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ABSTRACT

Aims The overall aim of this study is to provide the data needed for Amazonian

conservation and the sustainable management of the region. To this end I model

the hypothetical distribution of plant species richness across the Amazon Basin,

the distribution of the proportion of this species richness that can be accounted

for by described species, and hence the distribution of the biodiversity which

remains unknown.

Location Amazonia, Neotropics.

Methods Species richness across the Amazon Basin is estimated by comparing

the occurrences of 1584 species of Magnoliophyta whose taxonomy and

geographical distributions are relatively well known. These data are used to

collate checklists for squares of 1� latitude by 1� longitude. Comparison of the

checklists allows estimation of the relative expected diversity in the vicinity of

each degree square. Summing the distributions of the hypothetical real ranges

gives the proportion of the biodiversity that can be accounted for by described

species. Subtraction of the second distribution from the first gives a distribution

of the contribution to the overall biodiversity that the model predicts, potentially,

results from as yet undescribed species.

Results Collections documented in recent botanical monographs show an

extremely biased distribution with the best knowledge being found in a very few

relatively well-collected areas. At the degree square level, this model predicts that

gamma biodiversity in the Amazon Basin is uniformly high across most of the

basin. The model predicts that four large areas of the basin are particularly poorly

known, and that they should contain large numbers of uncollected species.

Main conclusions The model presented here highlights the difficulties of

quantifying Amazonian plant diversity and its distribution. The low density of

collections, and especially their extremely clumped distribution, undermines

confidence in theories that seek to explain the apparent distribution of

biodiversity. The model’s prediction is substantially different from published

predictions of the distribution of alpha diversity. Testing of this model in the

areas identified as lacunae would require collecting programmes designed to

collect fertile material of rare species. If the model’s predictions are approximately

accurate, the plant biodiversity of the Amazon Basin is considerably

underestimated.
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INTRODUCTION

Mapping the biodiversity of Amazonia is severely compro-

mised by the relatively low density of botanical collections.

Furthermore, the density of collections is extremely

clumped. Nelson et al. (1990) used herbarium data to show

that for the genus Inga the number of collections was

concentrated in a few areas, close to cities or research

institutes. Schulman et al. (2007), again using herbarium

data for the distribution of collecting localities, show that

this situation has not changed over the past 15 years, and

much of the Amazonian Basin shows no evidence of having

been botanically explored. The Brazilian Amazonian herbaria

probably contain c. 500,000 collections in total, giving an

overall collecting density for the area of about one specimen

per km2.

As Schulman et al. (2007) point out (see references therein),

species distribution maps based on collecting data are very

unreliable, as they tend to map the distribution of collection

activity rather than the actual distribution of species. Some

authors have taken the known distributions of plants based on

monographic data to support or refute theories of phytoge-

ographical patterns. Some models (e.g. refugia theory; Prance,

1982) suggest that there are historical explanations for the

uneven distribution of certain species, or groups of related

species. Although Pitman et al. (1999) suggest that widely

separated but similar types of Amazonian forest are dominated

by a hierarchy of relatively few widely distributed species, there

is evidence of local endemism at least for species that occur in

specialized habitats (e.g. Gentry, 1986), and inspection of any

of the recent botanical monographs for any Amazonian group

will reveal many species with apparently very limited distri-

butions.

Very little information is available on the distribution of

gamma diversity of plants in Amazonia. Predictions of the

distribution of plant diversity across Amazonia have princi-

pally used data from inventory plots (typically of trees > 10 cm

diameter at breast height (DBH)). Modelling using these data

suggests that forests on the upper Amazon are more diverse

than those towards the east (ter Steege et al., 2003). Data from

this type of plot are of limited use in assessing the distribution

of total diversity. The restriction to trees above a certain size

limits the analysis to only a part of the total flora, and the

typical plot size is inadequate to provide a comprehensive

inventory of the locally occurring species. These limitations

mean that it is necessary to employ extrapolations to estimate

the actual number of species occurring in any locality.

Furthermore, the identifications in plot studies are often made

by non-specialists, often using only sterile plant collections,

and by comparison with herbarium material that may be

incorrectly identified. These shortcomings make it difficult to

compare checklists between geographically distant areas.

However, for a very few areas relatively complete checklists

of the flora have been published. In the Amazonian region the

most complete are for the flora projects undertaken in the

Ducke Reserve on the outskirts of Manaus, Brazil (Ribeiro

et al., 1999), the Iquitos area in Peru (Vásquez, 1997), and the

Saül region of French Guiana (Mori et al., 1997, 2002). In all of

these studies it is clear that the many of the species occurring

in any locality are extremely rare (e.g. Hopkins, 2005), and that

undersampling rare species leads to a considerable underesti-

mate of local biodiversity.

The Amazon Basin is poorly known floristically. Large

geographical gaps in our knowledge and the small number of

herbarium collections available for study for many species

impede accurate mapping of plant distributions, mapping

biodiversity and identifying regions of endemism. Conse-

quently, it is difficult to plan for adequate conservation and

sustainable use of the region’s biota. That conservation

planners usually use surrogate indicators rather than data

based on the organisms themselves, runs the risk that

conservation and planning measures may be inaccurate, and

hence inadequate.

Herbarium data are intrinsically unreliable for mapping

plant distributions. The identification of specimens in herbaria

depends on the activity of resident identifiers, visitors to the

herbaria and on the sending of duplicates to specialists for

identification. The quality of identifications is a serious

problem, and in practice many identifications are incorrect

or out of date, and thus the amalgamation of species

distribution data from several herbaria is likely to result in

distributions biased by the eccentricity of the names used in

different herbaria. For Amazonian plants, up to 40% of the

specimens in the world’s herbaria may bear incorrect identi-

fications (Hopkins and Hamada, unpublished data). Further-

more, georeferencing of these specimens is either non-existent

(in most collections made more than 15 years ago) or

unreliable (when estimated from the available maps). Data in

published monographs, in contrast, should be reliable. Mon-

ographed taxa have been examined by competent specialists,

and there should be a consistency in the published identifi-

cations. Monographs also present maps of the known distri-

bution of each species, based on studies by the monographer of

all the specimens he or she has been able to examine. There

may be errors in the localization of collecting localities, and

there may be inconsistencies between monographers of

different taxa, but these maps provide the most reliable source

of available information.

This paper deals with an attempt to use the data from

monographs to predict the distribution of gamma diversity

across the Amazon Basin. By using the accumulated data for

each degree square it is possible to construct a partial checklist

for each and, by comparing the components of each checklist,

estimate the local total biodiversity. This reasoning is used to

produce maps of the hypothetical distribution of plant

diversity for Amazonia. Furthermore, by modelling the

hypothetical distributions of the monographed species, that

part of the local diversity which can be explained by the

distribution of described species can be subtracted from the

overall biodiversity, thus giving an estimate of the biodiversity

which may be the result of the distributions of species as yet

undescribed.
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METHODS

The data set used for distribution analysis

The most reliable data on Amazonian plant distribution are to

be found in recently published monographs, notably Flora

Neotropica. For the present study, data were taken directly

from maps in treatments published since 1986. This date was

chosen since a monograph published at this time would have

had access to the material collected during Projeto Flora

Amazonica, which increased the number of collections in

Amazonian herbaria by about 50% (Prance et al., 1984). There

has been relatively little collecting of fertile material (at least in

Brazil) since then (personal observation, from data sets of

Amazonian herbaria). Only monographs whose authors plot-

ted their data by degree squares (units of 1� longitude by 1� of

longitude) were collated. Additional data came from an

unpublished data set of georeferenced collections of the tribe

Bignonieae compiled by Lúcia G. Lohmann. The sources and

species numbers used are listed in Table 1.

Each of the simulations was performed for the entire data

set, and was repeated for four partial subsets of the data

(Bignonieae, Sapotaceae, Chrysobalanaceae and Inga). If the

results of the modelling were similar between the subsets it

would suggest that the conclusions are general and thus

applicable to all Amazonian plants. However, if the results

were substantially different then factors such as the phylo-

genetic history of the different taxonomic groups, or even the

opinions of the responsible taxonomic specialist, might be

important factors in the prediction of distribution of the

region’s biodiversity.

Distribution of species richness

Lists of the species recorded in each degree square between

15�N and 15�S were compiled. For each of these degree squares

the contents of the lists of all the squares within a variable

radius were tabulated. The radius of the circle enclosing the

squares varied between one and nine degrees. Squares with

empty lists were discarded from the analysis. These subsets of

lists were used to calculate an index of the estimated number of

species in the central (focal) degree square. Jack-knife first and

second approximation and bootstrap were used for the

calculations using the equations given in Colwell (2005).

Estimation of hypothetical distributions

The predicted actual distributions of plant species could be

modelled by extrapolation from their known points of

collection using topographic, environmental and climatic

factors. Algorithms, such as the Mahalanobis distance (Fabron

& Kadmon, 2003) and GARP (Stockwell & Peters, 1999),

together with data sets of potentially relevant factors for

Amazonia, could be used to generate hypothetical distributions

to be used in this model. However, this approach was not used

here specifically because of the small number of distribution

points available for the majority of the species, and because the

degree of accuracy of the georeferencing available (plus or

minus 50 km) was not considered to be adequate to justify an

attempt to correlate the observed distribution with environ-

mental factors.

Using the distributional data set, each occurrence of each

species was treated as being a proven occurrence of the species

in the area, and hence Pspecies present(lat,long) was set at one in

an array that included all possible degree squares between

15�N and 15�S. The probabilities of each species’ occurrence in

neighbouring degree squares were estimated by allocating a

variable likelihood of occurrence relating to the distance from

each degree square, with this effect being allowed to occur for

variable distances. The effect was additive, so that the

probability of a species occurring in a degree square in which

there is currently no such record of its occurrence would be

greater if several of the surrounding degree squares have

confirmed occurrences. The probability of occurrence (P) in a

Table 1 The source of data used in the

modelling. The number of species records

those registered as occurring between 15�N

and 15�S. The number of records is the sum

of the number of degree squares registered

for each species.

Taxon Source nspecies nrecords

Chrysobalanaceae Prance (1989) 365 4474

Sapotaceae Pennington (1990) 263 2558

Inga Pennington (1997) 225 3279

Bignonieae Lohmann (unpublished data) 393 8538

Arecaceae Henderson (1990) 11 238

Montagma Hagburg (1990) 37 495

Parkia Hopkins (1986) 17 247

Dimorphandra Silva (1986) 25 146

Cecropiaceae Berg et al. (1990) 68 768

Nectandra Rohwer (1993) 88 978

Annonaceae Maas & Westra (1992), Chatrou (1998),

Chatrou & He (1999)

70 606

Anacardium Mitchell & Mori (1987) 8 106

Erisma Kawasaki (1998) 14 125

Total 1584 22,558
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neighbouring square was allowed to vary between 0.1 and 0.9,

and the distance of the effect (d) between 1 and 9 degree

squares. Thus for example, the probability of occurrence in a

square 3� distant from one with a confirmed occurrence would

be 0.34 (Pd for P ¼ 0.7 and d ¼ 3) if the distance allowed was

3 or more, and would be 0.83 (Pd
1 + Pd

2 for P ¼ 0.7) in the

same case if there was a second confirmed occurrence 2 degree

squares distant (d1 ¼ 3, d2 ¼ 2). In the analysis of the

hypothetical distributions generated by this method, an

eventual value of P ‡ 0.5 was used to indicate that that species

probably occurs in that degree square.

Examples of distributions generated for two species of Inga

are shown in Fig. 1. Further examples using other values for

distance and probability are illustrated in Appendix S1 in

Supplementary Material.

In both these estimates of numbers of species per degree

square, the data were standardized to give a measure of the

percentage of the maximum recorded in any one degree

(a) (e)

(b) (f)

(c) (g)

(d) (h)

Figure 1 Examples of the steps in producing a hypothetical species distribution for a species with a restricted distribution (a–d, Inga

plumifera) and a widespread distribution (e-h, Inga capitata). (a, e) The degree squares with confirmed occurrences (data from Pennington,

2000). (b, f) The contours of the predicted probability of occurrence, using a probability of occurrence in adjacent degree squares of 0.5 and

allowing this effect to accumulate for 5 degree squares. (c, g) The hypothetical distribution deduced by accepting a probability of occurrence

of greater than 0.5 in any degree square. (d, h) The degree squares for each species which contribute to the estimate of the total number

of species hypothetically occurring in any one degree square.
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square. Thus each measure could vary between 0 (no species

recorded/expected) and 100 (the maximum recorded/expected

across the area). Contours of colour shading of 10% intervals

are used in the maps of the results (Figs 2–6) to illustrate the

predicted distribution of the elements of the biodiversity.

The programming for the calculations was performed in

programs written in Microsoft FoxPro 8.0 and the maps of

these distributions were generated using Manifold System�
6.00. The contour maps were generated within Manifold� by

generating contours from surfaces imported from tables of

results generated in FoxPro.

Choice of values of the variables used

The results of the model depend on the values of the variables

selected. See Appendix S1 for the results of 81 simulations

using different values for the two variables used by the model.

The distance from the focal square in the generation of both

hypothetical species richness and hypothetical species distri-

butions were varied from between 1 and 9 (equivalent to

circles with approximately 200–1800 km diameter.

It would seem reasonable to assume that many of the

apparent gaps in a species’ currently known distribution are the

result of a lack of collection data, rather than absence. Most

species probably have more or less continuous distributions, at

least on the degree-square scale being considered here. Thus a

model that predicts a species’ distribution with few gaps is

probably more accurate than one which predicts numerous

small lacunae. On the other hand a model that predicts that a

species occupies much larger areas than current information

supports would be unrealistic. The model should fill in the gaps

without exaggerating the likely real distribution. Supplement-

ary Appendices S1a and S1b show the effects of varying the

values of the probability of occurrence in adjacent squares (P)

from between 0.1 and 0.9 and the distance of the effect (d)

from between 1 and 9 degree squares for two species of Inga.

Lower values of P and d (simulations towards the top and left)

tend to fail to fill in the gaps, while higher values (simulations

towards the bottom and right) tend to fill in all the available

area. For the purposes of this model, intermediate values of

P and d of 0.5 and 5, respectively, were used, since they produce

hypothetical simulations of distributions which are deemed to

be realistic. A similar argument applies to the simulation of the

bootstrap model for estimation of the distribution of gamma

diversity, and again an intermediate value of 5 degree squares

was used. The effects of varying the values of these parameters

may be seen in Supplementary Appendices S2, S3 and S4.

RESULTS

The maps presented (Figs 2–6) show graphically the distribu-

tion of the parameters under discussion. In general, darker

blue indicates a high level of the indicator and light yellow a

lower level. The contours are colour-coded for intensity, each

variation in shade being a 10% difference from the maximum

value recorded.

The distribution of information about species

distributions

Figure 2a shows a contour map of the level of knowledge of

plant distributions across the region. The areas within the

darker blue contours are those where the checklists are

relatively long, that is to say, more species have been recorded

in those areas than in the less blue, or yellow, areas.

The map shows a highly clumped distribution of informa-

tion. Peaks of information density (longer checklists) are

located in Manaus in Brazil, near Iquitos in Peru, in lowland

Ecuador and in French Guiana. Other areas with moderately

long checklists are seen close to regional centres, such as state

capitals and in regions with relatively easy access such as

highways and major rivers. Very large areas appear in yellow,

which might indicate areas where plant diversity is actually

low, or where no collections have been made.

The distribution of species richness

Figure 2b shows the distribution of species richness estimated

by the bootstrap method using a ‘medium’ distance for

inclusion of checklists (radius of 5 degree squares). The plots

of the distribution made using other estimators (jack-knife

first and second approximation) differed only in detail and the

overall pattern was very similar (Supplementary Appendix S2).

The principal result is that the central area of the basin, as

delimited by the 80–90% of maximum contour, is predicted to

have a relatively uniform distribution of high diversity across a

very wide area. There is an indication that the distribution of

the highest levels of biodiversity may be bimodal, being a little

north of the Equator in the east, and a little south of the

Equator in the west.

The distribution of the diversity of known species

Figure 2c shows the effect of modelling the distributions of

described species by supposing that their true distribution is

that estimated by a ‘medium’ estimate of range extension, 5� of

distance with a probability of occurrence of 0.5 in adjacent

squares (and accepting their occurrence when the probability in

any degree square is ‡0.5). This distribution can be considered

to be an enhanced version of Fig. 2a, in that the deduced

distribution of biodiversity remains with a strong bias for areas

that have been better collected. Consequently, well-collected

areas would be expected to contain species already known

locally, while others, more distant from these well-known areas,

can be expected to contain relatively more undescribed species.

Further results of the model using different values of the

parameters are presented in Supplementary Appendix S3.

The distribution of diversity which remains unknown

Figure 2d shows the result of subtracting the distribution in

Fig. 2c from that in Fig. 2b, resulting in a surface with peaks

where it is least possible to account for the species expected to

M. J. G. Hopkins
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make up the local biodiversity. This distribution is in some

ways the inverse of Fig. 2c, but it does not simply indicate

those areas that have not been collected, as the estimate also

takes account of expected local diversity. Thus an area with a

short species list will appear in yellow if the local expected

biodiversity is also low, but will appear in blue if the local

biodiversity is expected to be high. Further results of the model

using different values of the parameters are presented in

Supplementary Appendix S4.

The pattern seen shows four main regions where botanical

knowledge is particularly low, but where biodiversity is expected

to be high, and hence these are regions likely to contain

relatively more as yet undescribed species. These areas are:

1. lowland Colombia, centred in the area comprising parts of the

departments of Vichada, Meta, Guainia, Guaviare and Vaupes;

2. western Amazonian Brazil, within the state of Amazonas,

approximately between the cities of Tefé and Envira, compri-

sing the interfluvial region between the Rio Purus and the Rio

Juruá, and extending north of the Amazon River as far as the

Jaú National Park;

3. northern Amazonian Brazil, extending from north-east

Amazonas State across southern Roraima and the portion of

Pará State about 300 km north of the Amazon River, and

including the southern extremity of Guyana;

4. south-eastern Amazonian Brazil, extending from the south-

east corner of Amazonas State (headwaters of the Rio

Sucunduri and middle course of the Rio Aripuanã) and

southern Pará State, especially the upper reaches of the Rio

Irirı́ and Rio Curuá.

Comparisons between taxa

The four principal groups that contributed to the ‘all species’

model were analysed separately and the resultant maps shown

in Figs 3–6, in the same order as for the combined data. Whilst

the details vary between taxa, the overall patterns are similar.

(a) (c)

(b) (d)

Figure 2 Maps of the results of the steps in the modelling of plant species diversity followed, using the same values of the variables as

in Fig. 1. (a) The distribution of information of species occurrences using data from recent taxonomic studies. Deeper shades of blue

indicate relatively well known areas, i.e. those where a relatively large number of species are recorded from the local degree squares. The

lightest shade of yellow indicates areas where the checklists for the local degree squares have between 0 and 10% of the number of

species of the best-known degree square. (b) The distribution of the expected diversity as predicted by a bootstrap model that compares the

contents of the checklists within a circle with a radius of five degree squares of the focal square. Deeper shades of blue indicate areas

predicted to have the highest numbers of species per degree square. Progressively lighter shades are predicted to have proportionately

lower numbers of species per degree square. (c) The distribution of the diversity that can be explained by modelling the distributions of the

1584 species treated in recent monographs as predicted by assuming that each has a likelihood of occurrence of 50% in degree squares

adjacent to those where they are already known to occur, and this additive effect extends within a radius of five degree squares. Deeper

shades of blue indicate areas predicted to have higher diversities of described species. Lighter shades indicate areas distant from the known

occurrences of described species. (d) The distribution of the difference between the predicted distribution of biodiversity (b) and the

distribution of diversity of known species (c), and hence the distribution of the lack of taxonomic knowledge of the local biodiversity.

Darker blue shades indicate areas where little of the predicted diversity can be explained by our present knowledge, and hence where

the largest numbers of undescribed species may be expected to occur. Lighter shades indicate where our knowledge is relatively complete.

The brown areas indicate land with an elevation of more than 1000 m. International borders and Brazilian state boundaries are shown in

black. Major rivers of the Amazon Basin are shown in grey. Ten shades, from light yellow to dark blue, indicate intervals of 10% with

reference to the highest occurring value (light yellow 0–10%, pale green 11–20%…dark blue 90–100%).
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The possible reasons for the differences in magnitude of the

contours are discussed below.

DISCUSSION

Gaps in knowledge

The mapping of the distributional data taken from mono-

graphs (Fig. 2a) shows a similar pattern to that shown by

measures of collection density (e.g. Nelson et al., 1990) and

distribution of density of collection localities (Schulman et al.,

2007). The peaks in knowledge of plant species occurrences are

highly biased towards relatively few geographical areas. The

most pronounced of these are the areas where flora projects

have been undertaken or are under way: lowland Ecuador

(Jørgensen & León-Yánez, 1999); Iquitos in Peru (Vásquez,

1997); Manaus in Brazil (Ribeiro et al., 1999) and Saül in

French Guiana (Mori et al., 1997, 2002). It is arguable whether

(a) (c)

(b) (d)

Figure 3 Distributions of diversity measures for species of Bignonieae: (a) distribution of taxonomic knowledge; (b) bootstrap model

of predicted diversity; (c) diversity explicable by modelling the distribution of monographed species; (d) predicted distribution of

lacunae in taxonomic knowledge. The coding of the colours of the contours is the same as for Fig. 2.

(a) (c)

(b) (d)

Figure 4 Distributions of diversity measures for species of Chrysobalanaceae: (a) distribution of taxonomic knowledge; (b) bootstrap

model of predicted diversity; (c) diversity explicable by modelling the distribution of monographed species; (d) predicted distribution of

lacunae in taxonomic knowledge. The coding of the colours of the contours is the same as for Fig. 2.

M. J. G. Hopkins
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better knowledge of the local flora facilitates efficient flora

projects, or whether flora projects stimulate more collections

and hence better knowledge. In Central America, at this scale

of degree squares, Panama and Costa Rica are seen to be

relatively well collected. Apart from floras, higher levels of

knowledge are seen close to cities (for example Belém, Macapá,

Porto Velho and Boa Vista in Brazil) though the level of

knowledge appears to be much lower than in areas with floras.

Major rivers are also sometimes associated with higher

information content, such as the Tocantins and Tapajós in

Pará State, and the Rio Negro and Rio Madeira in Amazonas

State.

The ‘white areas’ on these maps are very extensive. In Brazil,

about 50% of the land area (at the degree-square scale) is

(a) (c)

(b) (d)

Figure 6 Distributions of diversity measures for species of Sapotaceae: (a) distribution of taxonomic knowledge; (b) bootstrap model

of predicted diversity; (c) diversity explicable by modelling the distribution of monographed species; (d) predicted distribution of

lacunae in taxonomic knowledge. The coding of the colours of the contours is the same as for Fig. 2.

(a) (c)

(b) (d)

Figure 5 Distributions of diversity measures for species of Inga: (a) distribution of taxonomic knowledge; (b) bootstrap model of

predicted diversity; (c) diversity explicable by modelling the distribution of monographed species; (d) predicted distribution of lacunae

in taxonomic knowledge. The coding of the colours of the contours is the same as for Fig. 2.

Unknown Amazonian plant diversity
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shown as light yellow, indicating that these areas are recorded

as having between 0 and 10% of the number of species known

from the peak areas.

Distribution of diversity

The map of predicted diversity (Fig. 2b) produced by a

bootstrap analysis of the distributional data shows a pattern

that seems to be fundamentally different from other published

maps of Amazonian plant biodiversity.

Lleras et al. (1992; cited in Nelson & Oliveira, 2001)

modelled the distributions of c. 3000 species, using data from

Flora Neotropica monographs and data from herbaria. The

resulting map (reproduced with modifications in Nelson & de

Oliveira, 2001) indicated a peak in species diversity centred on

Manaus, and Manaus was also shown as the main centre of

endemism in the region. Lleras et al. (1992) concluded that

these results are artificial, being strongly influenced by

collecting activity.

Williams et al. (1996), using a smaller data set of 729

distributions of species belonging to five families mono-

graphed in Flora Neotropica, presented an analysis similar to

the model discussed here. Their maps (presented as colour

intensity on a degree-square basis), again show highest species

diversity for the Manaus degree square, though the area of

highest diversity stretched from north Amazonian Peru across

the basin as far as Belém, and the Guianas also showed elevated

diversity. However, the area which I estimate should have the

highest regional biodiversity (area 3, northern Amazonian

Brazil) was not indicated to have a high biodiversity. Williams

et al. (1996) also presented a map of the distribution of

endemism, which shows the lowest levels of endemism in those

areas that had been least collected, including the four areas

highlighted in the present study.

The maps of alpha diversity produced by ter Steege et al.

(2003) show a high diversity on the upper reaches of the

Amazon River, which gradually declines towards the east. In

the current model there is no such decline; in contrast there is

possibly a slight increase towards the east, and especially north

of the River Amazon.

Various explanations are possible for the contrast among

these models. The distribution presented here is theoretically

the distribution of gamma diversity (species of all life-forms in

all locally occurring habitats), whilst that of ter Steege et al. is

of alpha diversity of trees (‡10 cm DBH) in single habitat plots

in non-inundated forest. If the habitats (at a degree square

level) were more homogeneous in the west of Amazonia, the

increase in gamma diversity might be explained by a higher

level of habitat diversity in the east. Possibly, in areas further

from the main river, where there is more altitudinal variation,

and a greater diversity of habitats per 100 km2, there might be

more species per degree square, even if each habitat contained

fewer species. The same argument would apply to other

heterogeneous environmental factors. For example, Fine et al.

(2005) show that the local distribution of species of Burser-

aceae is closely associated with soil type. Higher diversity of

soil types on a degree-square scale would result in higher

gamma diversity.

A second explanation might be that the area to the north of

the Amazon represents a zone where species of different

phytogeographical biomes meet. If, for example, the ranges of

species typically occurring in Amazonian lowland forest and

Guianan highland forest interdigitate in the band to the north

of the Amazon River, a degree square in this region would be

likely to include species from both regions, while degree

squares away from this zone of convergence would be likely to

include only one set of species. Whilst the definition of

phytogeographical regions is also limited by poor knowledge of

species distributions, their distribution could also explain

gamma diversity distribution at this scale. Thus, Prance’s

(1977) classification of Amazonian phytogeography, which

shows confluence of four regions in north Amazonian Brazil,

could be used to explain the hypothetical high diversity of the

area, as could the confluence of the Guianan and Amazonian

phytochoria of Prance (1989).

A third explanation is methodological. The model used

here uses data of occurrence of species in degree squares

distant from the focal square. This model could have the

effect of overestimating local species diversity as some of the

lists being used come from different phytogeographical

regions. Hence the bootstrap methodology, which compares

the differences between checklists, will predict that many

species are missing when there is a lower concordance

between checklists. However, if this were a factor, the same

argument would apply to the region of interface between the

Cerrado and Amazonian forest, which is not apparent in the

maps.

Hypothetical distribution of known species

The map (Fig. 2c) of the summed distributions of hypothet-

ical distributions of known (monographed) species also

shows a biased pattern, with relatively high levels in northern

Peru (and Ecuador) and central Brazilian Amazonia. The

uniformity of the tones is also relatively constant throughout

Central America and through the Guianas to Belém,

suggesting that the species diversity in these areas is relatively

easy to explain by the methodology of artificial range

extension.

The distribution of missing information

The map (Fig. 2d) of the deduced distribution of the quantity

of missing biodiversity information shows four very large

areas which this model would predict would be likely to

contain large numbers of as yet undescribed (and indeed as

yet uncollected) species. This map predicts that intensive

collecting in certain areas, notably French Guiana and the

immediate area of Manaus and north and central Guyana will

result in relatively few undescribed species being collected,

while collecting in any of the deep blue areas is likely to result

in many new species being discovered.
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Comparison between species groups

The four subsets of data for different taxonomic groups show

similarities and differences.

Bignonieae (Fig. 3)

Collecting activity has been higher in the west, whilst species

diversity is predicted to be higher in the east. As a result the

area of lack of knowledge in southern Pará is relatively deeper.

This probably reflects the activities of plant collectors, in this

case especially Alwyn H. Gentry, who collected extensively in

the Andean countries, but very little in Brazil.

Chrysobalanaceae (Fig. 4)

Both collecting density and expected diversity are highest in

central Amazonia, and hence the deepest area of poor

knowledge is in the most distant of the principal lacunae, in

Colombia. The higher level of collection density is largely

attributable to the collecting activities of the specialist in the

family, Ghillean T. Prance, who resided and worked in Manaus

for many years.

Inga (Fig. 5)

In this case, both collecting activity and predicted biodiversity

are highest in the west, especially in Ecuador and northern

Peru. However, the deepest area of poor knowledge is in

nearby Colombia. This probably reflects the large number of

species with very few collections from Ecuador, and hence

many rare species are also predicted for Colombia, but there

has been insufficient collection activity to find them.

Sapotaceae (Fig. 6)

All the maps for Sapotaceae are very similar to those for all the

species together. This would seem to indicate that Sapotaceae

are a good indicator of the state of taxonomic knowledge

across the region.

Testing the hypothesis

If this model reflects the real distribution of plant biodiversity,

known and unknown, across Amazonia then there is a great

deal of basic research needed before we can state that the

Neotropical flora is reasonably well known. The model could

be tested by using a standard methodology in areas with

different levels of predicted unexplained biodiversity. For

example, a flora project 100 km north of Manaus should

record many fewer undescribed species than one based in

lowland Colombia, in southern Roraima, on the Pará–Surinam

border, on the Transamazon Highway in Pará, or on the upper

Rio Tefé in Amazonas. However, the methodology of testing

would have to be designed to capture the rare species. Short-

term expeditions and inventory plots tend not to encounter

the rarest species, and especially not encounter them in a fertile

state adequate for taxonomic recognition and description.

What is needed are intensive flora projects, of several years’

duration, designed to ensure that rare species will be collected

in flower and fruit, for example following the model used in

the compilation of the Reserva Ducke flora (Hopkins, 2005).
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