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Abstract

The biodiversity of tropical rainforest is difficult to assess. Yet, its estimation is necessary for conservation purposes, to
evaluate our level of knowledge and the risks faced by the forest in relation to global change. Our contribution is to
estimate the regional richness of tree species from local but widely spread inventories. We reviewed the methods available,
which are nonparametric estimators based on abundance or incidence data, log-series extrapolation and the universal
species-area relationship based on maximum entropy. Appropriate methods depend on the scale considered. Harte's
self-similarity model is suitable at the regional scale, while the log-series extrapolation is not. GuyaDiv is a network of
forest plots installed over the whole territory of French Guiana, where trees over 10 cm DBH are identified. We used its
information (1315 species censused in 68 one-hectare plots) to estimate the exponent of the species-area relationship,
assuming Arrhenius’s power law. We could then extrapolate the number of species from three local, wide inventories (over
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2.5 km?). We evaluated the number of tree species around 2200 over the territory.
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1. Introduction

Biodiversity assessment in tropical moist forests is a
practical challenge but a major goal considering they
are the most diverse terrestrial ecosystems. Estimat-
ing the number of tree species is made possible by
the long-term effort of sampling resulting in thousands
of forest plots organized in various networks (Forest-
Plots.net et al., 2021) and a set of methods to apply
to their data.

At the local scale, the number of species is related
to the sampling effort by species-accumulation curves
(Gotelli and Colwell, 2001). The number of sampled
species is a matter of well-known statistics based on
independent and identically distributed (iid) samples,
and estimators of the total number of species of a
homogeneous community are available, among which
the best known are Chao’s (Chao, 1984) and the jack-
knife (Burnham and Overton, 1978). These estimators


mailto:eric.marcon@agroparistech.fr

Estimation of the number of tree species in French Guiana by extrapolation of permanent plots richness — 2/14

can be applied to incidence data (i.e. the number of
sampled plots that contain a given species) as well as
abundance data (the number of sampled individuals
of a given species). Yet, these tools fail to estimate
regional diversity because increasing the sampled area
implies including new, different communities, prevent-
ing iid sampling in practice.

Yet, Cazzolla Gatti et al. (2022) successfully ap-
plied the incidence-based Chao estimator to 100- by
100-km cells (each cell considered as a plot) covering
all forests in the world to assess the number of tree
species at the scale of continents. The method requires
huge datasets to avoid undersampling and sampling bi-
ases.

At very large scales, the unified neutral theory of
biodiversity and biogeography (Hubbell, 2001) implies
that the distribution of the metacommunity’s species
abundances is in log-series (Fisher et al., 1943), allow-
ing the extrapolation of the rank-abundance curve of
sampled species up to the rarest one, represented by
a single individual and counting the number of nec-
essary species. Based on this method, the diversity
of tree species has been estimated in Amazonia (ter
Steege et al., 2013, 2020) and at the world scale (Slik
et al., 2015).

Regional diversity, i.e. at intermediate scales
between single communities and the metacommunity,
brought less attention. The large and spatially
uniform datasets necessary to apply incidence data
extrapolation are not easy to gather so alternative
methods must be considered: this motivated this
study, along with a particular interest for the forest
of French Guiana.

The main contribution of this paper is to estimate
the number of tree species at the regional scale, in
French Guiana (8 million hectares of tropical moist
forest with no ecological boundary to distinguish them
from the rest of Amazonia) and demonstrate which
method is valid to do so. We build on Harte’s self-
similarity model (Harte et al., 1999) that implies the
power-law relationship of Arrhenius (1921) and pro-
vides a technique to evaluate its parameters (Harte
et al., 1999), previously applied by Krishnamani et al.
(2004) in the Western Ghats, India, a 60,000-ha tropi-
cal forest with around 1,000 tree species. The current
checklist contains close to 1800 tree species (Molino
et al., 2022) in French Guiana. Our estimate is around
2200.

We also compare our work to all methods reviewed
above and the lesser-known, scale-independent univer-
sal species-area relationship based on maximum en-
tropy (Harte et al., 2009). We discuss in depth which
method may be applied according to the addressed
spatial scale.

2. Methods

2.1 Data
To apply the methods detailed below, a large enough
inventory is necessary along with a set of small, widely
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Figure 1. The GuyaDiv network of tropical forest
plots, 1-ha plots only. All trees above 10 cm DBH
are localized, measured and determined botanically
at species level. Each circle represents a location
where several forest plots were established: the circle
size is proportional to the number of plots. Paracou,
Piste de Saint-Elie and Nouragues large inventories
locations are shown (Paracou contains no 1-ha
GuyaDiv plot). The map background represents the
tree cover, as of ESA Land Cover (Zanaga et al.,
2021).

spread forest plots. We gathered 3 local, large inven-
tories to account for environmental variability and a
network of plot covering the whole region.

Our plot network is GuyaDiv (Engel, 2015).
Since the installation of the first plots in 1986, the
GuyaDiv network has continuously grown until today.
It now consists of 243 plots of various sizes and
shapes, distributed in various forest types, in 30 sites
across French Guiana. We took into account the 68
one-hectare plots of the network (figure 1). They
are located in 21 sites, which provides fairly good
coverage of the variability of the forest. They contain
43081 trees among which 415 were removed from the
analyses because they could not be assigned to a
species or morphospecies.

The Paracou research station (Gourlet-Fleury
et al., 2004) contains six 6.25-ha and one 25-ha plots
of primary rainforest. Nine 6.25-ha plots were logged
between 1986 and 1988 in a forestry experiment
that temporarily increased the recruitment of light-
demanding species (Mirabel et al., 2021) and the
functional diversity (Mirabel et al., 2020).

In a rather conservative approach, we retained only
the well-identified trees of the permanent plots (571
species) and added available data from the GuyaDiv
network: transects from Molino and Sabatier (2001)
and ten 0.49-ha plots around the Guyaflux tower
(Bonal et al., 2008) contain 575 species, including
132 new ones. 37 more species at the French Guiana
IRD Herbarium (CAY: Gonzalez et al., 2022) were
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collected in the area but outside the plots. The total
number of species is thus 740 included in a 4.84-km?
convex envelope.

The Piste de Saint-Elie site has been intensively
sampled for 50 years. It encompasses nineteen 1-ha
and one half-hectare plots in GuyaDiv and a few
small plots added for various studies. Moreover, many
herbarium specimen were collected from the site. As
a whole, we gathered 763 species in a 3-km? area.

Nouragues research station (Bongers et al., 2001)
provides 22 hectares of permanent plots. We applied
the same protocol, adding 11 Guyadiv plots and
herbarium collections up to 850 species in a 2.5-km?
area.

2.2 Self-similarity

Self-similarity (Harte et al., 1999) is a property based
on scale invariance. Consider a species that is present
in an area Ag, say French Guiana. The probability to
find it in half the whole area, denoted A; is a. Then,
if it is present in A, the probability to find it in turn
in half A, denoted Aj, is also a, and so on. The prob-
ability to find the species in A, is thus a". In other
words, the conditional probability to find a species in
a sub-area, given that it is present in the area contain-
ing it, is constant: it does not depend either on the
observation scale nor on the species considered.

The Arrhenius power law (Arrhenius, 1921) both
implies and is a consequence of the self-similarity prop-
erty (Harte et al., 1999). The number of species S(A)
observed in an area A is

S(A) = cA* (1)

where z is the power parameter and ¢ is the num-
ber of species in an area of size 1. Actually, a =27°.
This is a classical relation in macroecology, with long
empirical and theoretical support (Williamson et al.,
2001; Gércia Martin and Goldenfeld, 2006).

If z is known, the inventory of a reasonably large
area b allows computing ¢ = S(b)/b*. Then, S(A) can
be calculated for any value of A.

Harte et al. (1999) showed that under the assump-
tion of self-similarity, z can be inferred from the dis-
similarity between small and distant plots of equal size
distributed across the area. The Sgrensen (1948) sim-
ilarity between two plots is

X =2(51N82)/(S1+52) (2)

where S| (respectively ;) is the number of species
in plot 1 (resp. plot 2) and S; NS, is the number of
common species.

Applied to plots of the same size separated by dis-
tance d, Sgrensen’s similarity decreases with distance
following the relation y ~ d~% (Harte et al., 1999) that
can be estimated by the linear model

log() ~ log(d). (3)

The logarithm of the Sgrensen dissimilarity
between pairs of plots can be regressed against the
logarithm of the distance between the plots: the slope
of the regression is —2z.

The relation (3) holds at the same scale as the
power law, i.e. at the regional scale (Grilli et al., 2012).
Krishnamani et al. (2004) estimated z ~ 0.12 with a
very good fit to the linear model at distances up from
1 km but not below.

The number of plots varies across locations so the
estimation of z must be made with care. We sampled
one random plot at each location to obtain 21 x20/2 =
210 pairs of plots. We calculated the Sgrensen dis-
similarity ) and the geographic distance d between
each pair of plots. We estimated z as half the co-
efficient of the distance variable in the linear model
log(x) ~log(d). We repeated these steps 1000 times to
obtain a distribution of estimated z values depending
on the plots drawn in each location. z was estimated
as the empirical mean of the distribution and its 95%
confidence interval was obtained by eliminating the
2.5% extreme values on both tails.

The confidence interval of the estimation of the
number of species was assessed by combining the un-
certainty in ¢ and A*. The variance of ¢ was estimated
by the empirical variance of the values calculated at
Paracou, Piste de Saint-Elie and Nouragues. That of
A* was obtained from the empirical distribution of z.
The variance of their product was calculated (the for-
mula and its derivation are in the appendix). Finally,
we assumed the normality of the distribution of the
product of the estimates to retain an approximate 95%
confidence interval of 4+ 2 standard deviations.

All analyses were made with R (R Core Team,
2024) v. 4.3.1.

2.3 Nonparametric estimators

At smaller scales, i.e. inside a single community, the re-
lation between area and number of species is described
by species accumulation curves (SAC: Gotelli and Col-
well, 2001). It is driven by statistical models that ad-
dress incomplete sampling (Shen et al., 2003; Béguinot,
2015). After replacing the sampled area by the num-
ber of individuals it contains, well-known estimators of
richness such as Chao’s (Chao, 1984) or the jackknife
(Burnham and Overton, 1978) apply.

The Chaol estimator is

2
SChaol = Sobs + (nzn;;flv (4)
where 5,55 is the number of observed species, n is
the sample size, fi and f, the number of species ob-
served once and twice. Since n is large, (n—1)/2n can
be approximated by 1/2.

The jackknife estimator depends on the sampling
level of the data. The estimator of order k includes
f1, /2,5 fx, the number of species observed up to k
times. Increasing the order implies increasing both
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the estimate and its uncertainty: starting from order 1,
the order is incremented as long as the new estimator
is significantly higher than the previous one (Burnham
and Overton, 1978). For large n, the jackknife estima-
tor of order 3, used below, is

§Jack3:50bs+3f1 =3f2+ f3. (5)

An alternative, following Cazzolla Gatti et al.
(2022), consists of paving the territory with a grid
whose size does not change the estimation, say 100 km.
In each 100 by 100 km cell of the grid, all available
data is aggregated to obtain an incidence dataset.
The Chao2 estimator (whose formula is identical to
that of Chaol, with n equal to the number of grid
cells) is finally applied: it combines the number of
species observed in only one or two cells to estimate
the number of unobserved species.

The Chao and Jackknife estimators variance can be
estimated and a confidence interval is available (Chao,
1987; Burnham and Overton, 1978).

2.4 Log-series extrapolation

Assuming that the plots are samples of a metacom-
munity that follows a log-series distribution, the
rank-abundance curve can be extrapolated following
ter Steege et al. (2013).

First, the total number of trees is estimated by
extrapolation of the average number of trees per 1-ha
plot of the Guyadiv network to the 8 million hectares
of the French Guiana forest.

The probability for one of these trees to belong
to a given species is obtained by averaging the fre-
quency of the species among plots. Each plot is a
sample of a local community whose composition is not
completely known: many rare species are not in the
sample. The observed frequency of a species in a plot
is not the probability of the species in the community:
frequencies sum up to 1 while the sum of the actual
probabilities of observed species, called the sample cov-
erage (Good, 1953), sums up to 1 minus that of the
unobserved species. The actual probabilities of ob-
served species can be estimated following Chao and
Jost (2015), with the entropart package (Marcon and
Hérault, 2015).

The number of trees per species is then obtained
by multiplying the total number of trees by the prob-
ability of each species. A rank-abundance curve is
produced. Its center part is a straight line (see figure
3) that can be extrapolated down to the last species,
represented by a single tree. The number of species is
finally counted.

Its confidence interval is not available: the extrap-
olation of the curve is very robust, but the estimation
of the total number of trees and of the probabilities of
species are sources of uncertainty.

2.5 Universal species-area relationship
Harte et al. (2008) derived a universal species-area
relationship based on the maximum entropy theory.

1.0

Sorensen

15+

2.0+

3 4 5
Distance

Figure 2. Relation between Sgrensen’s similarity and
the distance between pairs of plots. Both axes are in
base-10 logarithms, distances are in meters. Each
point is a pair of plots more than 1000 m (103) apart,
up to 377 km. A linear model is fitted: the slope of
the regression is —2z.

Assuming only that the area, the total numbers of
species and individuals, and the summed metabolic en-
ergy rate of all individuals are fixed, many features of
the species distribution at any scale can be predicted.
Of particular interest is the possibility to derive the
number of species in a doubled area from the number
of species in a sampled, reference area (Harte et al.,
2009; Xu et al., 2012). Starting from a local sample,
that may be a single 1-ha plot or one of our large in-
ventories, the area can be doubled until the target size
is reached.

The number of trees per hectare is estimated from
the Guyadiv network to obtain a single starting point
rather than a different one for each plot. To be consis-
tent with the model, the geometric mean is applied: its
logarithm equals the average logarithm of the number
of trees in all 1-ha plots.

Each step of the estimation consists of doubling the
area and calculating the new number of species. This
operation is repeated until the target area (8 Mha) is
reached, i.e. between 15 times for Paracou (the largest
inventory: 484 ha) and 24 times for the 1-ha plots.

3. Results

3.1 Self-similarity
The relation between Sgrensen’s similarity and dis-
tance is presented in figure 2. All pairs of plots more
than 1 km apart (the scale of Paracou’s 0.625-km? in-
ventory) are shown and the regression line of the figure
illustrates the relation. Actually, the estimation of z
was made as explained in the methods by 1000 random
draws of sets of a single random plot per location.

The estimated value of z is 0.104 with a 95% con-
fidence interval between 0.088 and 0.120.

The estimated number of species per square kilo-
meter, ¢, is respectively 629, 681 and 773 in Paracou,
Piste de Saint-Elie and Nouragues. The average value
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Figure 3. Extrapolation of the rank-abundance curve
built from the GuyaDiv plots. Extrapolated
abundances (in log scale) of observed species are
plotted against the rank of their species. The
abundances of unobserved species (the red curve) is
extrapolated linearly from the center 50% of the
distribution of the observed species. The rarest 25%,
ignored for the extrapolation, are plotted as grey
points.

is 694.

Finally, the estimated number of species is 2234.
Taking into account the uncertainty about ¢ and z, its
95% confidence interval is between 1587 and 2882.

3.2 Species accumulation
The observed number of species is 1314 among which
204 and 119 are sampled once and twice. The lower-
bound estimation of the number of species by the
Chaol estimator is 1489. The best jackknife estimator
(of order 3) is 1677. Its confidence interval is between
1563 and 1791 at the 5% risk level.

The Chao2 estimator applied to the same plots ag-
gregated into 100 x 100 km cells is 1643. Its confidence
interval is between 1436 and 1564 at the 5% risk level.

3.3 Log-series extrapolation

The mean number of trees per ha in the Guyadiv 1-ha
plots is 627. There are close to 5 billion trees in French
Guiana.

Figure 3 is the rank-abundance curve of the species.
The most abundant tree species is Eperua falcata with
around 151 million trees. The log-abundances of the
25 to 75 percentiles of species are linearly related to
the rank, allowing the extrapolation of the curve (the
red line).

The estimated number of species according to this
model is 4368.

3.4 Universal species-area relationship

The method from Harte et al. (2009) is applied to our

data. The geometric mean number of trees per hectare

estimated from the Guyadiv network is 602 trees/ha.
Initial inventories, e.g. 740 trees species in 484 ha

in Paracou and the geometric mean number of species

3000

1000

Number of species

300

1e+04 16406 1e+08 1e+10
Number of trees

Figure 4. Extrapolation of the initial inventories up
to 8 Mha (vertical line, assuming 602 trees/ha). The
vertical line corresponds to the area of French
Guiana. Curves are the estimated species-area curves
from the Guyadiv 1-ha plots (solid line), Nouragues
(dot-dashed line), Piste de Saint-Elie (dashed-line)
and Paracou (dotted line) starting points. Estimated
values are marked as vertical lines on the curves.

in Guyadiv plots, are the starting points of the estima-
tion. Figure 4 shows the species-area curves obtained
by successive doubling of the areas.

The curves are almost perfectly fitted by a
Michaelis-Menten model, estimated by the linear
model (Lineweaver and Burk, 1934) @ ~ @, where
S is the number of species and n the number of trees,
allowing a very accurate interpolation at any number
of trees. The estimated number of species is thus
obtained for n equal to 8 Mha times 602 trees per ha:

o From Nouragues: 3238 species.

o From Piste de Saint-Elie: 2739 species.

o From Paracou: 2385 species.

The extrapolation from the average 1-ha plot is
4737 species. Since it is far less reliable than those
from the wide inventories, with 7 to 9 more doubling
steps, we do not retain it to produce the average es-
timate of the universal SAR. Finally, we obtain 2787
species.

3.5 Summary
The estimated number of species according to the dif-
ferent methods is summarized in table 1.

4. Discussion

4.1 The species-area
scales

We consider three different spatial scales where differ-

ent models apply.

At the local scale, i.e. inside a single community,
the relation between the area and the number of
species is described by species accumulation curves
(SAC: Gotelli and Colwell, 2001). It is driven by
statistical models that address incomplete sampling
(Shen et al., 2003; Béguinot, 2015). Local SACs have

relationship varies across
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Table 1. Estimated number of tree species in French Guiana, according to all methods detailed in the text.

Self-similarity is the appropriate method at this scale.

Lower bound Upper bound

Method Number of species
Self-similarity 2234
Species accumulation 1677
(abundance)

Species accumulation 1643
(incidence)

Log-series extrapolation 4368
Universal species-area 2787

relationship

1587 2882
1563 1791
1436 1564
2385 4737

been extensively studied and are out of the scope of
this paper, but a few results are important here. The
distributions of local, tropical moist forest commu-
nities are often approximately log-normal. This has
been shown empirically (e.g. Duque et al., 2017) and
theoretically (Preston, 1948, 1962; May, 1975). In
the framework of the neutral theory (Hubbell, 2001),
the local community follows a zero-sum multinomial
distribution, derived by Volkov et al. (2003) but
challenged empirically by McGill (2003), in favor of
the log-normal distribution.

The SAC, plotted as the number of species against
the number of individuals in natural scale, is concave
downwards since its slope is the probability for the
next individual to belong to a new species (Chao et al.,
2013; Grabchak et al., 2017), which decreases with
the sampling effort. This means that the Arrhenius
power law does not apply at the local scale. The power
law can be estimated empirically (Condit et al., 1996;
Plotkin et al., 2000) but then the value of z depends on
the distance, which is in contradiction with the model,
which relies on a constant z.

At the regional scale, the mixture of local commu-
nities makes a new pattern emerge, namely the power
law of Arrhenius (1921). Its origin is empirical, with
a lot of support (e.g. Dengler, 2009; Triantis et al.,
2012; Williamson et al., 2001). Theoretically, Hubbell
(2001) showed that the power law applied to intermedi-
ate scales of the neutral theory and Grilli et al. (2012)
derived it from a spatially-explicit model only based
on the clustering of species. Preston (1962) showed
that local, log-normal communities imply the power
law at the regional scale. At this scale, the species-
area relationship (SAR) properly speaking is not just
a matter of accumulation due to sampling (SAC) but
the consequence of the inclusion of different communi-
ties.

A long empirical controversy (Connor and McCoy,
1979) opposed Arrhenius and Gleason (1922), who
argued that the number of species predicted by the
power law was far too high and proposed S(A) =zIlnA+
¢, rather than the equivalent of eq. (1), i.e. InS(4) =
zInA+c, (where cg, ¢, and ¢ below are constants).
Actually, Gleason’s model is equivalent to Fisher’s,
where S(A) = aInA + ¢y if the number of trees is large

and is proportional to the area (Engen, 1977). There is
no theoretical support to apply Gleason’s model at the
regional scale (Géarcia Martin and Goldenfeld, 2006);
in other words, the regional distribution of species is
not log-series.

The widest scale is that of the metacommunity, in
the sense of the neutral theory. Its follows a log-series
distribution (Hubbell, 2001) with Fisher’s o equal to
6, known as the fundamental biodiversity number.
The log-series does not apply to the local or regional
scale: the empirical estimates of Fisher’s a at these
scales increase with the sampling size (e.g. Condit
et al., 1996), which is again in contradiction with the
model, which implies that o is a constant. At the
regional scale, Fisher’s o increases with area because
Arrhenius’s law, and not Gleason’s law, is valid. Yet,
our data fit a log-series distribution quite well (figure
3): empirical tests are not efficient to reject the model
at the regional scale (Connor and McCoy, 1979). We
must rely on theory.

The limits between scales are obviously not sharp.
Krishnamani et al. (2004) found that z stabilized when
plots more than 1 km apart were considered. We fol-
lowed them here. Increasing the regional scale makes
it converge to the metacommunity. In absence of dis-
persal limitation, i.e. with migration parameter equal
to 1 in the neutral theory, any regional sample would
represent the metacommunity and follow a log-series
distribution. So the wider the sampled area, the less
distinguishable from the metacommunity the data will
be, but at the scale of French Guiana, roughly 1% of
Amazonia, many less species are present than in a sam-
ple of the same size taken across the whole metacom-
munity, even if we ignore environmental filtering.

4.2 The self-similarity model can be applied at the
regional scale

The power law is equivalent to self-similarity (Harte

et al., 1999), justifying our preferred method to esti-

mate the richness of the French Guiana forest.

The self-similarity model allows estimating the
number of species of tropical forests at a regional
scale. It requires a network of plots at a wide range
of distances from each other to estimate Arrhenius’s
power law parameter. It should be completed by a
continuous inventory whose size is consistent with
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the smallest scale of the power law. These constraints
explain why the method has not been widely applied,
beyond Krishnamani et al. (2004).

As shown in figure 2, the fit of the linear model is
not perfect. The theory does not address habitat vari-
ation, that is well-described in French Guiana (Guitet
et al., 2015). The dissimilarity between plot pairs is
thus explained by distance and habitat dissimilarity,
with the latter ignored in the model. Yet, the estima-
tion of z is quite robust because the GuyaDiv network
covers a wide range of habitats, allowing to cancel out
local variability. Adding more plots or describing a
few more species in the previous plots may not change
z significantly since it is obtained from the dissimilar-
ity between plots. Its value 0.104 is in line with that
of Krishnamani et al. (2004) in another tropical forest:
it is very small compared to the classical 0.25 of Ar-
rhenius (1921) or 0.263 of Preston (1962). This was
discussed by MacArthur and Wilson (1967), chapter 2.
The power law applies to embedded scales of the same
ecosystem here, in contrast to the usual sets of isolated
islands providing the data (Triantis et al., 2012): in
our case, the number of species increases less with the
area, leading to smaller z values.

The critical aspect of the estimation is the accu-
racy of the starting point of the extrapolation, that
mainly depends on the representativeness of the local
inventories. Again, the self-similarity model assumes
that ¢, the number of species per square kilometer,
is the same everywhere. Local, observed values must
be understood as variations around the real ¢, that
should be estimated by replicating inventories across
the whole region. This is of course restricted by the
huge resources needed to settle a single one: three
replicates are an exceptional amount of data. Paracou,
Piste de Saint-Elie and Nouragues represent quite well
the variability of local richness of the forest of French
Guiana. We made a strict selection of the data to
count the numbers of species, which are thus lower
bounds. Ongoing efforts of botanists may increase a
bit the value of ¢, implying a proportional increase in
the estimation of the number of species.

4.3 Chao2’s estimator is a valid alternative
Nonparametric estimators of richness are widely used
to estimate the asymptotic richness of a community,
because they are designed to estimate the number of
unobserved species due to uncomplete sampling (Col-
well and Coddington, 1994). Yet, their underlying as-
sumptions are limited: they do not depend on any
distribution model or scale of observation. The only
constraint is independent and identically distributed
(iid) sampling, even though at the local scale spatial
aggregation is often neglected (Picard et al., 2004).
The asymptotic estimation based on the Chaol or
jackknife estimator is less than 1700 species, i.e. less
than the total number of known species (Molino et al.,
2022). As already underlined by ter Steege et al.
(2013), nonparametric asymptotic estimation of rich-
ness is not appropriate at large scales because of se-

vere undersampling: many local communities are just
not included in the data. Yet, increasing the sampling
effort would not be enough: mixing local samples (the
1-ha plots) to mimic an iid sampling of a whole region
is clearly not a valid approximation, because each plot
has its own distribution.

Cazzolla Gatti et al. (2022) applied a similar
method on a large-scale grid (100 x 100 km cells)
where species occurrences were reported in each cell.
Considering each cell as a plot, the Chao2 estimator
(Chao, 1987) allows estimating the total richness.
The practical advantage of this approach is the
opportunity to combine several sources of occurrence
data to improve the sampling coverage. Theoretically,
it is far more robust than the mixture of abundance
data: the local distribution of each plot is cancelled
out by its transformation into incidence data. An
appropriate spatial distribution of sampling plots,
covering all habitats or at least a regular grid in
absence of more detailed knowledge, can be seen as a
valid sampling. When applied to our data, aggregated
in 100-km square cells, the estimation is similar to
that obtained directly from the abundance data of
the plots because of undersampling but the method
must not be rejected.

4.4 Log series extrapolations are not valid at the

regional scale
At the scale of the metacommunity, defined as of the
neutral model of biogeography, the species distribu-
tion is in log-series (Hubbell, 2001; Volkov et al., 2003).
ter Steege et al. (2013) fitted a log-series to data pro-
vided by a network of plots to estimate the number
of species in Amazonia. We applied the same method
to our data. Its estimation is well over 4000 species
in French Guiana: a very unlikely result according to
the current expert knowledge and the recent checklist
(Molino et al., 2022). The regional species pool does
not follow a log-series distribution because of disper-
sal limitation (Grilli et al., 2012). In other words, the
regional community is not a sample of the metacom-
munity: many of the metacommunity’s species are not
present. As a consequence, the log-series estimation
of the richness of a regional species pool leads to se-
vere overestimation. For the same reasons, hyperdom-
inance is less pronounced: 4% of the species contain
half the trees (figure 5 in the appendix), compared to
1.4% in Amazonia as a whole (ter Steege et al., 2013).

The universal species-area relationship (Harte
et al., 2008) allowed the extrapolation of observed
richness up to the 8 million hectares of French
Guiana. The number of species estimated from
Paracou, Piste de Saint-Elie and Nouragues starting
points (their number of species and area) is on
average 2787, and over 4500 when extrapolating from
an average Guyadiv 1-ha plot. Again, this model
implies a log-series distribution as it integrates as few
assumptions as possible (Harte et al., 2008). On the
log-log representation of figure 4, the species-area
relationships are never linear, as predicted by the
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power law at the regional scale. The arguments for
overestimation are the same as those against the
extrapolation of the log-series at the regional scale.

4.5 The number of species is around 2200

Finally, our estimations of the number of tree species
in the 8-million-hectare forest of French Guiana is
close to 2200, with a quite wide confidence interval
due to the variability in the estimation of both
the number of trees in a square kilometer and the
power-law parameter. Their distribution is highly
unequal: 90 species (4%) contain half the trees.

A recent work (Molino et al., 2022) lists nearly
1800 species of indigenous trees in French Guiana,
based on herbarium collections on the one hand,
and on data from the GuyaDiv and GuyaFor plot
networks (Engel, 2015) on the other. However, this
checklist is only a state of the art of our knowledge of
the tree flora. Even in the most intensively explored
areas, botanists conducting botanical inventories
have identified a number of entities that are morpho-
logically distinct from all known species in French
Guiana, and which they therefore consider to be
still unnamed species. They gave them provisional
names (e.g. Pouteria sp. A), until more information
is available to either recognize species known in other
parts of the world, or to describe them and give them
a valid name according to the Code of Nomenclature.
The GuyaDiv and GuyaFor databases together cur-
rently list more than 300 of these unnamed species,
but Molino et al. (2022) selected only 143 of them for
their checklist, the ones that were best characterized
and best illustrated by good quality herbarium speci-
mens. Although it cannot be excluded that some of
the other 150-200 unnamed species are in fact simple
morphological variants of already described species,
they believe that most of them represent distinct
species. In other words, the number of known species
in French Guiana (named and unnamed) is probably
already close to 2000. Furthermore, the available data
is very unevenly distributed across the territory. The
south and especially the north-west of French Guiana
are poorly explored botanically (few inventory plots,
relatively few herbarium specimens), while their floras
are significantly different from the better inventoried
northern and central zones. It is thus very likely that
the exploration of these little-known areas will add
new species to the list. Therefore, the estimate of
2234 spp. given here seems quite plausible, given the
state of our knowledge.

A improvement perspective is the aggregation of
all sources of localized data at the scale of French
Guiana, including all Guyadiv plots, the Guyafor
network (Jaouen et al., 2021), herbarium collections
and various scientific projects, to proceed with an
incidence-based estimation of richness following
Cazzolla Gatti et al. (2022). A main issue of this
approach is the standardization of the taxonomy,
already well advanced by Molino et al. (2022), so it
may be feasible in a near future.
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Figure 5. Accumulation of the number of individuals
from the most abundant to the rarest species. The
horizontal line corresponds to half the individuals.
The vertical line allows reading the corresponding
rank of the species. Unobserved species are not
represented on the curve.

5. Appendix

5.1 Variance of the product of two independent ran-
dom variables
Let X and Y two random variables, here the estimators
of ¢ and A*.
The variance of their product XY is

Var(XY) = E(X?Y?) —E2(XY)
=E(X*)E(Y?) 4+ Cov(X?,Y?) (6)
— [E(X)E(Y) +Cov(X,Y)]%.

If X and Y are independent (this applies to ¢ and
A?), covariances are 0 and the variance reduces to

5.2 Hyperdominance

Hyperdominance is a characteristic of many distribu-
tions of species. Figure 5 shows the accumulation
of individuals from the most abundant to the rarest
species.

The number of trees and the probabilities of ob-
served species were calculated for the log-series extrap-
olation (see the methods in the main text). The total
number of species is estimated according to the self-
similarity model.

Only 90 species, i.e. 4% of their estimated number,
contain half the number of trees.
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