the usual constraints on sampling intensity
result in few individuals sampled per species. So that such a species wise approach
is rarely feasible.

General discussion

This review has emphasised the usefulness of permanent plots in terms of precision
of the estimates of change as well as in terms of possibilities to trace and estimate the
components of the changes.
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It has also shown that species richness and diversity, as measures of
heterogeneity, of variability, are of a very different nature from volume, biomass,
basal area, etc. and that this has several implications on the sampling and estimation
processes.

In the field of classical forest inventories, many empirical as well as theoretical
studies have shown that, for the same global sample size, the most efficient
sampling designs are those which are made of numerous very small plots. When
cost and time are taken into account (e.g., cost of travelling from one plot to
another), it appears, in temperate forests, that many small plots of, say, 0.01-
0.10 ha provide better estimates than a few larger plots. This general guideline can
be extended to biodiversity assessment (Gimaret et al. 1996).

A point which is more disputable is about whether the plots should have a
fixed size, contain a fixed number of trees, or have a variable size depending on the
size of the trees. In the field of classical forest inventories, it is widely accepted that
the emphasis should be put on the larger trees which have a higher economic value.
However, this choice which results in varying-size plots (e.g., relascope plots)
poses some technical problems when it comes to assessing changes or to estimating
species richness and diversity.

Furthermore, the question of plot size takes another twist when it comes to
monitoring and understanding the dynamic processes that take place. Such an
understanding hence often requires to locate the trees in the space, to consider their
environment (neighbours, local ecological conditions). In that case, it is much
preferable and more efficient to set up large plots where the ratio perimeter / area is
small (there are relatively few trees whose neighbours are outside the plot).

It is impossible to propose a unique framework for monitoring biodiversity,
but some guidelines may be proposed:

- for research purposes, large permanent plots (from 1 to 50 ha) are the best
solution;

- for operational purposes, clusters (or tracts) of small fixed-area permanent plots
are a good solution.
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Indicators of the biological diversity of forests
at the national level:
Comments on a French experience

Francois Houllier

Abstract

This paper reviews the section devoted to biological diversity in an official and
public report on indicators of sustainable management of French forests by the
French Ministry of Agriculture. This report is taken as an example with the aim of
discussing the nature and relevance of several indicators of biological diversity at a
regional or national level, as well as to point out some associated methodological
problems.

The biological diversity section of this report presents 14 criteria (i.e., groups
of indicators) of diversity and sustainability. These criteria may be grouped into
three broad classes:

- Forest- and ecosystem-oriented indicators: the proportion and nature of
mixed forest stands and their change over time; the extent of truly "undisturbed" (or
"natural") forests and of "slightly disturbed" forests; the extent of very old even-
aged stands which constitute rare and ecologically interesting habitats; the volume of
dead wood in forest; the fragmentation of forests in large elementary forest units; the
fragmentation of forests in elementary homogeneous and connected forest units; the
extent and nature of forest edges and ecotones.

- Species-oriented indicators: the list and proportion of indigenous,
acclimated and exotic tree species; the list of endangered and/or sensitive species
(plants and animals) found in forests; the density of game in forests; the number and
area of forests classified for the conservation of genetic resources.

- Policy- and management-oriented indicators: the extent (number and
area) of national parks and protected forests; the proportion of natural and artificial
(i.e., plantation or sowing) regeneration in even-aged highforests; the list of
management practices that contribute to forest artificialisation.
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For each indicator, the way it is estimated as well as its relevance in the context of
tropical forests are discussed. This review shows that: (i) assessing the biological
diversity of forests requires the combination of many different data sources and
viewpoints; (ii) there is a need to explicitly link aggregated and indirect indicators of
diversity to ecological functions, forest resources and indicators of sustainability;
(iif) many methodological problems persist in the estimation process itself;
(iv) these indicators should not be evaluated only once, but monitored through a
continuous national forest survey; (v) this report contains indicators which do not fit
within the tropical context: therefore, it should not be replicated straightforward but
modified and adapted to local conditions.

Introduction

This paper reviews the part devoted to biological diversity in an official and public
report published by the French Ministry of Agriculture on indicators of sustainable
management of French forests: Les indicateurs de gestion durable des foréts
frangaises (Anon. 1995). Although other sections of this report also contain
information that is important for assessing, monitoring and conserving biological
diversity in French forests’, we chose to focus on the section entitled "Biological
Diversity" (pp. 27-36) and the associated annexes (pp. 47-49).

This report is taken as an example with the aim to discuss the nature and
relevance of biodiversity indicators at a regional or national level, as well as to point
out some methodological problems. The objective of this paper is thus to review the
14 biodiversity criteria, and the associated indicators, which are included in this
report. Each indicator is defined; the way it is estimated, the sources that are used
and its relevance are then discussed per se and in the context of tropical forests. We
do not discuss the results themselves because our aim here is not to assess the
diversity of French forests but to review methodological aspects.

We chose to group the 14 criteria into three categories: (i) forest-oriented
indicators; (7i) species-oriented indicators; (iii) indicators of anthropogenic activities
(forest management as well as conservation measures). Although distinguishing
between these three groups was not always easy (for example, the extent of forest
edges and ecotones is both an ecological characteristic of the forests and a result of
human activities), we felt that this classification was useful: the two first categories
correspond to the assessment of forests from two complementary points of view —

* For example: global information on forest resources (area and volume), the history and origins of
French forests, global ecological and biogeographical context, forest health or non timber forest
products.
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ecosystem-oriented vs. species-oriented —, while the third category contains
policy and management-oriented indicators.

Forest-oriented indicators

Proportion and nature of mixed forest stands (§ 4.1%)

Indicators. Three types of information are provided:

- the extent (in ha and %) of forests according to their level of

species mixture: monospecific stands vs. stands containing two, three or more
species.

- the degree of purity in the stands dominated: for each of 24 major
species, the purity of the forest stands (where they dominate) is estimated as the ratio
between the volume per ha of the species itself and the total volume per ha (all
species pooled together) in the stands where this species dominates.

- the changes that occurred between 1984 and 1994.

Source. National Forest Survey: description of forest cover on 0.2 ha field sample
plots (determination of which species is dominant) and volume measurements on
smaller plots (6, 9 and 15 m radius according to tree size).

Comments. The nationale for this criterion seems, at first, evident: mixed stands are
more diverse than pure stands. This should however be nuanced: (i) this criterion is
scale dependent, for it varies according the size of the stands; (i7) it may happen that
a landscape is made of a mosaic of many single-species stands. The way forest
mixture is classified in France is not relevant for tropical forests which, except the
plantations, are much more diverse (in France, the degree of purity, as defined
above, varies between ca. 50 % for some broad-leaved species and more than 90 %
for some planted pine stands).

The idea to distinguish between stands according to their degree of species
mixture and level of diversity and heterogeneity is however relevant: the difficulty is
that such estimates are difficult to derive from aerial photographs or satellite images
and thus require direct field observations.

An alternative approach would be to classify and map the forests according to
ecological criteria (e.g., soil and bioclimate) and physiognomical aspects that can be
directly observed on satellite images or aerial photographs and that are correlated
with local forest diversity. An important point is that changes are assessed.

* For each indicator, we give the number of the paragraph in the French report.



Indicators of the biological diversity 77

Natural and old-growth semi-natural forests (8 4.2)

Indicators. The extent of natural forests and old-growth semi-natural forests.
These forests are respectively defined as highforests which are exclusively
composed of indigenous species, have been standing from times immemorial and
have been preserved from any harvesting for at least 50 years, and as highforests
which are exclusively composed of indigenous species, have not been planted and
have been existing for at least 80 years.

Sources. National Forest Survey; Forest Department; Ministry of Agriculture.
Comments. Such estimates are difficult to establish in European forests which have
been strongly modified by human activities over the centuries. So would it be in
most Asian tropical countries, at least in those which have a dense population or
where shifting cultivation was, and still is, frequent, or where local populations have
been collecting non timber forest products for centuries.

Old even-aged stands as rare and specific habitats (8§ 4.3)

Indicators. Area covered by very old even-aged stands (i.e. silviculturally
overmature stands) for each of 18 major predominant species.

Source. National Forest Survey: field sample plots are used.

Comments. The rationale for these indicators is that old-growth forests (including
some plantations) often constitute specific and rare habitats and harbour a particular
fauna and flora.

Such statistics can only be made for regular highforests where age makes
sense (e.g., plantations): in France, even-aged stands cover approximately 44 % of
the total forest area. In tropical forests, this proportion would probably be less, so
that the usefulness of this indicator would be limited. In these forests, at least in
those which have no marked dry season, measuring the age may also be difficult.

Volume of dead wood in forest (§ 4.4)

Indicators. Total volume and volume per ha of dead standing trees.
Source. National Forest Survey: field sample plots are used; only the trees which
died during the 5 years preceding the survey and are still standing are taken into
account.

Comments The rationale for this indirect indicator is that dead wood provides
resources for a wide range of organisms: fungi, insects, insectivorous birds, etc.
This indicator is difficult to assess and not very reliable because lying dead wood is
not taken into account, the difference between senescent dying trees and dead trees is
not always obvious and dating the death of a tree is quite difficult. The task would
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likely be even more complicated in moist and wet tropical forests where the
decomposition is more rapid than in temperate forests.

Fragmentation of forest land in
elementary geographic units (§ 4.12)

Indicators. An elementary geographic forest unit is defined as a patch of land larger
than 4 ha, which contains forest subpatches that are either connected or separated by
interruptions (e.g., roads, villages, fields) less than 200 m wide.

The size distribution of elementary forest units is provided, using 7
size classes: [4-100 ha], [100-1000 ha], [1000-5000 ha], [5000-10000 ha],
[10000-50000 ha], [50000-100000 ha], more than 100000 ha. For each class, the
following additional information are provided:

- the average number of forest types per forest unit, which provides an
estimate of the average internal diversity within a forest unit;
— the average area (s), average perimeter (1) and average index

of compactness (24/77S / L)’ average perimeter-over area ratio 7,56 which

characterize the compactness and fragmentation of the forest.

Source. The maps prepared by the National Forest Survey from aerial photographs
(scale of aerial photographs: 1/17,000; map scale: 1/250,000; minimum size of
mapped forest patches: 4 ha; number of broad forest types’: 10). These maps have
been put under a GIS and the indicators are directly computed using GIS built-in
functions.

Comments. The rationale for such indicators is that forest fragmentation is both (i) a
major constraint on the natural reproduction and survival of some vegetal and animal
species, and (ii) a favourable factor for other species which prefer edges and
ecotones (see § 2.7 below).

Although the exact ecological meaning of such aggregate indicators is difficult to
assess, they are important for conservation purposes and their monitoring may prove
useful to evaluate ongoing trends. These indicators also heavily depend on the type
of mapping, especially on the scale of the map and the minimum size of the mapped
forest patches.

> This is a shape index which varies between 0 (for a line) and 1 (for a circle).

® This index mixes patch size and patch shape.

7 The 10 broad forest types are: pure broad-leaved highforest, pure coniferous highforest, mixed

highforest, mixture of coppice and broad-leaved highforest, mixture of coppice and coniferous
highforest, coppice, parcelled forest, loose forest, forest garrigue or maquis (Mediterranean stunted
dry forest with scrub), young plantations and poplar plantations.
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Fragmentation of forests in homogeneous forest units (§ 4.13)

Indicators. An elementary connected and homogeneous forest unit is defined as a
connected patch of forest larger than 4 ha, which belongs to the same forest type.

The size distribution of elementary connected and homogeneous
forest units is provided, using 6 size classes: [4-10 ha], [10-25 ha], [25-50 ha],
[50-100 ha], [100-500 ha], more than 500 ha.

For each class, the following information is provided: number of units,
total area and average area per unit.

The same type of information is also provided for the other wooded lands.
Source. The maps prepared by the National Forest Survey from aerial photographs
(scale of aerial photographs: 1/17,000; scale: 1/250,000; minimum size of mapped
forest patches: 4 ha; number of broad forest types: 10). These maps have been put
under a GIS and the indicators are directly computed using GIS built-in functions.
Comments. These indicators are complementary to the previous fragmentation
indicators. They give an idea of the diversity of ecosystems within the elementary
geographic forest units. As for the latter, the ecological meaning of such aggregate
indicators is difficult to assess; their monitoring may prove useful to evaluate
ongoing trends; they heavily depend on the type of mapping, especially on the scale
of the map and the minimum size of the mapped patches.

Using the GIS it would be possible to estimate additional indicators. For
example: the size distribution of these units classified per broad forest type (e.g., are
there differences between coniferous, broadleaf and mixed highforests?), or the
index of compactness of the elementary connected and homogeneous forest units.

Forest edges (§ 4.14)

Indicators. Extent of the interface between forest patches and other land uses:
water, humid zones, semi-natural zones (e.g., scrubland, glaciers, alpine
grassland), agricultural land, artificial land (e.g., urban areas). The extent of forest
edges is given as the percentage of the total perimeter of the forest patches, which
are classified according to their size: [4-10 ha], [10-25 ha], [25-50 ha], [50-
100 ha], [100-500 ha], more than 500 ha.

Source. The land use and forest maps (under GIS) of the French Institute for
Environment.

Comments. The rationale for such indicators is that edges and ecotones are
diversified habitats which harbour a lot of species, either belonging to both
neighbour vegetation types, or whose very niche is the forest edge. Analysing the
kind of interface between forest and other land uses provides an idea of the potential
richness of edges. Analysing the variation according to the size of forest patches
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helps characterising the landscape (e.g., in France, smaller forest patches have more
common edges with agricultural land than larger patches, which tend to be more
associated with semi-natural land use).

As for the fragmentation indicators, the ecological meaning of such aggregate
indexes is difficult to assess; their monitoring may prove useful to evaluate ongoing
trends; they heavily depend on the type of mapping, especially on the scale of the
map and the minimum size of mapped patches; using GIS functions, it would be
possible to go into more details (e.g., looking at the different types of forest and
their edges).

Species-oriented indicators

Proportion of indigenous, acclimated and exotic species (8 4.5)

Indicators. Beside the exhaustive list of the 73 indigenous tree species found in
French forests (e.g. fruit trees grown on agricultural land or in orchards are not
included), completed by the list of 9 exotic but acclimated tree species (i.e.
well adapted to soil and climate, and able to regenerate naturally) and another list
of 54 exotic species, the report provides an estimate of the forest area which is
dominated by either indigenous or exotic species, in 1984 and 1994.
Sources. Experts (botanists) and National Forest Survey.

Comments. These lists of species are basic and indispensable indicators, although
the distinction between indigenous, acclimated exotic and non acclimated exotic
species is not always straightforward. Exotics are not bad per se. They even can
increase the apparent richness or diversity of a forest. The problem mainly lies in the
fact that their introduction (at the expense of local species) tends to homegenize
forests across regions and countries.

The area statistics are not relevant for most mixed tropical forests, which are
too diverse to be characterised by a predominant species; for such forests, it is
preferable:

- either to estimate the area covered by ecofloristic associations as those defined in
South India by Pascal (1988);

- or to use field survey data to estimate the standing volume or basal area of the
species.

Another valuable approach consists in mapping the area over which the species
are distributed in order to determine those which have a narrow geographic or
ecological niche.
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Endangered and/or sensitive species found in forests (8 4.6)

Indicators. Beside a list of rare, endangered or vulnerable plant or animal
species found in forests, the report provides the number of species (vascular
plants, mammals, birds) found in forests and classified according to their
ecological niche (whether they only live in forests or they occasionally move
into the forest) and their status (vulnerability, danger of extinction).
Sources. Different experts and national or international agencies.
Comments. Such indicators are both necessary and very difficult to assess (e.g.,
what is the ecological niche of a migratory bird species and how much does it
depend on forest?). In most cases, it is necessary to consider not only the forests but
also the other types of natural, semi-natural and artificial ecosystems required by the
species and their populations during their whole life-cycle.

It would also be useful (i) to assess the area of the ecosystems where these
species are present, and (i) to define endangered, rare and sensitive forest
ecosystems: but such forest-oriented indicators are difficult to assess on large areas.

Density of game in forests (§ 4.8)

Indicators. Density of Cervidae in forests.

Source. Hunting Department, from surveys based on hunting statistics.

Comments. The occurrence of large mammals which require a wide and non-
fragmented habitat is often a good indicator of the maintenance of large-connected
forest patches and of a complete and healthy food webb. This indicator is also
provided because hunting is one of the traditional function of French forests: deer
density is thus an indicator of a non timber forest resource.

In tropical (and even in temperate) countries, other wildlife animals should be
taken into account, such as large mammals (e.g., elephants, tigers) or birds. Many
other biological non timber forest resources should also be considered and could
lead to the choice of other indicators of biological diversity: medicinal plants,
fruits, etc.

Policy-and management-oriented indicators

National Parks and Protected Forests (8§ 4.7)

Indicators Extent of different types of protected forests: National Parks,
Sanctuaries, Biological Reserves, Hunting Reserves, efc.



82 Assessment of forest biological diversity. Lecture notes

Sources. Ministry of Environment; Ministry of Agriculture; Forest Department
(ONF).

Comments. These indicators are policy-oriented, rather than descriptive of the
existing diversity, and their exact definition and meaning often vary according to
countries (see Boontawee et al. 1995 for Thailand). For example, in India,
Reserved Forests do not fall under true protected areas but are often better conserved
that most other forests.

Forests classified for the conservation of genetic resources (§ 4.9)

Indicators. Number and extent of classified or controlled forest stands,
number of genetic inventoried and conserved entities, extent of in situ
or ex situ conservation reserves. The distinction between broad-leaved
species and conifers is made.

Sources. Ministry of Agriculture; Forest Department (ONF); research agencies.
Comments. These indicators give an account of the efforts made to conserve species
and their genotypes as well as to improve the genetic quality of forest stands (i.e.,
seeds coming from these classified stands are used in reforestation programmes).

Natural and artificial (i.e., plantation) regeneration in
even-aged highforests (§ 4.10)

Indicators. Annual extent of forests concerned by either natural or
artificial regeneration; state, communal and private forests are distinguished;
afforestation is also included.

Sources. Various sources including the Ministry of Agriculture, the National Forest
Survey, the Forest Department (ONF), etc.

Comments. The rationale for this indicator is that natural regeneration is a better
means to conserve the existing tree diversity than planting or sowing. This indicator
does not account for the natural regeneration processes which occur in uneven-aged
forests (either highforest or coppice-with-standards).

Management practices that
contribute to forest artificialisation (§ 4.11)

Indicators. Annual extent of forest stands concerned by "artificial™
practices such as ploughing, fertilisation, drainage, and herbicide, insecticide or
fungicide treatments; state, communal and private forests are distinguished.

Sources. Forest Department (ONF); surveys among private forest owners.
Comments. Such indicators give an account of the degree of artificialisation of the
forests. They cannot simply be summed up, for some intensively managed forests
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(e.g., some conifer plantations) cumulate, either the same year or over a rotation,
different types of artificial practices. Other indicators, such as the area planted with
clones, could also be used. Artificialisation techniques may be different in tropical
countries (e.g., shifting cultivation, understorey plantations, slash and burn).

General discussion

Although the above mentioned 14 criteria cover a wide spectrum, they are not
exhaustive. For example, other global statistics (e.g., the total forest area,
standing volume, current annual volume increment and their changes over a 10-year
period), which are important in terms of sustainability and forest conservation, are
provided in other sections of the French report. Also it would be relevant to define,
and assess the extent of, the vulnerable and rare forest ecosystems; one serious
technical difficulty being that such ecosystems may be difficult to directly map from
aerial photographs or satellite images.

Assessing the biological diversity of forests at a regional or national level
requires the combination of different viewpoints and, thus, of many data
sources: the National Forest Survey of course with both their maps and field data,
but also administrative information (e.g., National Parks and Sanctuaries), inputs
from the Forest Department (ONF) and other organisations in charge of forest
management as well as from scientific experts. For example, one of the key question
in biodiversity conservation is how to define and characterize the so-called ‘hot
spots’. Such areas should harbour a lot of species, preferably indigenous (or better
endemics). Also they should be somehow endangered, either because of earlier
damages or because of potential threats (e.g., dams, demographic pressure,
extension of the agriculture or of communication networks, efc.). Identifying such
hot spots thus requires a lot of data species-oriented, stand-oriented, policy-oriented
as well as on human activities.

Most of the data provided in this report are indirect and aggregated
indicators of biological diversity: there is thus a need for explicitly linking these
indicators to ecological functions and forest resources. For example, we generally
believe that fragmentation is a negative factor for the conservation of several plant or
animal species; but what does an index of compactness of say, 0.2 or 0.8, mean in
terms of biodiversity? This has to be explored through detailed and analytical studies
that are out of the scope of — but are complementary to — national forest surveys.
Similarly, the link of these indicators with the sustainability of forest management is
often more intuitive and qualitative than truly demonstrated or quantitatively
established.

Beside the latter questions, which are related to the meaning and relevance of
the indicators, there are other methodological problems which concern the
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reliability of the procedures used to estimate these indicators. For example, we
mentioned that fragmentation and forest edge indexes strongly depend on the
mapping technique: the scale and quality of aerial photographs, the forest
classification system, the minimum area of patches, the scale of the final map. These
technical — often statistical — aspects should not be underestimated in the double
perspective of international comparability and national monitoring.

Although the French National Forest Survey started in the early 60s, most
indicators provided in this report are static. But we need to assess changes and
trends because sustainability is essentially a matter of global time-stability and
resilience of forest ecosystems. Therefore, most indicators are not relevant per se,
but can provide useful information on ongoing trends in the context of monitoring.
It is thus necessary to establish a continuous national or regional forest inventory
and to ensure that the method remains consistent over time.

As already pointed out some indicators used in this report cannot be used as
such in tropical forests: for example, there is a lack of information on medicinal
plants, on other minor or non-timber forest products and on wildlife. But the
principles behind these indicators can be used to design criteria which would be
better adapted to the tropical context. The book by Pascal (1988) for the South
Indian Western Ghats, or the papers by Boontawee et al. (1995) for Thailand and
Rollet (1972a, b, c¢) for Cambodia give some ideas on the way to proceed:

- The forest classification system designed by Pascal is based on both ecofloristic

(bioclimate, soil and floristic composition) and physiognomic (level of disturbance

or degradation, succession stages) criteria. For the evergreen forests alone, he

distinguishes 10 climax forest types: this level of detail is justified by (7) the
existence of sharp ecological gradients, and (i) by the "regional" scope of his work.

The structure and diversity of the forest types are illustrated by selected plots for

which various descriptors are used: height-over-age curve, diameter distribution,

vertical architectural profile, list of species, Simpson's and Shannon's index,

Importance Value Index. Completed by vegetation maps (scale: 1/250,000) and an

atlas of the geographic distribution of endemic tree species, this work provides a
consistent framework for assessing the tree and ecological forest diversity across the
Ghats. Additional data would nevertheless be required for a more exhaustive
assessment of biodiversity: data on other plant species and wildlife, for example.

- The forest classification system used in Thailand distinguishes 16 vegetation
types: Malayan mixed dipterocarp forest, wet seasonal evergreen forest, lower
montane forest, upper montane forest, mixed deciduous with teak forest, mixed
deciduous without teak forest, dry evergreen forest, dry dipterocarp forest, dry
dipterocarp with pine forest, pine forest, limestone forest, peat swamp forest, beach
forest, mangrove forest, bamboo forest, scrub forest. Boontawee et al. (1995)
compare these forests using their average density, species richness and Shannon
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diversity index; however, these information are not derived from a systematic
national survey, but from some selected sample forests or plots. - The forest
classification System used by Rollet in Cambodia distinguishes 13 broad
vegetation types, which are characterised by their most frequent species and a
qualitative description of the morphology of the stands, completed by insights in the
natural dynamics of these forest types and the succession after disturbances.

References

Anon. 1995. Les indicateurs de gestion durable des foréts frangaises. Ministére de
l'agriculture et de la péche, Paris, 49 pp.

Boontawee B., Plengkai C., Kao-sa-ard A. 1995. Monitoring and measuring
forest biodiversity in Thailand. In: T.J.B. Boyle & B. Boontawee (Eds),
Measuring and monitoring biodiversity in tropical and temperate forests,
CIFOR, Bogor, Indonesia, pp. 113-126.

Pascal J.-P. 1988. Wet evergreen forests of the Western Ghats in India: ecology,
structure, floristic composition and succession. Institut francais de
Pondichéry, Travaux de la section scientifique et technique, XXbis, 345 pp.

Rollet B. 1972a. La végétation du Cambodge. Bois et Foréts des Tropiques, 144:
3-15.

Rollet B. 1972b. La végétation du Cambodge. Bois et Foréts des Tropiques, 145:
23-38.

Rollet B. 1972c. La végétation du Cambodge. Bois et Foréts des Tropiques, 146:
3-20.

Iremonger S., Jenkins M., Kapos V., Turner T., Aldrich M., Oldfield S.,
Reynolds J., Paine J. 1996. Proposais for parameters regarding
environmental aspects and the quality of forest resources and forest
management for the Forest Resources Assessment 2000. In: Expert
consultation on Global Forest Resources Assessment 2000, The Finnish
Forest Research Institute, Helsinki, Research Papers 620, pp. 121-159.

Dudley N., Elliott C. 1996. WWF proposals for consideration of forest quality in
the temperate and boreal Forest Resource Assessment 2000. /n: Expert
consultation on Global Forest Resources Assessment 2000, The Finnish
Forest Research Institute, Helsinki, Research Papers 620, pp. 160-194.

Mengin-Lecreulx P. 1996. Indicators of suistainable forest management at the
national level and possibilities to assess them in national, regional and global
forest inventories. /n: Expert consultation on Global Forest Resources
Assessment 2000, The Finnish Forest Research Institute, Helsinki, Research
Papers 620, pp. 195-254.



86 Assessment of forest biological diversity. Lecture notes

Sisk T.D., Lanuer A.E., Switky K.R., Ehrlich P.R. 1994. Identifying Extinction
Threats. Global analyses of the distribution of biodiversity and the expansion
of the human enterprise. BioScience Vol. 44 (9), pp. 592-604.



Assessing biodiversity and stand structure description 87

Biodiversity assessment and stand structure:
setting up of permanent or temporary plots and
parameters to be studied

Claire Elouard and Rani M. Krishnan

Introduction

Permanent and temporary plots are established for (¢) estimation of species richness
and diversity on a small scale, (ii) studies of temporal changes in floristic
composition and (7ii) monitoring ecosystem dynamics.

Before deciding on any of the protocols, the following points should be clearly

understood:

the objective for laying a plot or a transect;

availability of funds and manpower;

time available to complete one bout of exercise;

feasibility of extended monitoring capabilities;

data storage and retrieval capacity;

expertise to interpret the available data and assess future experiments.
Two different protocols can be used for data collection:

establishment of permanent plots (fixed-area plots),

laying of temporary plots and transects (plotless method / cluster method).
The objectives of the two protocols are different on the basis of:

temporal need: permanent plots are aimed to address long-term questions related

to ecosystem functioning and dynamics; smaller transects or temporal plots are laid
to estimate the floristic composition and identify major habitat areas;

spatial data: permanent plots describe and map the trees and vegetation in a

systematic way in a defined area; transects provide an estimate of the density and
heterogeneity of the vegetation over the sampled area.
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Permanent plots

The main objective for laying permanent plots is to answer questions that only long-
term monitoring can provide: ecosystem dynamics and temporal changes in the
floristic composition.

Before establishing a permanent plot, the objectives and planning have to be
clearly defined: the nature of studies to be carried out in the plot (e.g., biodiversity,
phenology, regeneration, recruitment, mortality, recolonisation processes, litterfall
and litter decomposition, primary production, architecture, forest mosaic) and the
limitations (funds, manpower, time allocated for these studies). The size of the plot,
monitoring period and method are then decided based on these criteria.

Size of a permanent plot

An important point that is still unresolved to date is the size of the permanent plots.
More precisely, the debate is centered around the question: Do several small plots
reflect diversity better than a single large plot?

Several studies have shown that estimates of species diversity and richness are
higher when many small plots are sampled, as compared to a few but larger plots
(Parsons & Cameron 1974, Routledge 1975, Whitmore 1984, Whitmore et al.
1985). However, large plots also have their advantages: a more diverse
representation of life forms; the gradient of species commonality and rarity become
apparent; site monitoring of dynamic changes in the ecosystem can be undertaken
continuously (Bakker ez al. 1996a & b, Herben 1996).

The minimum size for a permanent plot should be 1 hectare. Species diversity
and dynamic processes are poorly estimated in plots smaller than this.

Laying of the plot

To lay a plot of 1 ha (100 x 100 m), a compass is used to fix the direction while
drawing the boundaries of the square plot. The direction is continuously checked
with the compass while the boundary is extended. Poles (pegs) or stones are placed
every 10 m using a measuring tape. The total 1 ha plot is progressively divided into
subplots of 10 x 10 m and directions of setting the subplots are changed to avoid
measuring errors (Fig. 1). The plot is then subdivided into 10 m subplots (or
quadrats) with rope and pegs, using tape and compass. If necessary for the study
(seedlings count, ground cover, etc.), quadrats of 5 x 5 m are laid within the 10 x
10 m subplots.
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Figure 1. Example of progressive setting of a 1 ha plot

Plots are laid using slope correction (Fig. 2): the plot is considered as a plane
surface, independent of slope variation. While placing the poles every 10 m, the
slope is measured and the distances are corrected to the slope (Table 1).

10m
>
| |
| 1220 m
|

35°

Figure 2. Correction of the distance according to the slope
(eg.: for a slope of 35", the distance of 10 m on the map becomes 12.20 m in the field).

Table 1. Slope correction

Slope
degree0123456789

0 100) 100) 100 100|100 100 101 ) 200 | 100 | 1O
102 102|102 |103)103| 104 |104|105( 105|106
106|107 108 109]109(110) 111 |112| 113] 114
151171181912 |12 | 124|115 127| 1D
131 | 13| 1B | 137 | 130| 141 | 144 | 147 | 149 | 132

AWIN|F

Parameters

The monitoring of forest dynamics requires quantifying the following parameters:
- Numbering of the trees : All trees more than 30 cm gbh are numbered. The
number can be either painted on the trunk or written on a metal label attached to the
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tree. Although painting is cheap, it has to be renewed every year (hence requires
manpower).

- Spatial location of the trees: The trees are located and mapped within the plot,
using a measuring tape to get the x and y coordinates. The coordinates are measured
from one corner of the plot, facing North, for each 10 m quadrats and then adjusted
for the whole plot. The mapping of trees is necessary for different studies such as
stand structure, species and tree distribution, fruit production, seed dispersal and
germination, regeneration and recolonisation processes in tree-fall gaps.

- Species identification: Species are identified in the field and by herbarium
specimens collected from the unidentifiable species.

- Girth: Girth at breast height (130 cm) is measured with a measuring meter or with
micro-dendrometers (metal ring permanently fixed on the tree trunk). The first
method is cheaper, valid only for a one-time measurement of the girth. The second
method is preferable if regular monitoring of the tree's growth is required (long term
studies). The girth is measured at 130 cm, but if the tree has buttresses, the
measurement is taken above the buttresses.

- Height: Height is measured with a slope meter: at a defined distance from the tree
(15, 20 or 30 m depending on the tree height), the height is measured by the slope
meter giving an angle from the top of the crown to a fixed point at the observer's
eyes level. A correction is then made with the slope angle from the observer to the
tree and the height of the fixed point is added.

- Crown diameter: Estimate of crown diameter is necessary to understand spatial
development at the canopy level, growth of canopy trees and, finally, the role of tree
falls.

- Recruitment and regeneration

1) Saplings below 10 cm and above 1 cm gbh are identified, measured (exact
measurement or grouped into different height classes, e.g., 25 or 50 cm class
intervals) and counted during recruitment studies.

2) Seedlings (<1 cm dbh) are identified, measured (20 or 50 c¢cm class
intervals) and counted (number of seedlings of each species withina 5 x S m
subplot) for regeneration studies.

- Intervals between measurements: The time interval between the measurements
depends on the objectives.

Assessing the dynamics involves different aspects:

1) long term changes (forest structure, recruitment, floristic changes): this
requires monitoring at low periodicicity, e.g., 5 or 10 year intervals. The
measurements are then made for trees >30 cm gbh.

2) survey of mortality and regeneration: this requires monitoring at a high
periodicity, e.g., every year or every 2 years. All trees (>10 cm dbh), saplings
(=2lecm dbh) and seedlings (below 1 cm dbh) are measured. Saplings and seedlings
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should be monitored on a partial area of the plot in 10 x 10 m subplots for saplings
and 5 x 5 m subplots for seedlings, randomly selected within the one-hectare plot.

The turnover for recruitment can be studied yearly or on a long-term basis,
depending on the objectives: assessment of global changes over a long period or a
continuous survey of regeneration processes and mortality rates.
- Terms used to describe the condition of trees in the field:

1) Alive tree

- broken alive

- fallen but alive

- diseased

- trunk damaged

- debarked

- dying

2) Dead tree

- dead (unknown causes)

- standing dead

- dead chablis (gap)

- dead broken
-Other measurements: (slope, light, soil temperature, efc.) can be taken during all
seasons at different places in the study site.

Examples for permanent plots

First Protocol: Uppangala

This experimental station was established in 1990 by the French Institute in the
Kadamakal Reserve Forest in Coorg District, Karnataka, near a small village,
Uppangala. This Reserve Forest is situated at the foothills of the Western Ghats.
Annual rainfall is about 5 200 mm with a marked dry season of 3-4 months. The
experimental station is located at 400-600 m altitude. The natural vegetation is of the
Dipterocarpus indicus - Kingiodendron pinnatum - Humboldtia brunonis type of low
elevation moist evergreen forest (Pascal 1988). About half the species (48 %) are
endemic to the Western Ghats, and about 80 % of the trees belong to these endemic
species (Pélissier 1997).

The plot was established within a 28 ha compartment of undisturbed forest
(Fig. 3). It comprises three complementary systems, covering more than 5 ha
totally:
- 5 transects, 20 m wide and 100 m apart, were established to study the floristic
composition of the 28 ha compartment;
- 3 plots were dedicated to the study of the forest mosaic;
- 3 other plots for the specific study of chablis (i.e., tree fall gaps) (Elouard et al.

1996).
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This method is best suited for identifying and monitoring the trees. The
shrubs and other life forms were not monitored as rigourously.

compartment
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3 : Chablis Vateria (1996)

Figure 3. Sampling design in the 28 ha undisturbed compartment
(from Pélissier 1997).

The five transects (bands A to E) are aimed at providing a good statistical
representativity of the whole site: girth structure of the stands, evaluation of species
diversity, biometric assessment of the dynamics of the stand (growth, mortality and
recruitment).

The three rectangular plots (H, R and S) were set up to describe the forest mosaic
and its functioning in three topographic situations where the physiognomy of the stand
is very different from one another.

Finally, four small plots (1, 2, 3 and 4) were established in gaps resulting from chablis,
in order to study how a stand evolves following a more or less large opening in the
canopy.
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Second protocol

This protocol was designed to monitor forest diversity and dynamics in the
Agastyamalai region, Southern Western Ghats, South India (Ramesh pers. comm.).
It involves:

- establishment of a one-hectare plot (100 x 100 m), with three replicates for each
vegetation type, to study the spatial and floristic structure and dynamics of the forest;
- establishment of several smaller plots of 0.01 ha (10 x 1 m) located around each
1 ha permanent plot, in order to capture the structural and floristic variations of the
major types. The satellite plots are laid in floristically different or transition types.

Methodology as follows:

1) The one-hectare plot is divided into 10 x 10 m subplots (Fig. 4):
- All individuals with dbh >0 cm are measured for height and girth (1 ha);
- In addition, all individuals with dbh >1 cm are measured for height and girth, in
14 subplots (0.14 ha);
- In the same subplots, another smaller plot measuring 5 x 5 m is laid and all
individuals with dbh <1 cm are measured for the height; heights are classified into
20 cm class intervals (0.035 ha);
- For grasses, strobilanthes, bamboos and reeds, the percentage of the area in the
covered 5 x 5 m is estimated,
- The slopes of the plot are measured and all individuals with dbh >10 cm
diameter are specially mapped in the one-hectare plot.

2) Measurements taken in the satellite plots:
- all individuals with dbh >10 cm are identified and measured for girth (100 md),
- in the central 5 x 5 m quadrat of each plot, all individuals with dbh >1 cm are
identified, measured for girth and counted.

This protocol is applicable to all the floristic variations in a continuum and for
all the forest types encountered in the Southern Western Ghats. Further, it also
addresses the need to monitor transition forest zones with the help of several satellite
plots. The time frame, manpower and budget for such an exercise has to be worked
out for each situation based on the working conditions there.
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N

Figure 4. One-hectare plot with the 14 subplots sampled

Temporary plots (transects)

This method is useful for rapid estimation of diversity and to identify trends in
species richness and floristic diversity, and also to identify the crucial areas when
sampled along a continuum.

Transects can be used in different ways depending on the objectives, resources
and time available:

1) A rapid assessment of the vegetation type and the major species within an
area can be done by transects (Fig. 5): a rope is laid over a certain distance (usually 1
km) and all the trees nearest the rope are identified and measured (girth and height).
By this method, estimates can be completed within a short period (i.e., in a few
hours).

rope

Figure. 5. Rope transect with measurement of the nearest trees



Assessing biodiversity and stand structure description 95

2) Another type of transect also gives a rapid assessment of the vegetation type
and tree species in a certain area (Fig. 6): points are made 20-25 m apart along the
transect (usually 1 km). All the trees and saplings nearest to these points are
identified and measured for girth and height. By this method, large areas can be
covered in less than a day.
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Figure. 6. Rope transect with radiating measurements

3) Belt transects give an evaluation of the vegetation types, structures and
changes. The transect is usually 1 km long (Fig. 7), 20 to 40 m wide (10-20 m on
either side of the rope) for tree assessment and depending on the vegetation type (the
less dense the wider), and 5 m wide for shrub assessment (2.5 m x 2). All trees with
dbh >10 cm and poles and saplings with dbh >1 cm are identified and measured for
girth (and height if desired). Biodiversity assessment has to take shrubs species into
account.

rope

- Area to be sampled

Figure. 7. Belt transect

4) The cluster method, elaborated by Gimaret (pers. comm.), has been tested
in different vegetation types along the Western Ghats (e.g., evergreen, semi-
evergreen, moist deciduous, dry deciduous forests and their degraded types). By
this method (Fig. 8) diversity can be assessed quickly (4-5 hours for a vegetation
type) and within a large area (1 hectare).
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A square tract is established using a compass. Points are made every 20, 50 or
100 m (according to the forest type) along the boundaries of the square. A total of
20 points are recorded, an then 10 trees of dbh >10cm and 10 saplings of
dbh >1 cm nearest to each of these points are identified.
The following parameters are enumerated for each tree / sapling:
- identity of the species,
- distance of the tree from the point,
- girth at 130 cm, or above buttress if any,
- height,
- slope angle,
- altitude,
- other parameters such as crown diameter can be also measured.

100 m

® tree with dbh>10cm
O tree with 10cm>dbh=1cm

Figure 8. Sampling design for assessing forest tree species richness and a-diversity
(Gimaret pers. comm.): rI=distance to the tree, r2=distance to the 10th sapling.

Comparison between the different protocols

General comparison between permanent
and temporary plots

Permanent plots and plotless methods have their present advantages and
disadvantages (Table 2). Permanent plots enable the study of biodiversity as well as
ecosystem dynamics, whereas plotless methods do not permit a continuous study of
the ecosystem dynamics nor do they facilitate mapping. The scientific scope of these
two methods is not only varied but there is also a vast difference in their demand for
resources (finance and manpower). A permanent plot requires well planned long-
term research programmes and investment.
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Measure Permanent plot method Plotless method
Advantages Disadvantages Advantages Disadvantaaes

Systematic Oversampling of Large area (1 ha) can Assumes that
sampling in a an area be sampled in a species occurence &
restricted area short time density are random
possible processes

Biodiversitv |Species turnover & |Extrapolations to Provides rapid Does not explain
transitions over be made with estimate of the causes for the
similar extreme care and diversity. observed richness
environments with severe Extremely useful and density

limitations method for
Preliminary surveys

Data collected can Trends in spatial Data not verifiable
be verified. heterogeneity of
Represented over a speciation (species
known spatial and richness &
temporal scale, diversity) can be
possible to map, understood
verify and measure
the ecosvstem
dynamics
Progressive changes |Masks the site-
in the ecosystem, specific
succession & peculiarities
| species associations

Ecosvstem Processes No precise
comparable across | quantification is

dvnamics ecosystems & applicable when

habitats compared across
ecosystems

Can be linked to Simplification,

global processes leading to
masking of

population &
individuals in the
process

Precise role of
predation,
competition.
evolutionary
strategies can be
defined

Experimentation &
response of
ecosvstem can be
quantified

Microprocesses like
genetic diversity &
mating patterns can
be spatially &
temporally
monitored

Can help in long
term conservation

goals

Ecosystem dynamics
cannot be monitored in detail
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Establishment of permanent plots: case study Uppangala

The experimental station at Uppangala, (Fig. 3) is a series of bands (or transects)
and plots established with different perspectives. In all these compartments, trees
with girth exceeding 30 cm gbh were spatially located and botanically identified to
the species level. The trees were fitted with microdendrometers and girth
measurements have been systematically recorded annually since 1990.

Various studies were conducted in this experimental station (Table 3). The
overall objective is to get a holistic view of the forest biodiversity, structure and
dynamics, that will ultimately help in formulating management guidelines for this
area which contains a large number of endemic species, but whose survival is

threatened by increasing human pressure (Elouard et al. 1996).

Table 3. Activities conducted in the Uppangala experimental station

Data unit Relevant phenomenon! Samples

Species identification biodiversity, forest structure bands & plots

Girth and height of trees biodiversity, forest dynamics. bands & plots

gbh > 30cm forest structure

Girth and height of saplings biodiversity, forest dynamics selected plots

height > 2m forest structure

Orientation & slope angle topography mapping bands & plots

Light measurements forest mosaic plots

Crown description forest mosaic plots

Systematic sampling of litterfall forest dynamics (primary bands & plots (100 baskets
production. litterfall and over 1 ha)
decomposition)

Vegetative & reproductive
phenology

Observation of mortality
Regeneration & establishement
processes in tree-fall gaps

Soil seed bank

Tree architecture

Atmospheric pollen: traps, soil
surface samples & spider webs

forest dynamics (phenology)

forest dynamics
forest dynamics

forest dynamics

forest dynamics
forest structure
forest dynamics (palynology)

bands & plots (91 species;
500 individuals)

bands & plots

chablis plots

plots
bands & plots

bands & plots

Cluster (temporary) method: study of

coffee-based agroforestry systems

The plotless method used to analyse the structure and dynamics of the canopy cover
of coffee-based agroforestry systems is the protocol shown in Fig. 8. The canopy
cover maintains a more or less constant temperature and humidity for the coffee
plants underneath. Trees for the canopy cover are therefore chosen to function not
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only as shading-providers but also for their economic viability for the plantation
(timber, fruits, etc.).

The plotless method was followed to assess species richness and diversity,
and also the structure and dynamics of the canopy cover. The tree species were then
identified, and measured for the girth, height, crown and their distance from the
fixed points. The following studies were then conducted:

- species richness (number of species, Chao estimator),

- species diversity (Simpson and Shannon-Wiener indices),

- stand density (number of stems / hectare),

- basal area,

- canopy structure: origin of the species (local or exotic), height of the canopy,

biomass,

- population dynamics: evolution of the population with respect to its present
diversity and composition (past, present and future trees),

- management practices: commercial and non-commercial uses of the species,
regeneration techniques, pruning, efc.

How permanent plots are used to measure
temporal changes in vegetation dynamics

Case study: chablis

Recolonisation processes in chablis (gaps resulting from tree fall) is being studied in
the Uppangala experimental station. Three plots were established with this objective
(Fig. 3) as follows:

- demarcating the study area: the gap caused by the fall of the tree(s) was
demarcated including a part (10 to 20 m) of the surrounding original forest which
contributes to the recolonisation processes (dissemination, recruitment, canopy
cover);

- laying of the plot: the area was then demarcated with ropes and divided into
subplots of 10 x 10 m. Each subplot was further subdivided into 5 x 5 m sample
plots; slope was measured for slope corrections (Table 1);

- all trees with gbh >30 cm were identified, numbered (painted on the trunk) and
measured (girth and height);

- all saplings with gbh >3 cm were identified, numbered (labelled) and measured
(girth and height);

- seedlings were identified, grouped for each species and measured (0-50 cm,
50-1 m, 1-1.50 m, 1.50-2 m height classes);

- coordinates of trees with gbh >30 cm were plotted to scale;
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- saplings and seedlings were located within the 5 x 5 m subplots;
- slope was measured for mapping topography
- light was measured.

The measurements are recorded annually, after the monsoon season, for trees
and saplings; seedlings are counted twice a year (before the monsoon, following the
dry season, and after the monsoon) for survival studies.

In this context, the following analysis can be undertaken at spatial and
temporal levels:

- regeneration processes: (i) seedling population and survival rates; (ii) species
richness and diversity; and (iii) evolution of the composition of seedling and sapling
stands. This leads to a better understanding of dispersal strategies, adaptability and
competitive abilities of the species, species specific requirements for optimum
growth and development

- recolonisation processes: (i) establishment of pioneer and light-demanding
species; (if) stages and strategies of climax forest species and their entry.

- impact of chablis on the original forest: (i) development of secondary chablis (tree
falls caused by the fall of the first tree, due to damage to the trees or uprooting); (ii)
changes in floristic composition and structure of the original forest.

Case study: comparison of disturbed and undisturbed forests
in the Uppangala experimental station

A comparative study between disturbed and undisturbed moist evergreen forests was
conducted in the Uppangala experimental station (Elouard et al. 1996):

- Disturbed forest: 14 plots of 600 m? each were established in 1985 in a forest
which had been exploited selectively in 1979 (8.5 trees felled per ha, logs being
hauled by elephants) and which had been partly burnt. The plots were surveyed
three times, in 1985-86, 1987-88, 1989-90.

- Undisturbed forest: the study was conducted in the network described in § 1.4.

- All trees with gbh >30 cm were spatially located and botanically identified at the
species level,

The measurements recorded were:

- girth at 130 cm (gbh) of trees with gbh >30 cm;
- total height, spread and length of the crown of trees with gbh 230 cm;
- total height of saplings > 2 m high.

Comparison between the two stands (Laborde 1994, Pélissier ef al. submitted)
confirmed that a single low-damage — logs were hauled by elephants — selective
exploitation does not greatly alter the forest structure and diversity, and that the
recovery in biomass and basal area is fairly rapid (Table 4), with a strong stimulation
of individual growth (Fig.9). However it suggested that repetition of such
harvesting might have a strong long term impact on the forest composition and
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dynamics: commercially interesting emergent and upper canopy species would be
replaced by understorey species.

Table 4. Density and basal area balance in undisturbed and once-logged
compartments. Minimum gbh = 30 cm (from Elouard ez al. 1996).

Initial Final Mortality Recruit- Growth Balance
state state ment

(ha) (ha') (halyr) (hal.yr)) (halyr)  (yr)
Once-logged compartment A - Sampled area: 0.6 ha - Period: 1986-1993

Density (stems) 578 617 5.0 10.5 - +0.95
Basal area (m%)  34.8 38.8 0.40 0.10 0.86 +1.61
Unlogged compartment B - Sampled area: 3.12 ha - Period: 1990-1994
Density (stems) 606 619 5.2 8.5 - +0.54
Basal area(m’) 393 41.0 0.26 0.07 0.59 +1.02

Note: mortality and recruitment were assessed once, at the end of the period of study.

25 -
—e— Once-logged compartment

< - 0- - Unlogged compartment

20 +

15 +

Diameter increment (mm/ yr)
=)

10 15 20 25 30 35 40 45 50 55
dbh (cm)

Figure 9. Stimulation of individual diameter increment due to logging.
Mean and standard deviation of the annual diameter increment in relation to diameter at breast height
(dbh) in the undisturbed (1990-94 period) and once-logged (1986-93 period) compartments (from
Elouard er al. 1996).
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