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Abstract Protected areas are crucial for Amazonian nature conservation. Many
Amazonian reserves have been selected systematically to achieve biodiversity repre-
sentativeness. We review the role natural-scientific understanding has played in
reserve selection, and evaluate the theoretical potential of the existing reserves to
cover a complete sample of the species diversity of the Amazonian rainforest biome.
In total, 108 reserves (604,832 km?) are treated as strictly protected and Amazonian;
87 of these can be seen as systematically selected to sample species diversity (75.3%
of total area). Because direct knowledge on all species distributions is unavailable,
surrogates have been used to select reserves: direct information on some species dis-
tributions (15 reserves, 14.8% of total area); species distribution patterns predicted
on the basis of conceptual models, mainly the Pleistocene refuge hypothesis, (5/10.3%);
environmental units (46/27.3%); or a combination of distribution patterns and
environmental units (21/22.9%). None of these surrogates are reliable: direct
information on species distributions is inadequate; the Pleistocene refuge hypothesis
is highly controversial; and environmental classifications do not capture all relevant
ecological variation, and their relevance for species distribution patterns is undocu-
mented. Hence, Amazonian reserves cannot be safely assumed to capture all Ama-
zonian species. To improve the situation, transparency and an active dialogue with
the scientific community should be integral to conservation planning. We suggest
that the best currently available approach for sampling Amazonian species diversity
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in reserve selection is to simultaneously inventory indicator plant species and climatic
and geological conditions, and to combine field studies with remote sensing.

Keywords Amazon analysis - Biodiversity surrogates - Indicator species - Refuge
hypothesis - Representativeness - Reserve selection - Strictly protected area -
Systematic conservation planning - Workshop 90 - Workshop 99

Introduction

Numerous Amazonian development programmes based on land conversion have
had adverse environmental and social impacts (Dourojeanni 1990; Foresta 1991;
Kohlhepp 2001). This has accentuated the importance of sustainable utilisation
and conservation of the region’s natural ecosystems. There is now considerable
international and domestic political pressure to retain the rainforest biome as a
provider of a variety of goods and ecological services, as a biodiversity reservoir,
and as a wilderness area attracting public appreciation and nature-based tourism.
However, on-going deforestation, logging, burning, mining, and unsustainable
hunting (Laurance 1998; Nepstad et al. 1999; Steininger et al. 2001; Achard et al.
2002; Cochrane and Laurance 2002; Cochrane 2003; Whitfield 2003; Asner et al.
2005) result in a diminishing potential of Amazonia to produce these benefits.
Although serious efforts to achieve environmentally and socially sustainable pro-
gress are under way (e.g., Anonymous 1997a, 1998; BIODAMAZ 2001; Kohlhepp
2001; Comunidad Andina 2002; WWF 2006), major development programmes that
threaten to accelerate habitat destruction in Amazonia are also still on the agenda
(Kohlhepp 2001; Laurance et al. 2001; Peres 2001; Nepstad et al. 2002; IIRSA
2006). Therefore, continuous activities are needed to ensure the preservation of
the Amazonian nature.

Nature can be protected in many ways and, to be successful, Amazonian conser-
vation must certainly include many different approaches (cf. Redford and Stearman
1993; Pardo 1994; Fearnside 1999; Schwartzman et al. 2000; Ricardo 2001a; Veris-
simo et al. 2002a, b; Soares-Filho et al. 2006). In Amazonia, as elsewhere, political,
economic, and social issues ultimately determine which conservation measures are
realised (Foresta 1991; Pardo 1994; Peres and Terborgh 1995; Harcourt and Sayer
1996; Fearnside 1999; Laurance et al. 2001; Nepstad et al. 2002). However, the con-
cept of protected areas is well established in Amazonian countries and, therefore,
comparatively straightforward to handle in socio-political and administrative
terms (McNeely and MacKinnon 1990; Rojas and Castaiio 1990; Foresta 1991;
Pardo 1994; Rodriguez 1996; Capobianco et al. 2001). Protected areas have also
proven effective in conserving tropical biodiversity (Sanchez-Azofeifa et al. 1999;
Bruner et al. 2001). Hence, a network of protected areas will likely continue to form
the core of biodiversity conservation in Amazonia, whereby it is imperative to
ensure this network is as effectively designed as possible.

Margules and Pressey (2000) outlined an ideal procedure of reserve selection,
which they termed ‘Systematic Conservation Planning’. They recognised representa-
tiveness, i.e., the need to represent the full variety of a region’s biodiversity, as the
primary objective of a reserve network. To achieve representativeness reserves
should be selected starting with three steps as follows: (1) review existing biodiversity
data and make a clear choice of features to be used as surrogates for overall
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biodiversity; (2) determine explicit conservation goals; and (3) evaluate existing
reserves in relation to the goals.

In comparison to other major biomes, the history of biological conservation in
Amazonia is unique in the sense that reserve selection has largely followed the
initial steps of Systematic Conservation Planning. Hardly any conservation areas
existed in Amazonia in the 1970s, when several national processes resulted in
proposals for extensive reserve networks (Wetterberg et al. 1976; Dourojeanni
1990; Foresta 1991), and most of Amazonia was little altered by human activities.
Conservation planners thus had real choices, and reserve networks were constructed
on the basis of the best available scientific knowledge with the aim to achieve
representativeness. Indeed, Foresta (1991) suggested that perhaps nowhere else on
the globe has contemporary scientific understanding affected conservation planning
as directly as in Amazonia.

Conservation based on solid scientific argumentation is relatively value-free
and, accordingly, even in the diverse and often rapidly changing political climate
of the nine Amazonian countries, successful conservation efforts have been taken
(Wetterberg et al. 1981; Foresta 1991; Anonymous 1997b). The traditionally
strong connection between conservation planning and state-of-the-art science
should, therefore, be maintained. However, as Margules and Pressey (2000)
pointed out, the systematic planning process should not be unidirectional: initial
decisions should be reviewed periodically and the planning process redirected
according to the reviews. In Amazonia, research has continued and the natural-sci-
entific paradigm has changed considerably since the 1970s, when the foundation of
the present reserve network was laid. At the same time, the reserve network has
been developed in pulses following new sets of recommendations. Gradually
Amazonian conservation planning has moved further from the international scien-
tific community. Conservation priorities have been defined in cooperation
between non-governmental organisations and Amazonian conservation agencies.
Many leading scientists have participated in the work, but the scientific justifica-
tion of conservation recommendations has often not been thoroughly documented
in international scientific fora and, hence, not been rigorously tested through
standard scientific procedure. The biodiversity data and the different surrogate
measures for overall biodiversity applied in the construction of representative
Amazonian reserve networks have not been summarised and critically evaluated
against the most recent scientific understanding.

These developments have two undesirable consequences. First, the choice of fea-
tures used as surrogates for overall biodiversity in Amazonian conservation, which is
the first step of Systematic Conservation Planning, is no longer clearly justified by
contemporary scientific understanding. Second, it has become difficult to fulfil the
third step of the systematic procedure, i.e., to asses how well the present Amazonian
reserve network meets the goal of representativeness.

The aim of this review is to evaluate the theoretical potential of the existing
Amazonian reserves to cover a complete sample of the region’s biodiversity. For the
purpose of this paper, we equate biodiversity with species diversity, and set the ideal
goal that Amazonian reserves should protect every species of the region. We answer
the following questions:

1. How has natural-scientific information been applied in reserve selection in
Amazonia?
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2. Which surrogate measures have been chosen to represent overall biodiversity?

What is the current scientific understanding on the surrogates used?

4. On the basis of the current understanding, can the natural-scientific information
and surrogates employed be considered appropriate, or should Amazonian
reserve selection criteria be redirected?

w

Definitions and premises
Amazonia

This review focuses on the Amazonian rainforest biome (Fig.1). It does not
entirely coincide with the watershed of the Amazon: the dryer southern and
high-Andean western parts of the watershed are excluded, while Guayana and the
Orinoco delta are included. This delimitation follows Fittkau (1971), Wetterberg
et al. (1976), and Daly and Prance (1989), and others, and it corresponds with
Amazonia sensu latissimo of Eva and Huber (2005). Depending on the exact
delimitation, the size of the rainforest area is between 6.25 million km? (Daly and
Prance 1989) and 8.12 million km? (Eva and Huber 2005). The region is predomi-
nantly forest-covered, but includes restricted tracts of non-forest vegetation types
as well, such as savannas and flooded grasslands. The definition of the area is
somewhat vague, especially as regards the upper altitudinal limit in the Andes.
We apply a rough, biogeographically justifiable limit of 1,000 m a.s.l. (Daly and
Prance 1989).

Amazonian countries

Parts of Amazonia are situated in the following countries: Bolivia, Brazil, Colombia,
Ecuador, Guyana, Peru, Surinam, and Venezuela, and in French Guiana. By far the
largest area is in Brazil (4.1 million km?; Ferreira et al. 2001), followed by Peru
(750,000 km?; Dourojeanni 1990). In this review we therefore emphasise these two
countries, which together harbour roughly three quarters of Amazonia, although we
briefly treat the others as well.

Scale and resolution

We deal with an area the size of Europe, and with over 100 reserves, which cover
more than 600,000 km? in total. The available data are scarce and inaccurate in com-
parison to most areas at higher latitudes. A general and somewhat superficial treat-
ment is, hence, unavoidable. However, we aim to convey the broad picture. It is our
judgement that this is not significantly affected by possible errors and gaps in details
of the information on the different reserves, which we have had available, and the
interpretations we have made thereof.

Literature search

Much of the literature relevant for this review is not readily obtainable. We paid
due attention to getting hold of the original texts even in the case of ‘grey litera-
ture’, e.g., administrative reports on planning and implementation exercises. We
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Fig. 1 Amazonia, as defined here, with locations and relative size of strictly protected areas analysed.
Numbering corresponds with Appendices 1 and 2 in which the name of and further information on
each reserve is given. Note that some reserves appear to lie outside Amazonia because they are plot-
ted on the map on the basis of their centre point

believe we managed to study the great majority of relevant texts. Naturally we also
benefited from the information available on governmental Internet pages, and
those of non-governmental organisations. These were queried repeatedly, and the
last inspections were made in May 2006.

Reserves

Different protected areas have been established for different purposes. Most
importantly, they differ in the degree to which utilisation of natural resources is
allowed. Hence, not all areas conserve biodiversity equally well. We have
restricted our analysis to areas whose degree of protection conforms to categories
I-1V in the six-grade scale of the ITUCN (1994) and WDPA (2005), and refer to
such protected areas as ‘reserves’ and as ‘strictly protected area’. These types of
conservation areas can be assumed to fully protect the biological diversity found
within their limits. We acknowledge that this is a theoretical assumption, which is
dependent on how well decrees and regulations are implemented on the ground
(the ‘paper park’ problem, see e.g. Peres and Terborgh 1995; Bruner et al. 2001),
but that dependence is beyond the scope of the present review. Furthermore, the
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size of a protected area affects its ability to protect species, regardless of the
degree of protection implemented (e.g., Lovejoy et al. 1986), but this question has
to be treated separately for different organism groups and is therefore too intricate
to be treated here.

Selecting reserves to be analysed and collating their base data

In some cases the a priori decision to restrict the analysis to strictly protected areas
did not solve the inclusion or exclusion of a particular reserve because the national
authorities may have classified the reserve differently from international observers.
In these cases we made ad hoc decisions on the inclusion.

Some reserves include parts below and above the upper altitudinal limit of
Amazonia, and we were unable to subtract areas above the limit from the total area
of such reserves. Hence, the figures we provide for total strictly protected area
within Amazonia are slightly overestimated.

Exact limits, areas, and locations of reserves are sometimes given differently in
different sources. In some governmental databases on the Internet, figures given had
been changed from one inspection to another with no apparent reason. Hence, the
information given here may differ from figures in another source, but we believe the
differences are insignificant as regards the overall picture.

The reserves selected for analysis under these premises, and some basic informa-
tion on them, are listed in Appendices 1 and 2, and their approximate locations are
shown in Fig. 1.

Defining original selection criteria of reserves

We primarily looked for explicit statements on the reasons for the delimitation of a
certain reserve. In some cases, however, we had to deduce the a priori criteria from
a posteriori descriptions of the conservation values of the reserve in question. For a
few reserves we were unable to find any clear information on the selection criteria.

For Brazil, we also overlaid maps of established reserves (SIUC/CGEUC/
DIREC/IBAMA 2000a, b, c, d, e, f, 2001) with maps of areas recommended
for conservation in different prioritisation schemes (Wetterberg et al. 1976;
Workshop 90 1991; Seminério de Consulta Macapd 2001) to see where these
match.

In most cases, several criteria have affected the delimitation of a certain reserve.
These include, and often start with, political, economic and social motivations. How-
ever, we recorded only natural-scientific selection criteria. Where such criteria were
absent, the selection criterion of a reserve was defined as ‘other’.

Often also several natural-scientific criteria have been applied simultaneously
in reserve delimitation. For clarity’s sake we decided to condense the often multi-
faceted selection process into three classes of natural-scientific criteria, even if this
admittedly may oversimplify some cases: (1) direct information on species distri-
butions verified by empirical field studies; (2) species distribution patterns
predicted on the basis of conceptual models, mainly the Pleistocene refuge
hypothesis; and (3) distribution of environmental types or biotic units, such as
ecosystems or biogeographical provinces. Two more classes were formed by the
combination of (3) with either (1) or (2).
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Which biodiversity data and surrogates have been applied in reserve selection
in Amazonia?

The scientific paradigm in Amazonia at the advent of conservation planning

Science was largely ignorant of environmental and biological variation within
Amazonia until the late 1960s. Despite its vast extent, Amazonia harbours remark-
ably little topographical and climatic variation. Much of the rainforest is structurally
relatively uniform, and the extreme diversity of the flora renders it difficult to intui-
tively detect distinct community types. The paradox of having very high species
numbers in a homogeneous environment was explained by the so-called stability
hypothesis, which held that overall favourable climatic conditions had prevailed for
millions of years and allowed the biota to diversify (Wallace 1878; Fischer 1960).

The conception of biotic homogeneity and historical stability was first challenged
by the Pleistocene refuge hypothesis, which strived to explain distribution patterns
of birds (Haffer 1969). This hypothesis holds that the Amazonian rainforest would
have turned into fragments separated by savanna during periodic drying of the cli-
mate in the Pleistocene. The forest fragments would have functioned as species
repositories, and as speciation and repopulation centres. Current concentrations of
species richness and endemism would reveal the locations of those centres. Subse-
quent to Haffer’s ornithological studies, similar patterns were reported for other
organism groups (Vanzolini and Williams 1970; Prance 1973; Brown 1975). The exis-
tence of biotic differences was eventually established by the division of Amazonia
into eight phytogeographic provinces on the basis of distribution patterns in five
plant families (Prance 1977).

The notion of ecological homogeneity was disputed around the same time. In
Peru, an ecological map of the country was published that recognised 26 ecosystem
types in Amazonia (Tosi 1960). Discontinuities in the structure of the forests in Bra-
zilian Amazonia led to the separation of 22 vegetation types (Pires 1973; Pires and
Prance 1985).

In summary, the former view of high numbers of evenly distributed species
changed into a model embracing some areas of particular species richness and ende-
mism, and biotic differences on a geographic scale. The preferred explanation for
the observed patterns changed from long-lasting stability to climatic instability in
recent geological history. Environmental heterogeneity was observed to cause some
biological variation, but its role was seen as secondary in comparison to the historical
factors.

It was against this scientific paradigm that the first plans for systematic reserve
selection in Amazonia emerged. It has strongly influenced later priority setting too,
although other scientific approaches have also been used to design representative
reserve networks, as explained below in the country analyses.

Reserve selection in the Amazonian countries
Brazil
Brazilian Amazonia harbours 35 strictly protected areas established by federal insti-

tutions: 14 national parks, 9 biological reserves, 11 ecological stations, 1 ecological
reserve (the category of two ecological reserves was changed to ecological station in
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2001, see Appendix 1), which together cover 244,771 km?> (DIREC/IBAMA 2004,
2006; Mattos 2006). In addition, Amazonian states have established their own
strictly protected areas, but we have not included them here because of difficulties in
acquiring up-to-date information and in classifying them according to IUCN catego-
ries of degree protection. Our judgment is that their omission does not alter the
overall picture significantly. According to our interpretation of the available infor-
mation, the scientific background and criteria that contributed to the delimitation of
the Brazilian Amazonian federal reserves are as follows.

The first systematic conservation plan for Amazonia was the so-called Amazon
Analysis (Wetterberg et al. 1976), which was designed by a relatively small project
team by analysing available biological information and through consulting leading
scientists (Wetterberg et al. 1976, 1981; Foresta 1991). It focused on the non-inun-
dated forests (ca. 90% of Amazonia), and recommended that a reserve network
should include sufficient representation of each of Prance’s phytogeographical prov-
inces. Recommendations on the exact placement of reserves were primarily based
on the refuge hypothesis. First priority was given to areas that two or more authors
had identified as Pleistocene forest refuges. Second priority was assigned to loca-
tions where, in addition to a possible refuge, vegetation heterogeneity had been
recognised on the map by Pires (1973). A third priority class included areas pro-
posed for conservation by various authorities for various reasons, but often on the
basis of ecological significance (Wetterberg et al. 1976; Cadmara 1983). In other
words, the primary surrogate measure for overall biodiversity employed in the Ama-
zon Analysis was species distribution patterns. These were inferred from a general
historical hypothesis or model, which was based on distribution data of a small sub-
set of all Amazonian species (birds, butterflies, five flowering plant families, and
some lizard species). The species distribution patterns predicted on the basis of the
model were complemented by a higher order surrogate, vegetation, and a vaguely
defined ‘ecological significance’.

The Amazon Analysis was influential in Brazil. In 1979-1983 reserves were estab-
lished according to this scheme as follows (DIREC/IBAMA 2004): two national
parks, one biological reserve, and one ecological reserve totalling 49,316 km? in first
priority areas; and two national parks and two biological reserves totalling
28,270 km? in second priority areas (DIREC/IBAMA 2004, 2006). We calculated
that of the current total strictly protected area in Brazilian Amazonia, 31.7% has
been selected on the basis of the Amazon Analysis.

In parallel with the scheme to establish reserves in line with the Amazon Analy-
sis, a programme of establishing Ecological Stations and Ecological Reserves was
initiated in 1976 (the SEMA programme). These were selected as representative
samples of Brazilian ecosystems defined by geological, climatological, and biogeo-
graphical aspects (Nogueira-Neto and de Melo Carvalho 1979). Hence, the SEMA
programme can be viewed as reserve selection using ecosystems as a surrogate for
overall biodiversity, although several of the areas established were selected more on
an ad hoc basis (Foresta 1991). In this programme, nine reserves (20,224 km?), were
founded in Amazonia in 1981-1985 (DIREC/IBAMA 2004, 2006). This represents
8.3% of the strictly protected area in Brazilian Amazonia today.

Following re-organisation of the environmental administration in Brazil, the role
of the Amazon Analysis as a key criterion for reserve selection diminished. In 1990,
more than 100 scientists convened in Manaus (the so-called Workshop 90) to pro-
duce a map depicting priority areas for conservation (Kuliopulos 1990; Prance 1990;
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Rylands 1990; Workshop 90 1991). Prioritisation was primarily based on centres of
species endemism and richness, but also on occurrence of endangered species, frag-
ile soils, unusual geological features, and degree of anthropogenic pressure (Rylands
1990). Areas of highest priority were those where the most priority areas of different
disciplines overlapped (Rylands 1990; Prance 1990).

Workshop 90 identified 94 priority areas for conservation. Five ranks of priority
were identified (1 lowest, 5 highest). A far greater portion of Amazonia was priori-
tised for conservation in the Workshop 90 map than in the Amazon Analysis, but the
first priority areas of the two schemes largely overlapped. Two national parks
(5,939 km?; DIREC/IBAMA 2006) were established in 1998 following the recom-
mendations of Workshop 90 (priority rank 2). This represents 2.4% of the strictly
protected area in Brazilian Amazonia.

The ‘workshop approach’ to establish conservation priorities was continued
with a meeting held in 1999 in Macapa (Semindrio de Consulta Macapa 2001;
henceforth ‘Workshop 99’), where 226 participants drew together various kinds of
information to form a basis for reserve selection. A hierarchical spatial approach
was applied, i.e., Brazilian Amazonia was first divided into seven subregions tak-
ing into account the ecoregion delimitation of Dinerstein et al. (1995), interfluvial
areas, planned economic development schemes, and present human impact. Prior-
ity areas for conservation were identified separately for each subregion, if at least
two areas regarded by experts as biologically important coincided. The Macapéa
meeting was preceded by data compilation, production of thematic maps, and
consultation of specialists. Several types of data contributed to the definition of
conservation priorities, including demographics, anthropogenic pressure, and
other socio-economic indicators, but biological value was a central criterion. This
was evaluated using both direct information on species distributions, approxima-
tions of species richness and endemism, and distribution of ecosystems. A wide
array of organisms was considered: birds, mammals, reptiles, amphibians, many
invertebrate groups, and plants. The data were collated from existing publications
and reports, but new data were not collected specifically for this workshop. Eco-
system distribution was assessed on the basis of a vegetation map of Brazilian
Amazonia adapted from IBGE (1997). Following the approach of Fearnside and
Ferraz (1995), vegetation maps and geographic distance (‘ecoregions’) were used
as a means to maximise biotic dissimilarity between reserves (de Oliveira and
Nelson 2001).

Workshop 99 identified 385 priority areas for conservation. Three priority grades
(‘a’ highest—c’ lowest) were defined, and areas prioritised by local experts were also
treated (as category ‘n’). In 20012006, three new national parks and two ecological
stations were established in areas of ‘a’, ‘b’, and ‘n’ priority, totalling 83,392 km? of
new strictly protected area (DIREC/IBAMA 2004, 2006; Mattos 2006). This is
34.1% of the Brazilian Amazonian total.

In 2002 the Brazilian government announced the Amazon Region Protected
Area Programme ARPA, a partnership with the Brazilian Biodiversity Fund
(FUNBIO), the German Development Bank (KfW), the Global Environment Facility,
the World Bank, and WWEF. Its principal aim is “to protect for future generations the
full range of biological and ecological features found in the Brazilian Amazon”
(WWF 2006) by increasing the amount of protected area in Brazilian Amazonia to
500,000 km? or 12% of the total area (WWF-Brazil 2006). ARPA also aims to
improve the administration and management of the reserve network. The
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programme has already resulted in the establishment of several protected areas,
including strictly protected ones (see Appendix 1).

WWEF (2006) states: “The creation of the Amazon parks system hinges on the
application of the best available science. ARPA’s scientific design is based on the
results of a two-year planning process involving hundreds of experts representing a
wide range of perspectives, including biologists ... This process resulted in the identi-
fication of a set of priority zones strung throughout the Amazon in which ... reserves
would be ideally situated. An independent panel of scientific experts guides the park
selection process to ensure that sound science remains a hallmark of the program.”
From WWEF (2006) or WWEF-Brazil (2006) we have not, however, been able to iden-
tify the exact natural-scientific theories and data applied in the selection of areas to
protect.

In addition to the reserves selected on the basis of clearly defined natural-scientific
criteria, five national parks, six biological reserves, and one ecological reserve have
been selected on an ad hoc basis in the sense that their establishment has not been
explicitly justified with reference to a prioritisation scheme. The whole area selected
for protection in this way does, however, coincide with areas recommended for pro-
tection by either the Amazon Analysis, Workshop 90, or Workshop 99 (21,215 km?
only by either of the two earlier schemes, not by Workshop 99).

Peru

Peruvian Amazonia harbours five strictly protected areas (national parks; Appendix
2). They cover a total area of ca. 69,461 km?, which, however, includes an undefined
area of extra-Amazonian biotopes of the Andes. Scientific criteria have contributed
to reserve delimitation as follows.

The first protected areas in Peru were established in the1960s to protect certain
species only (Anonymous 1997b). Soon thereafter it was proposed that a Peruvian
protected area network should include samples of the three macroregions of the
country (coastal, Andean, and Amazonian) and be complemented by reserves for
certain animal species (Grimwood 1968 according to Rodriguez 1996). The National
Park of Manu was established in 1973 to represent the Amazonian macroregion. The
park covers ca. 17,160 km?, which is ca. 25% of all strictly protected area in Peruvian
Amazonia.

In the 1970s, hypotheses predicting spatial distribution of biodiversity were advo-
cated as guidelines for reserve selection also in Peru. The refuge hypothesis was pro-
moted by scientists (Lamas 1979 according to Rodriguez 1996) and Peruvian
planning authorities recognised the merits of the Amazon Analysis (Jorge Padua
and Bernardes Qintao 1982; Dourojeanni 1990; Foresta 1991). The natural-scientific
criteria for establishing Rio Abiseo National Park in 1983 were the desire to protect
a representative sample of cloud forest, and endangered animal species, but it was
also noted that this area included the Pleistocene refuge of Huallaga. It covers
2,745 km? (much of which is Andean, not Amazonian vegetation), i.e., ca. 4% of the
Peruvian Amazonian strictly protected area considered here.

Since the foundation of the National System of Conservation Units (SINUC) in
1975 the aim has been to create a reserve network which would include samples of
all Peruvian ecosystem types. These were first defined on an ecological map (Tosi
1960) based on the Life Zone system of Holdridge (1947), and later identified sepa-
rately for all biogeographical regions on Udvardy’s (1975) map (Dourojeanni 1990;
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CDC-UNALM 1991). The current guidelines for protected area establishment in
Peru (INRENA 1999) continue to emphasise representativeness of different ecosys-
tems or life zones as one of the main criteria for selecting future areas for conserva-
tion, although other criteria are considered as well (e.g., endemism and evolution
centres, connectivity, presence of interesting geomorphological or physiographical
features, and importance for biological cycles of characteristic species). Revision of
the guidelines is currently underway in Peru. The revision corresponds to decentrali-
sation efforts in Peru. The revision is done through an expert group and consulta-
tions in various parts of the country. It seems that representativeness of ecosystems
continues to be a central tool in reserve establishment (see www.inrena.gob.pe and
www.plandirectoranp.com).

In the early 1990s, a first attempt was made to analyse whether the different bio-
geographical provinces were represented within the protected area network of Peru.
This work included a workshop, which was organised in 1994 to determine priority
areas for conservation in Peru. Most of the specialists participating in the workshop
used species richness and endemism of certain groups of organisms to locate priority
areas. However, the process was summarised as a listing of biogeographical prov-
inces that were under-represented in the protected area network, including those in
Amazonia (Appendix III in Rodriguez 1996). Hence, the national parks of Bahuaja
Sonene (established in 1996), Cordillera Azul (2001), and Alto Purus (2004) created as
a result of the prioritisation made in this workshop were justified by direct informa-
tion on species occurrences and by using environmental types as surrogates for over-
all biodiversity. These reserves together cover ca. 49,550 km?, which is about 71% of
the Peruvian Amazonian strictly protected area considered here.

Other Amazonian countries

Bolivia, Colombia, Ecuador, French Guiana, Guyana, Surinam, and Venezuela
harbour a total of 68 reserves, which cover a total area of 291,553 km? (Appendix 2).
This number includes an undefined area of extra-Amazonian biotopes of the Andes
plus coastal biotopes in the north. As regards the scientific reserve selection criteria
in these countries, we have not had available as much information as for Brazil and
Peru. The below analysis therefore contains parts that are preliminary, but these are
insignificant as regards the overall numbers of reserves and protected area.

In Bolivia the first national park was established in 1939 and the first Amazonian
strictly protected reserve in 1965 (Sudrez 1985; UNEP-WCMC 2006). In the 70s, two
more national parks were created. These were all selected without systematically
applying scientific criteria or planning methods (Ibisch 2004). However, we have
deduced the natural-scientific rationale behind the selection of these areas from
a posteriori descriptions of their values (Pacheco et al. 1994; UNEP-WCMC 2006;
www.sernap.gov.bo, May 2006). It seems like ecosystems have been used as a surro-
gate for overall biodiversity, although the occurrence of endemic species has also
been taken into account. Since the 1970s, the coverage of strictly protected area in
Bolivian Amazonia has increased considerably (see summary in Ibisch and Mérida
2004). Today, there are seven reserves, which together cover 53,465 km? (includes a
sizeable but undefined area of Andean biotopes). In 1992, regional land-use
planning was initiated, and several new protected areas were established, however,
none of these in the categories studied in this article. The role of IUCN and other
non-governmental organisations has been fundamental in the development of
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conservation criteria and management plans. The Rapid Assessment Program of
Conservation International (CI) has been applied in identifying conservation
priorities (Ibisch and Mérida 2004).

The representativeness of the Bolivian reserve network has been judged inade-
quate (Pacheco et al. 1994; Pardo 1994; Harcourt and Sayer 1996). In the first gap
analysis of the Bolivian reserve network (Pacheco et al. 1994) the representation of
phytogeographic regions was emphasised, but abiotic factors, such as topography,
soils, and rivers, were also included. The gap analysis has since been further devel-
oped by including diversity and endemism centres, critical and minimum viable hab-
itats, threatened species, and data on selected taxa (Csuti and Crist 2000; Ibisch and
Mérida 2004). In general, the Bolivian strategy has largely followed the National
Gap Analysis Program of USA (Zorn and Quirouette 2002). The Bolivian National
Service for Protected Areas (SERNAP) is currently carrying out an analysis con-
cerning gaps in protection of Bolivia (www.sernap.gov.bo, May 2006).

The first protected area in Colombian Amazonia was founded in 1948. In the 70s
and 80s, at least 10 new reserves, or enlargements to existing ones, were established
in the Amazonian region. Colombian Amazonia now harbours 11 reserves with a
total area of 68,702 km? (includes an undefined area of Andean biotopes). Most of
this area has been selected using ecosystems as a biodiversity surrogate, although
species distribution patterns have contributed as an additional criterion in the selec-
tion of some reserves (wWww.parquesnacionales.gov.co, April 2005).

The first fully Amazonian national park in Ecuador, Yasuni, was established in
1979. The Pleistocene refuge hypothesis affected its selection as a reserve (Wetterberg
et al. 1981). The other three areas have been selected on the basis of high ecosystem
diversity, species richness, and endemism (CIAM 2004; UNEP-WCMC 2006;
www.ambiente.gov.ec/April 2005). Together the four reserves in Ecuadorian Amazo-
nia cover an area of 17,096 km?, of which a considerable part is Andean ecosystems.

The protected area network (12 reserves) of French Guiana covers 5,154 km?
(UNEP-WCMC 2006). The first of these was created in 1992 and the rest in mid-
1990s and one in 2000. We have not managed to form a clear picture on the scientific
selection criteria of these reserves.

There is only one protected area in Guyana. It was established in 1929, and covers
an area of at least 630 km?> (UNEP-WCMC 2006). A protected area strategy has been
proposed (Ter Steege 1998, 2000). It emphasises the need to protect samples of seven
different regions within the country. These have been identified primarily using forest
inventory data, and are defined by geological differences. Variation in soils has been
found to explain variation in floristic diversity, whereby reserve delimitation to include
as much soil heterogeneity as possible has been advocated (Ter Steege 1998).

In Surinam, 11 reserves were established between 1961 and 1986, and a large one
was added in 1998 (Harcourt and Sayer 1996; UNEP-WCMC 2006). They cover a
total area of 18,979 km? (includes some coastal biotopes). Most of the areas are
small: the largest reserve, Central Suriname nature reserve, accounts for more than
80% of the total area. However, in comparison with other Amazonian countries the
reserve network of Surinam has a good coverage (Baal et al. 1988; Harcourt and
Sayer 1996). The development of the reserve network has been based on a desire to
protect diverse and scenic landscapes, unique geological formations, different eco-
system types, and particular emblematic species. Species richness and endemism has
been a central selection criterion for some reserves (Harcourt and Sayer 1996;
UNEP-WCMC 2006).
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In Venezuela, the large (30,000 km?) Canaima national park, which lies in the
outskirts of Amazonia as defined here, was established in 1968. In the late 70s and
early 90s many new protected areas were created to protect Venezuelan Amazonia.
There are currently 21 reserves (7 national parks, 14 natural monuments), which
cover a total area of 126,573 km?. Selection criteria for the reserves can be roughly
classified into three categories (Huber 2001): scenic beauty, direct information on
species distributions, ecosystem types, and the latter two criteria combined. For a
number of reserves we have been unable to form a clear picture on their scientific
selection criteria.

Summary: two main routes towards representativeness

The relative importance of different surrogate measures applied in justifying reserve
selection in Amazonian countries is summarised in Table 1. See Appendices 1 and 2
for lists of included reserves and for selection criteria reserve by reserve.

Our analysis shows that the great majority of the Amazonian reserves can be seen
as systematically selected to sample the region’s biodiversity (87 reserves or 80.6%
out of a total of 108 reserves; 455,163 km? or 75.3% out of 604,832 kmz). The surro-
gate for overall biodiversity has been ecosystem types or other environmental units
(42.6% of reserves, 27.3% of area), direct information on species distributions
(13.9%/14.8%), estimated or predicted species distribution patterns (4.6%/10.3%),
or a combination of distribution patterns and environmental units (19.4%/22.9%).

The ‘environmental units approach’ relies on the assumption that in Amazonia, as
in other biomes, distinct biotopes exist, and species diversity can be captured by full
representation of such higher-order surrogates. A number of different environmen-
tal classifications have been used (biogeographical provinces, ecological maps, vege-
tation maps). Species distributions have been sampled either using the refuge
hypothesis (Haffer 1969) as a model, or through summarising available specialist
knowledge, often in specifically convened workshops.

Reserve selection schemes realised in practice, as well as studies evaluating the
Amazonian reserve network, have applied a hierarchical approach to representa-
tiveness. The chosen biodiversity surrogate has been considered separately for
subunits within the Amazonian region with the aim to take into account gamma-
diversity. In the Amazon Analysis, these subunits were the phytogeographic
provinces of Prance (1977). Fearnside and Ferraz (1995) considered Brazilian states
separately. Workshop 99 divided Brazilian Amazonia on the basis of ecoregions
(which were mainly based on interfluvial regions), principal catchment areas, and
policies for regional development (Semindrio de Consulta Macapa 2001). The Peruvian
system uses biogeographic provinces within the country. In practice, reserve networks
have often been designed nationally, i.e., without estimating representativeness of
the complete, trans-national reserve network.

What is the current scientific understanding on the data and surrogate measures
applied in Amazonian reserve selection?

The theoretical potential of the Amazonian reserve network to protect a complete
sample of the region’s biodiversity hinges on the appropriateness of the surrogate
measures and data on which systematic reserve selection has been based (of lesser
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importance is the coincidental inclusion of biodiversity values in reserves selected
using other criteria because these are clearly fewer than the systematically chosen
ones). We therefore discuss the development in natural-scientific understanding of
Amazonia since the 1970s to evaluate the appropriateness of the applied selection
criteria.

The refuge hypothesis in trouble

Although the refuge hypothesis was formulated as an explanation for observed
biotic patterns, it was soon backed by interpretations of Amazonian geomorphology,
sedimentology and fossil records (for reviews see Hooghiemstra and van der
Hammen 1998; van der Hammen and Hooghiemstra 2000; Haffer and Prance 2001).
However, a parallel theme has been the refutation of all purported evidence from these
fields on the basis of inadequacy, irrelevancy, or plain faultiness (for reviews see
Colinvaux 1987, 1996; Salo 1987; Bush 1994, 1996; Colinvaux and De Oliveira 2000;
Colinvaux et al. 2000, 2001; Bush and De Oliveira 2006). Palynological data gath-
ered since the mid-1980s, and re-interpretations of earlier data, have made a strong
case against widespread fragmentation of the Amazonian forest block (Liu and
Colinvaux 1985; Bush et al. 1990; Bush 1994; Colinvaux 1996; Colinvaux et al. 1996,
1997, 2000; Ledru et al. 2001). These studies suggest that the forest was continuous
throughout the Pleistocene, although somewhat smaller and compositionally differ-
ent due to climatic cooling, but only modest drying, during the glacial maxima.
Paleoecological data from present-day forest-savanna ecotones also suggest migra-
tion of forest borders, in the Pleistocene as well as the Holocene (Mayle et al. 2000).

From a conservationist’s point of view, the invalidity of the assumptions of the
refuge hypothesis is all but irrelevant: what counts are the predictions, i.e., where, if
anywhere, universal species richness and endemism centres are located. However, it
has been shown that the predictions cannot be confirmed either. First, the locations
of species richness and endemism centres, given by different authors for different
organism groups, overlap as little as if they were randomly placed (Beven et al.
1984). Second, different growth forms of vascular plants (e.g., trees vs. herbs) have
different diversity and endemism centres, and endemism is only partly correlated
with species richness, being concentrated in patches of unusual habitat and in topo-
graphically diverse montane areas (Gentry 1992). Moritz et al. (2000) reached simi-
lar conclusions for mammals, which suggests that current ecological factors, rather
than historical climate changes, determine Amazonian species diversity patterns.

The original refuge hypothesis, which concentrated on the last glacial maxi-
mum, has later been modified and temporally extended (Haffer 1997; Haffer and
Prance 2001). The modified hypothesis postulates that climatic cycles have acted
as a species pump and moulded species distribution patterns in Amazonia repeat-
edly throughout the Pleistocene and also in pre-Pleistocene epochs. The refined
refuge hypothesis thus accommodates the findings that high plant diversity of
South American rainforests by far predates the Pleistocene (Wilf et al. 2003;
Jaramillo et al. 2006) and that many animal speciations seem to be older than the
Pleistocene (Cracraft and Prum 1988; Fjeldsa and Rahbek 1997; Patton et al. 1997;
Moritz et al. 2000). A cyclic history could perhaps also explain the inconsistency of
endemism centres of different organism groups noted above, but it is hard to envis-
age how present-day distribution patterns could be accurately predicted from such
a model.
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Direct information on species distributions

The precise data on which specialist workshops for conservation recommendations
have based their consensus views on Amazonian areas of special biological value
have not been published, which renders their evaluation difficult. However, evalua-
tions of the quantity and spatial distribution of species occurrence data suggest that
considerable parts of Amazonia are both floristically and faunistically unexplored,
that is, the floristic and faunistic understanding suffers from a severe sampling bias
(Nelson et al. 1990; Oren and Albuquerque 1991; Voss and Emmons 1996; Patton
etal. 1997; L. Schulman et al., submitted manuscript). Additionally, species occur-
rence data have a taxonomical bias, i.e., those species that are scientifically named
have on average wider ranges than species that are still unnamed (Ruokolainen et al.
2002; Diniz-Filho et al. 2005). This means that there probably still are considerable
numbers of narrow-range endemics to be found in Amazonia.

Formal analyses, in the context of conservation planning, of reliably documented
occurrence data of Amazonian species (Williams 1996; Kress et al. 1998; Funk et al.
1999; Lim et al. 2002) give a near-uniform signal: the current level of knowledge on
species distributions is inadequate for giving well-justified recommendations for con-
servation planning. Exceptions have been works analysing bird species distributions
(Fjeldsa and Rahbek 1997, 1998) as they have considered the quality of species dis-
tribution data sufficient for identifying priority areas for conservation at a rather
coarse resolution of 1° squared. According to Fjeldsad and Rahbek (1997, 1998), the
existing reserves are sufficient to conserve nearly all bird species occurring in Ama-
zonian lowlands, whereas in Andean submontane and montane areas there are sev-
eral unprotected areas with endemic species.

Birds evidently are the biogeographically best known group of organisms, but
even their distributions are still far from satisfactorily known. In the last decade, for
example, field work in the Allpahuayo-Mishana reserve in northern Peru has pro-
duced four new bird species and 13 range extensions of over 300 km (Alvarez
Alonso and Whitney 2003). This increase in biogeographical knowledge is particu-
larly notable for the location of the reserve: it lies only 25 km from the centre of the
city of Iquitos, which has for long been one of the main ports of entry for biological
exploration in lowland Amazonia. It is also noteworthy that the Amazonian areas of
bird endemism (Cracraft 1985, cited in Eberhard and Bermingham 2005; Haffer
1985) were delimited subjectively using very sparse occurrence data available at that
time (Oren and Albuquerque 1991). It may be that the areas of endemism and their
limits do indeed reflect biogeographical reality in a useful way, but one should also
realise that these areas have not been evaluated against possible geographical bias in
records of occurrence data as has been done with plants (Nelson et al. 1990). Fur-
thermore, there are no studies using the much improved current knowledge on bird
species distributions (Ridgely et al. 2005) to test the appropriateness of the delimita-
tions of the areas of endemism.

Environmental heterogeneity and beta-diversity

Lowland Amazonia has traditionally been divided into three principal types of envi-
ronment — inundated land; tierra firme (non-inundated land) with loamy to clayey
soil; and fierra firme with white sand. There is ample documentation of the signifi-
cance of these divisions for the distribution of plant and animal species
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(e.g., Anderson 1981; Balslev et al. 1987; Kubitzki 1989; Borges 2004; Sadksjarvi
et al. 2006). A variety of more elaborated schemes of vegetation classification (Pires
1973; Pires and Prance 1985; Huber and Alarcén 1988; IBGE and IBDF 1988; IBGE
1989, 1997; Rojas and Castafio 1990) and other environmental typification (Tosi
1960; ONERN 1976; Anonymous 1994, 1995; Dinerstein et al. 1995; Zamora 1996;
BIODAMAZ 2004a, b) have been presented over the years.

The multitude of classification criteria and terminology applied renders it diffi-
cult to compare different classifications across national borders, but it is clear that
the amount of environmental heterogeneity recognised has increased steadily. For
instance, fairly recent GIS maps (IBGE 1997) distinguish 161 vegetation types in
Brazilian Amazonia (Nelson and de Oliveira 2001). However, it is important to
notice that the most abundant vegetation types typically occupy vast areas. For
example, the four most widespread of those forest types recognised in recent clas-
sifications in Brazilian Amazonia cover 67% of all forest area in the Brazilian legal
Amazonia (Fearnside and Ferraz 1995). Furthermore, even the refined classifica-
tions leave out variation known to exist. For instance, the Projeto RADAMBRASIL
(1973-1983) surveys, on which Brazilian vegetation maps have been based,
excluded peatlands (Schulman et al. 1999), which have been estimated to cover
55,000 km? in Brazilian Amazonia (Ruokolainen et al. 2001). Tuomisto et al.
(1995) concluded that Peruvian lowland Amazonia alone harbours over 100
biotope types, which is an order of magnitude more than in existing vegetation
classifications.

The development of the Amazonian reserve network has not managed to keep
pace with the advance in the recognition of environmental heterogeneity. Twelve
years ago the Peruvian reserve system covered 21 of the 40 upland Amazonian life
zones and 7 of the 22 lowland ones (CDC-UNALM 1991). The situation has
since improved slightly, but the coverage is still far from the national goal (Rodriguez
and Young 2000). In Brazil, similar gaps in the coverage of vegetation types of
the national classification schemes have been noted (Fearnside and Ferraz 1995;
Capobianco 2001).

Contrary to the focus on environmental variation, some recent studies have
postulated extensive homogeneity for Amazonian forests by assuming that either
competitive interactions (Pitman et al. 2001) or spatially restricted dispersal and
regeneration dynamics (Condit et al. 2002) determine plant species distributions.
Terborgh et al. (2002) even concluded that western Amazonian forests are so
homogeneous that “randomly situated conservation areas will capture most tree
species inhabiting the region”. These studies have not included measured soil
characteristics in their analyses and therefore possible environmental control on
species distributions has not been tested. In fact, all studies that have tested this
control have found that it exists and that it is relevant within the recognised vege-
tation classes (Lescure and Boulet 1985; Ter Steege et al. 1993; Tuomisto et al.
1995, 2003a, b, c; Duivenvoorden 1995; Tuomisto and Poulsen 1996, 2000; Ruokolainen
et al. 1997; Sabatier et al. 1997; Ruokolainen and Tuomisto 1998; Ter Steege 1998;
Phillips et al. 2003; Vormisto et al. 2004; Duque et al. 2005).

Four central conclusions can be drawn regarding the use of environmental
units, such as vegetation types, as surrogates for species diversity in Amazonian
reserve selection. First, the early vegetation classification applied in the Amazon
Analysis clearly did not recognise all existing variation. Second, all existing envi-
ronmental variation is still not covered by available classification schemes. Third,
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maps of vegetation or other environmental types enable a relatively extensive
analysis of conservation priorities, unlike species distribution data, because they
do not to the same extent suffer from spatially biased sampling. This enables
rapid and repeated analyses of the coverage of reserve networks. However, for
a conservationist, the most critical is the fourth conclusion: the real problem
with existing formal environmental classifications of Amazonia is neither their
incompleteness nor their poor representation in reserves, but the fact that their
significance for species distribution patterns is not documented. Even though
environmental variation has been shown to reflect biotic variation, the proposed
and partly applied formal classification systems have not been tested for this. For
example, we are not aware studies which would have tested thoroughly if species
composition in any plant or animal group changes as one moves between the
‘dense’, ‘non-dense’ and ‘submontane’ types of forest which together cover two
thirds of the Brazilian Amazonia according to the classification applied by Fearnside
and Ferraz (1995).

The temporal dimension: dynamic landscape evolution

Even though the humidity and vegetation changes in Pleistocene Amazonia evi-
dently were not as dramatic as held by the refuge hypothesis, our understanding of
Amazonia’s past has far from reverted to the historical idea of long-term stability.
The geological history of the Andean forelands includes phases when interior sea-
ways (Risdnen et al. 1995; Hovikoski et al. 2005) and large lake complexes (Wessel-
ingh et al. 2002) separated the west from central and eastern parts of Amazonia. In
the east, past sea level changes have apparently created extensive embayments along
the present Amazon Basin (see Haffer 1997). Such landscape modifications have
important historical-biogeographical implications.

In addition, plate tectonics, which drive the Andean uplift, have shaped the west-
ern Amazonian lowlands from the Tertiary through to the Quaternary resulting in
widespread fluvial perturbance (Risinen et al. 1987). These landscape dynamics
have resulted in a temporally structured patchwork of fossil and current floodplains
with the forests growing on a lithologic mosaic as a patchwork of stands in different
successional stages (Salo et al. 1986).

There is also a considerable array of geological histories among Amazonian
soils. Tectonically tranquil areas in the Guayanan and Brazilian shield areas have
had ample time for a long and continuous soil-forming process (Irion 1978),
whereas in the more active western parts of Amazonia the ages of soils can vary
from recent to some millions of years (Rdsinen et al. 1990, 1992; Salo and Risidnen
1989; Jacques 2003, 2004). At least in the west, the soils are also derived from quite
distinct parent materials from thoroughly leached quartzitic sands to semimarine
or lacustrine clays and sands, as well as volcanoclastic sediments (Résidnen et al.
1992, 1998; Hoorn 1995; Wesselingh 2006). The clarification of a possible causal
chain from the geological setting to certain soil characteristics and up to predict-
able plant species composition appears as a high priority research question. If such
a chain exists, it will provide a powerful tool for ecologically and biogeographi-
cally relevant vegetation mapping because then also various existent and develop-
ing geological maps could be utilised for constructing vegetation maps and
targeting biological field studies.
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Differences between subregions: gamma-diversity within Amazonia

There is plenty of evidence showing that the species composition of many organism
groups is different in geographically distant parts of Amazonia (e.g., Mori 1991; Ek
1997; Terborgh and Andresen 1998; Ron 2000; Tuomisto et al. 2003¢c; Racheli and
Racheli 2004; Clarke and Funk 2005). However, data are insufficient for testing if the
limits of Amazonian biogeographic regions really are as they have been drawn
(Prance 1977; Haffer 1985); we simply do not know where borders between biogeo-
graphic provinces could rightly be drawn.

While national borders certainly are pragmatic when defining the highest hierar-
chical level on which to apply systematic conservation planning, they do not make
much sense from a natural-scientific point of view. Some biological criteria, or geo-
graphic or geological criteria correlating with biological changes, should be found
and used for drawing limits between sub-regions. A large-scale attempt of this kind
is the assessment of Central and South American ecoregions by Dinerstein et al.
(1995). A problem with this study is the inadequacy and poor documentation of the
data applied in ecoregion delimitation in Amazonia. This was also noted by the
authors: “...the large ecoregion units used in this study for Amazonia should be sub-
divided in future studies to more accurately reflect patterns of biodiversity...”
(Dinerstein et al. 1995, p. 84). Several authors have noted the potential of large
rivers and their floodplains as dispersal barriers (reviewed by Haffer 1997), and
promoted their use as a template for a biogeographic division of Amazonia. The
separation of the western Amazonian landscape into tectonically uplifted areas
dissected by erosion, and subsiding basins with younger fluvial sediments, has also
been suggested to cause biogeographic barriers, which would result in speciation and
accumulation of biotic differences (Risdnen et al. 1987). However, we are not aware
of any studies that would have tested the usefulness of either landscape features as
limits reflecting gamma-diversity patterns.

Conclusions: the theoretical representativeness of the Amazonian reserve network

With currently available knowledge, it is impossible to accurately assess the repre-
sentativeness of the Amazonian reserve network. We do not have complete species
lists of existing reserves and we do not know nearly all Amazonian species from any
sizeable taxonomic group. Environmental classifications of Amazonia are not satis-
factory yet, and information on biotope types present in current reserves is incom-
plete. Hence, the question we pose in the title of this review cannot yet be answered.
We simply do not know nearly enough about the biodiversity of Amazonia. Before
we can evaluate the real representativeness of the Amazonian reserve network a tre-
mendous amount of further information on the region’s biota has to be collected.

It is, however, possible to evaluate the scientific criteria on which reserves have
been selected, such as the distribution of environmental types of a chosen classifica-
tion, or perceived species distribution patterns, against the current state of knowl-
edge on these criteria. Such a comparison can shed light on the potential
representativeness of the reserves, i.e., on the probability that they could cover a
complete sample of the species of Amazonia.

Environmental classifications, direct information on the distribution of some spe-
cies, and estimated locations of supposed Pleistocene forest refuges have been the
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three most important natural-scientific selection criteria for Amazonian reserves
(Table 1; Appendices 1 and 2). Current scientific understanding is that both the
assumptions and the predictions of the refuge hypothesis are ill-founded: the
Amazonian forest biome apparently never was fragmented and universal centres of
endemism do not exist (or at least the available data do not enable their identification).
Hence, a reserve network based on the refuge hypothesis and purported endemism
centres does not sample Amazonian species diversity systematically, but rather in an
arbitrary manner. The severe lack and uneven quality of verified distribution data on
Amazonian biota renders precarious their use in designing a representative reserve
network. As with purported Pleistocene refuges, the areas identified as biologically
valuable on the basis of such data are certainly rich in diversity, but there is no scien-
tific evidence proving that they are unique, or even more valuable, than the extensive
unstudied regions.

There is now ample evidence that the role of environmental heterogeneity in
determining spatial and temporal biodiversity patterns in Amazonia is central, which
justifies the use of environmental surrogates in reserve selection. However, none of
the existing formal classifications for Amazonia have documented the degree of spe-
cies turnover, i.e., beta-diversity, between the classes separated. Hence, there is little
scientific evidence promoting any particular classification as a reliable higher order
surrogate for species diversity. There is, however, evidence that Amazonia harbours
much beta-diversity that has not been captured by existing formal vegetation
classifications. Taken together, this means that a reserve network based on exist-
ing environmental classifications cannot be safely assumed to evenly represent
beta-diversity.

Current scientific understanding is that gamma-diversity must be taken into
account in Amazonian reserve network design, but there is no scientifically satisfac-
tory division scheme, which should be used as a template in systematic conservation
planning. Due to the extensive unprotected tracts left by the current reserve system,
gamma-diversity probably is not adequately covered.

The historical development of the western Amazonian landscape, and its current
dynamics, do not seem to have affected reserve selection in the region. It is therefore
likely that ecologically, biogeographically, and evolutionarily influential abiotic pro-
cesses are inadequately protected by the existing reserves. In contrast to the refuge
hypothesis, the geohistory of western Amazonia provides testable hypotheses on
patterns of species distribution and differentiation. According to the results of such
tests, it may turn out to be necessary to include habitat history as one criterion in
conservation planning (Cowling and Pressey 2001; Graham et al. 2006).

Guidelines for the future: how to improve representativeness using natural-scientific
understanding?

Maddock and Du Plessis (1999) promoted a hierarchical approach to conservation
priority setting such that higher order biodiversity surrogates should be applied first,
and a coarse system thus obtained refined through the application of species distri-
bution data and socio-economic considerations. This is close to what has happened
in reality in many cases of Amazonian reserve selection. However, since there is no
evidence of the existing Amazonian environmental classifications correlating with
species turnover, using them even as a higher level starting point is risky. Instead, we
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would emphasise the need for new approaches of making use of the existing scanty
data on species distributions and their abiotic determinants.

One promising approach is to base the selection of conservation areas on
observed and modelled patterns of floral or faunal communities instead of individual
species (Faith and Walker 1996; Ferrier 2002). Heuristically this is reminiscent of the
strategy of optimising the conservation of vegetation classes, ecoregions, or other
surrogates for species. However, in the approach of community patterns, the region
of interest (Amazonia in this case) is not divided into classes. Instead, environmental
and observed biotic data are used to build up a model, which allows one to estimate
the relative species compositional distance even of biologically undocumented
points to every other point in the region. Accordingly, the position of each point will
be defined in a multidimensional species compositional space, and the task of con-
servationists becomes to ensure as complete representation as possible of this multi-
dimensional space in reserves.

It is naturally impossible to use the whole biota for making the model between
biotic and environmental data. Therefore a critical question is if it were possible to
select a representative and easily recordable part of the flora and fauna for making
the model. Higgins and Ruokolainen (2004) have shown that the most effective way
to get a representative idea of floristic patterns is to choose a taxonomically defined
part (e.g., a certain plant family) and not a structurally defined part (e.g., big trees)
as is the prevailing custom in floristic inventories. Pteridophytes, and the flowering-
plant families Melastomataceae and Arecaceae, have been shown to be possible
indicator species groups for Amazonian floristic patterns (Ruokolainen et al. 1997;
Ruokolainen and Tuomisto 1998; Vormisto et al. 2000; Duque et al. 2005). For the
fauna, similar studies have not been carried out, and the eventual correspondence
between floristic and faunistic patterns is almost completely unknown in Amazonia.
The study by Sdiksjarvi et al. (2006), however, suggests that correlation exists even
over at least one trophic level.

For environmental data to be useful for modelling biotic patterns, they must
cover the whole Amazonia and be as accurate as possible. Landsat satellite data
fulfil this requirement, and they have also been shown to co-vary with floristic data
(Ruokolainen and Tuomisto 1998; Tuomisto et al. 2003a, b; Salovaara et al. 2005;
Thessler et al. 2005). Unfortunately the Landsat data have a systematic East-West
bias (Toivonen et al. 2006), which appears to be an irremovable property of the tech-
nology. The only certain way to cope with this problem is to have so dense network
of species inventories that East-West interpolations need not be made over distances
greater than ca.30 km. This means that if an Amazonian-wide application of the
approach is to be applied seriously, data of perhaps some 10,000 species inventories
would be needed. This is hardly achievable through the most commonly applied
inventory method of recording big trees within one hectare. However, it is a realisti-
cally achievable number when using indicator species groups, which are of suitable
size and sufficiently well known taxonomically.

Even though we believe that a focus on similarity patterns would be very much
needed in Amazonian conservation planning, information and estimations on individ-
ual species ranges should not be neglected. Natural history museums and other depos-
itories exist from which it would be possible to retrieve information on species
occurrences that, in turn, can be used together with environmental information for
modelling species distribution areas (Guisan and Zimmermann 2000). At the moment
a serious problem in these species data is that georeferencing often is not sufficiently
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exact for modelling. However, this situation is rapidly improving with the common use
of GPS-receivers for accurate locating of observations. Recent development in algo-
rithms (Moilanen et al. 2005) has also made it possible to handle a practically unlim-
ited number of species and size of area in the search for an optimal solution of saving
areas for the persistence of species. These algorithms also offer the possibility to explic-
itly include any other possible criteria, such as political and economical considerations,
into the optimisation procedure. Hence, possibilities for using observations and esti-
mations of species distributions in Amazonian conservation planning are improving. It
must nevertheless be kept in mind that ranges of a great majority of the species will
remain unknown for a long time, and the species ranges that will be first resolved are
biased towards widespread species whereas local endemics are likely to remain
unknown (Ruokolainen et al. 2002; Diniz-Filho et al. 2005).

Systematic conservation planning in Amazonia to date and tomorrow

Amazonian reserve networks have repeatedly been developed with the implicit goal
of protecting all Amazonian species. We find this a reasonable target: unachievable
in practice it may be, but the reserve system should continuously be complemented
to approach this ideal. The work done to date, and that still in progress, is laudable.
Great effort has been put into selecting reserves efficiently by applying scientific cri-
teria, and there is no doubt that the actions taken so far have significantly contrib-
uted to biodiversity protection. Despite this, the above review leads us to conclude
that the criteria used in the selection of Amazonian reserves cannot result in a
reserve network that could safely be assumed to reach full representativeness of the
region’s biodiversity. Even if presently implemented prioritisation schemes were
carried out completely, the result would be a system whose potential to sample
Amazonian species diversity is undermined by deficiencies and uncertainties in the
scientific constructs and data used as selection criteria.

We see the central role of the questionable refuge hypothesis, and spatially and
taxonomically biased observed species distributions, as well as the continued appli-
cation of untested environmental surrogates in reserve selection as manifestations of
a divergence between conservation planning and the development in natural-scien-
tific understanding on Amazonia. More scientific information on Amazonia is con-
tinuously arising. Those who carry out conservation in practice should therefore
constantly be alert, and ensure that planning processes are transparent and suscepti-
ble to new scientific insight. On the other hand, scientists should accept their respon-
sibility to disseminate scientific information to decision-makers in such a form that it
can readily be applied in conservation planning. In the meantime, the principle of
caution is the best safeguard against irreversible bad decisions.
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