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Abstract: As mature tropical forests are cleared, secondary forests may play an important role in the con-
servation of animal species, depending on how fast animal communities recover during forest regeneration. I
reviewed published studies on the recovery of animal species richness and composition during tropical forest
regeneration. In 38 of the 39 data sets I examined, conversion of forest to agriculture or pasture substantially
reduced species richness. Given suitable conditions for forest recovery, the species richness of the animal taxa
considered can be predicted to resemble that of mature forests roughly 20–40 years after land abandonment.
At least for ants and birds, however, recovery of species composition appears to take substantially longer than
recovery of species richness. Because species richness for many taxa appears to recover relatively rapidly in
secondary forests, conservation of secondary forests may be an effective investment in future diversity. The
slower recovery of species composition indicates, however, that some species will require stands of mature
forest to persist.
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Recuperación de Comunidades de Fauna Durante la Regeneración del Bosque Tropical

Resumen: A medida que los bosques tropicales maduros son talados, los bosques secundarios pueden
jugar un papel importante en la conservación de especies animales, dependiendo de la rapidez con la que se
recuperen las comunidades animales durante la regeneración del bosque. Revisé estudios publicados sobre la
recuperación de la riqueza y composición de especies animales durante la regeneración de bosques tropicales.
En 38 de 39 conjuntos de datos revisados, la conversión de bosque a agricultura o pastizal redujo la riqueza de
especies considerablemente. En condiciones adecuadas para la recuperación de bosques, se puede predecir que
la riqueza de especies de los taxones animales considerados es semejante a la de los bosques maduros entre 20
y 40 años después de abandonados. Sin embargo, parece que la recuperación de la composición de especies,
por lo menos para hormigas y aves, tarda considerablemente más tiempo que la recuperación de la riqueza
de especies. Debido a que la riqueza de especies de muchos taxones parece recuperarse relativamente rápido
en bosques secundarios, la conservación de bosques secundarios puede constituir una inversión efectiva en
diversidad futura. Sin embargo, la recuperación lenta de la composición de especies indica que algunas especies
requerirán de extensiones de bosque maduro para persistir.

Palabras Clave: bosque secundario, diversidad, perturbación, regeneración de bosque, riqueza de especies,
trópico

Introduction

Throughout the tropics, deforestation due to logging,
agriculture, and cattle ranching continues to cause a net
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decrease in forest cover each year (Food and Agriculture
Organization 1999). Typically, however, converted land
is exhausted, abandoned, and allowed to regrow (Nep-
stad et al. 1991). As a result, secondary forests make up
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an increasing percentage of total forest cover. For some
countries, secondary forest may soon be all that remains
(Castelletta et al. 2000). While conservation emphasis has
been on establishing reserves that protect mature forests,
the importance of disturbed areas such as secondary for-
est for conservation of fauna has been increasingly recog-
nized (Vandermeer & Perfecto 1997; Gascon et al. 1999).

If the species richness and composition of animal com-
munities recovers within a few decades, conserving sec-
ondary forest may help conserve animal species where
mature forest is nonexistent, expensive, or impractical
to conserve. Furthermore, diverse secondary forests may
provide other conservation services by buffering reserves
against climatic changes or invasion by exotic species.
On the other hand, if animal communities take centuries
to recover, secondary forests may be long-term sinks for
many species. Slow recovery of animal communities dur-
ing forest regeneration can in some cases even hinder the
recovery of plant communities and ecosystem processes
(Wunderle 1997; Moutinho 1998; Davies et al. 1999).

Many studies have examined the recovery of animal
communities during forest regeneration, but, due to their
small spatial and temporal scales, often with no replica-
tion, these studies are of limited generality. By review-
ing papers published to date, I explored our knowledge
of the recovery of animal communities during tropical
forest regeneration. In particular, I examined patterns
of community recovery during forest regeneration and
I tested whether the two most frequently studied taxa,
birds and ants, differ in their recovery rates. I also ex-
amined whether the species richness of ants and birds
recovers more quickly than their species composition.

Methods

I searched for published studies that examined the rela-
tionship between forest clearance and regeneration and
the species richness and species composition of partic-
ular taxa in tropical rainforest regions. I located papers
on Web of Science (1994–2001) and Cambridge Scien-
tific Abstracts (1982–2001) through the key words dis-
turbance, secondary forest, succession, pasture, and log-
ging. I then used the references found in those papers to
locate other studies. Logged sites were included if they
had been clearcut, but not if they had been logged selec-
tively. I excluded studies that did not report any measure
of species richness or species density. In all cases, the stud-
ies I selected compared the responses of focal taxa across
a chronosequence of sites of known ages. Though not
experiments, chronosequences are often used as proxies
for experimental data (e.g., Foster & Tilman 2000).

I distinguished between three successional stages: ma-
ture forests, secondary forests, and cleared areas such
as pastures, logged sites, or cultivated land. In deciding

whether a forest was mature or not, I used the authors’
descriptions of their field sites. In some studies, authors
collected land-use history of mature forests from inter-
views with local people (e.g., Shankar Raman et al. 1998).
In other studies, authors based land-use history on floris-
tics (e.g., Johns 1991) or the presence of a high canopy
(e.g., Belshaw & Bolton 1993). In most cases, however,
authors did not describe how they chose mature forest
sites. Given the long history of human presence in most
tropical forests (Denevan 1992), it is probable that most of
the mature forest sites I included had been anthropogeni-
cally altered in some way. A few of the mature forest stands
were selectively logged in the past (Bloemers et al. 1997;
Lawton et al. 1998). In other cases, mature forest sites may
have been affected by precolonial agriculture or harvest-
ing (Denevan 1992; Stahl 1994). Nonetheless, whether
identified through floristics or local history, such “mature
forests” are the primary targets of conservation agencies
and thus serve as a practical baseline.

Unless taxa are completely sampled, comparisons of
species richness (the total number of species in a re-
gion) among sites need to factor out differences in the
absolute and relative abundances of the focal taxa sam-
pled. Differences in relative and absolute abundances
among sites can be taken into account relatively easily
by using species-accumulation or rarefaction curves or
species-richness estimators (Colwell & Coddington 1994;
Colwell & Gotelli 2001). Unfortunately, many researchers
use potentially biased measures of species richness such
as species density (the number of species per some unit
area) or raw species counts. To correct for these prob-
lems, where possible, I obtained the original data from
the studies and calculated estimated species richness val-
ues (ICE) with the program EstimateS (Colwell 2001).
The ICE is an incidence-based estimator that is relatively
insensitive to patchiness across samples and yields results
similar to those of jackknife and other estimators (Col-
well & Coddington 1994; Lee & Chao 1994; Chazdon et
al. 1998). Where the original data were not available, I
used rarefaction or species-accumulation curves to com-
pare species richness among successional stages. For 18
studies, I was unable to obtain enough data to construct
species-accumulation or rarefaction curves or to use a
richness estimator. In these cases, I used species density
or species counts.

To compare the results of different studies, I converted
the species richness of each taxon in each cleared area and
secondary forest to a standardized species richness value.
Standardized species richness in each successional stage
at each site was measured as a percentage of the mature
forest richness at that site. Thus, standardized richness
can be greater than 100% when a secondary forest plot
is more diverse than the corresponding mature forest.
Site age, measured in years since abandonment, was log-
transformed for all analyses (log10 [forest age + 1]) so that
linear-regression techniques could be used to examine the
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correlation between forest age and standardized species
richness.

I compared the percent similarity in species composi-
tion among successional stages at each site by using the
Morisita-Horn index (Magurran 1988), which is a mea-
sure of the similarity in species composition and relative
abundance between samples, where higher values indi-
cate greater similarity, with a maximum of one. Authors
presented Morisita-Horn values in some of the studies I
included, and I was able to calculate values based on the
data presented in the appendices of several other studies.

To examine how quickly, or if, species composition re-
covers to mature-forest levels during forest regeneration,
I measured the similarity of secondary forests of differ-
ent ages to corresponding mature forests. I compared the
effects of forest clearance and subsequent vegetative suc-
cession on the species composition of ants and birds by
using randomization-based analysis of variance (ANOVA)
and regressions (see below). I considered sites recovered
if the similarity of mature forests and secondary forests
within a site was equal or greater than the similarity be-
tween pairs of mature forest stands at the same site. Based
on that criterion of recovery, I also tallied which individ-
ual studies found recovery of the species composition of
birds or ants in older secondary forests.

For species composition to be considered “recovered,”
a minimum requirement is that the similarity between sec-
ondary forests and mature forests within a site should be
equal or greater to the similarity among mature forests
within a site. However, similarity between a secondary
forest and mature forest pair will equal that between a
mature forest and mature forest pair before species com-
position has completely recovered. For example, if a sec-
ondary forest and comparable mature forest share 50% of
their ant species and so do a pair of mature forests, the
species that are not shared are likely to be different in the
two cases. The species not shared by a secondary forest
and a mature forest are likely to include disturbance spe-
cialists, whereas the species not shared among mature
forests will tend to include only mature forest specialists
and successional generalists. Therefore, the measure of
recovery I used will tend to underestimate time to recov-
ery for species composition.

Measures of the similarity among mature forests were
only available for ant and bird studies. Consequently, I
considered the recovery of the species composition only
of ants and birds. Similarity values for comparisons among
forest stands represent averages where multiple compar-
isons were possible. Regressions of Morisita-Horn values
against forest age do not include comparisons between
mature forests.

I examined the correlation between standardized
species richness and forest age for all taxa together, ants
separately, and birds separately. I also examined the cor-
relation between the similarity (Morisita-Horn) of species
sampled in successional habitats to those in compara-

ble mature forest habitats and forest age for ants and
for birds. Because the data were neither normal nor
completely independent, standard regression techniques
could not be used (Manly 1991; Edgington 1995). Instead,
I used randomization-based regressions to test whether
the slopes, intercepts, and correlation coefficients of re-
gression lines fit to data were equal to zero (Manly 1991;
Gotelli & Entsminger 2001). For each comparison, I stan-
dardized richness values or Morisita-Horn values 1000
times with respect to log (age +1). In cases where au-
thors presented only an age range, the high end of the
range was used (e.g., 5–10 years, 10 years). The observed
slope, intercept, and correlation coefficients were then
compared to the corresponding simulated distributions of
slope, intercept, and correlation coefficient, respectively,
with the program Ecosim (Gotelli & Entsminger 2001).

I used a separate set of simulations to compare regres-
sion lines between ants and birds for both standardized
species richness versus forest age and Morisita-Horn val-
ues versus forest age. To compare the slopes of ant and
bird recovery, each pair of points (e.g., log [age + 1] =
0.1, standardized richness = 110) was fixed, but the la-
bels corresponding to those points (e.g., ant or bird) were
randomized. I then compared the difference between the
observed slopes for ants and for birds to the difference
between the simulated slopes to test whether the rate
of recovery of richness or species composition differed
between ants and birds.

I present the correlation of standardized species rich-
ness and Morista-Horn values with forest age through a
simulation-based correlation coefficient R, which can be
interpreted in the same way as a standard correlation
coefficient (Manly 1991; Gotelli & Entsminger 2001). I
estimated the age at which the regression line crosses
the100% standardized species richness (when secondary
forests equal mature forests in species richness) for ants,
birds, and the data overall by setting standardized species
richness equal to one.

Results

I found 33 papers that examined the relationship between
forest clearance and the species richness of some taxon
and satisfied the criteria discussed in the methods. These
papers represented research at 22 sites, all but three of
which were located in the Americas or West Africa. In the
three studies that focused on multiple taxa, I treated each
taxon separately. Of the 39 data sets examined, 11 consid-
ered ants, 10 birds, 4 nonvolant mammals, 3 bats, 2 dung
and carrion beetles, 2 herpetofauna,1 termites, 1 butter-
flies, 1 nematodes, 1 hunting spiders, 1 flying beetles,
and 1 canopy beetles. Within-study sample size (number
of replicates of each habitat) varied from 1 to 50, but al-
most half (17) of all studies were unreplicated. In 21 of
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Figure 1. Overall standardized species richness relative
to mature tropical forest. Each point represents the
response of a single taxon from one study (39 data
sets included).

the data sets, I used species density or raw species counts
to compare species richness among sites. In only 18 of
the data sets was I able to use rarefaction or a richness
estimator to estimate the number of species.

Species Richness

In all but one of the 39 data sets, species richness de-
creased following forest clearance for pasture, logging,
or agriculture. The magnitude of change varied from a
50% increase to a 92.5% decrease (mean = −53.5, SD =
29.6). Overall, the recovery of standardized species rich-
ness with time was relatively well described by the line
y = 36.9 [log (x + 1)] + 49.3 (R = 0.66). Both the slope
and intercept of the line fit to the overall data were signifi-
cantly different from zero ( p < 0.01; Fig. 1). The recovery
time for species richness estimated from the best-fitting
line was 23 years.

The only two taxa for which there were greater than
five studies with some measure of species richness were
birds and ants. The best-fitting line for ant recovery was
y = 28.9 [log(x + 1)] + 54.0 (R = 0.77, p < 0.01), where
complete recovery of species richness is estimated to oc-
cur after 39 years. The best-fitting line for the recovery of
bird species richness was y = 42.5 [log (x + 1)] + 43.8
(R = 0.69, p < 0.01), with complete recovery after 20
years. Both the slope and intercept of the line fit to the
ant and bird data were significantly different from zero
( p < 0.01). Slopes and intercepts of the lines fit to the
ant and bird data were statistically indistinguishable ( p >

0.1; Fig. 2).

Species Composition: Ants and Birds

The Morisita-Horn similarity index was provided or could
be calculated for at least one comparison between sec-

Figure 2. Ant and bird standardized species richness
relative to mature tropical forest. Each point represents
the response of a single taxon from a single study. Ten
ant and 10 bird data sets are included.

ondary forest and mature forest in five ant studies and
six bird studies. Like species richness, similarity of both
bird and ant assemblages to mature forest assemblages
was initially reduced by forest clearance and then slowly
recovered. The best-fitting line for ant recovery was y =
0.15 [log (x + 1)] + 0.19 (R = 0.69). The best-fitting line
for the recovery of birds was y = 0.26 [log (x + 1)] + 0.12
(R = 0.75). For both ants and birds, both the intercept
and slope of the best-fitting line were significantly differ-
ent than zero ( p < 0.001). The intercepts ( p = 0.17) and
slopes ( p = 0.13) of the lines fit to the ant and bird data
were statistically indistinguishable.

In three bird studies and four ant studies, there was
sufficient replication to compare the similarity of mature
forest by secondary forest pairs and mature forest by ma-
ture forest pairs. In three of the four ant studies and three
of three bird studies, secondary forests were less simi-
lar to mature forests than were other mature forests to
mature forests (Table 1). I included data from Bolton &
Belshaw (1993) in Table 1 but not in Fig. 3 (and corre-
sponding analyses) because Bolton and Belshaw (1993)
did not provide enough information with which to calcu-
late Morisita-Horn values.

Discussion

My results represent the recovery of a number of ani-
mal taxa under what are largely optimal conditions, when
source populations are nearby and forest clearance is on
a small scale and of low intensity. Under these condi-
tions, recovery of the species richness of the taxa con-
sidered occurred in approximately 20–40 years, roughly
the same amount of time as for tree species richness
(Uhl et al. 1988; Guariguata & Ostertag 2000). In the
first 30 years of forest regeneration, species richness of
the taxa considered increased asymptotically to mature-
forest levels. Unfortunately, there are too few data from
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Table 1. Recovery of ant and bird species composition in secondary
tropical forests.

Age of
secondary

forest Rank order of
Study Taxon (years) similarity∗

Belshaw & Bolton ants 40–50 SF × MF = MF × MF
1993

Moutinho 1998 ants 16 SF × MF < MF × MF
Vasconcelos 1999 ants 13 SF × MF < MF × MF
Roth et al. 1994 ants 20 SF × MF < MF × MF
Shankar Raman birds 100 SF × MF < MF × MF

et al. 1998
Blake & Loiselle 2001 birds 25–35 SF × MF < MF × MF
Andrade & birds 7–17 SF × MF < MF × MF

Rubio-Torgler 1997

∗Rank order of similarity indicates whether the similarity of ants
or birds in secondary forests to that in mature forests equaled the
similarity among mature forests (MF) within a site. For example, MF
× MF > SF × MF indicates that pairs of mature forests were more
similar than were mature forest stands and secondary forest stands.
Indices of similarity used vary among studies. Age of secondary forest
(SF) is the age of oldest secondary forest sampled in study.

old, secondary forests to know how animal species rich-
ness changes after 30 years of forest regeneration. To
the degree to which ecosystem processes are a func-
tion of species richness as opposed to species composi-
tion (e.g., Lehman & Tilman 2000), secondary forests are
likely to conserve many ecological processes as well as
species.

At least for ants and birds, however, species composi-
tion appears to recover more slowly than species rich-

Figure 3. Morisita-Horn percent similarity to mature
forest. Higher values indicate a greater resemblance to
the species composition of mature forest (maximum,
1). Each point represents the response of a single taxon
from a single study (six bird data sets and five ant
data sets included). Where multiple comparisons were
possible (e.g., comparisons of multiple secondary
forests to multiple mature forests), average values were
used.

ness. In all but one of the studies included here in the
analyses of the species composition of ants or birds, the
similarity between secondary forests and mature forests
never reached that among mature forests, even though
the measure of recovery I used was biased toward find-
ing recovery. In none of the bird studies considered here
did the authors find that similarity of secondary forests
to mature forests approached that among mature forests.
Even after 100 years of forest regeneration, Shankar Ra-
man et al. (1998) found that some mature-forest species
were still missing from secondary forests. Longer-term
studies are necessary before we can know exactly how
long the recovery of bird species composition may take
or whether human disturbance leaves a persistent effect
on the bird community. Similar to the case for birds, most
results from ant studies showed that ant species compo-
sition had not recovered in secondary forests. Different
taxa may recover at different rates during forest regenera-
tion; however, there were no compelling differences be-
tween the recovery patterns of ants and birds. More host-
specific taxa, such as pollinators and parasites, have been
hypothesized to recover particularly slowly but have gone
relatively unstudied (Kruess & Tscharntke 1994; Cunning-
ham 2000; Kruess & Tscharntke 2000).

Species-occurrence data such as those I used can
hide other important differences in animal communities
among sites, especially for mobile animals such as birds.
For example, a bird species may be seen in a secondary
forest, even though it may not breed there. It is possi-
ble that for mobile taxa such as those of birds and small
mammals, secondary forests are feeding but not breeding
areas (Petit et al. 1999). Ants and plants, because they are
colonial and relatively stationary organisms, may be bet-
ter measures of the species that actually live in secondary
forests, rather than those that are just passing through.

Variation in species richness and composition not ex-
plained by forest age, taxon, or differences in sampling
methods may be attributable to the land-use history of
sites. Land-use history can be an important explanation of
differences in the vegetative recovery of sites (Guariguata
& Ostertag 2000). Studies of single sites have shown that
recovery of species composition can be affected in the
short term by even relatively small differences in land-
use history (Borges & Stouffer 1999; Davies et al. 1999).
Larger-scale, more intensive disturbances may even per-
manently impede succession (Nepstad et al. 1991) and fail
to attract seed-dispersing animals (Wunderle 1997; Chap-
man & Chapman 2000). The importance and dynamics
of land-use history in the recovery of animal communi-
ties during succession is an area particularly in need of
more investigation.

Secondary forests are often ignored when reserves
and conservation areas are planned, except as buffer
zones around protected areas. My results indicate that
under optimal conditions the species richness of many
taxa may recover relatively rapidly in secondary forests,
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although recovery of species composition may take
longer. In the long term, current investment in the con-
servation of secondary forests may represent a conserva-
tion bargain because secondary forests grow into mature
forests. Similarly, in the growing number of regions where
only secondary forests remain, allocating resources to the
conservation of secondary forests may still conserve a sub-
stantial percentage of some taxa. Because some species
are still absent even in relatively old secondary forests,
however, regions where no mature forest is left may have
permanently lost many species. Therefore, the acquisi-
tion and protection of mature forests should remain a
high conservation priority.
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Appendix 1. Forest type, taxon, and site information for each data set used in the study.

Forest Ages of sites Clearance
Countrya typeb Taxon (years)c typed Analysese Diversity f Reference

Colombia (1) HT birds MF, 7–17, 1–5 cultivation div., sim. SD Andrade & Rubio-Torgler
1994

Ghana (2) MSD leaf-litter ants MF, 8–50 cultivation div., sim. SR Belshaw & Bolton 1993
Costa Rica (3) HT birds MF, 5–7, 25–35 cultivation div., sim. SRg Blake & Loiselle 2001
Cameroon (4) SD nematodes MF, 20–30, 2–3, CA cultivation, div. SD Bloemers et al. 1997

logging
Papua New HT butterflies MF, 26, 8, 4, 2, 1 cultivation div. SD Bowman et al. 1990

Guinea (5)
Papua New HT reptiles MF, 26, 8, 4, 2, 1 cultivation. div. SD Bowman et al. 1990

Guinea (5)
Papua New HT birds MF, 26, 8, 4, 2, 1 cultivation div., sim. SD Bowman et al. 1990

Guinea (5)
French Guiana (6) HT bats MF, 6–10, CA various div. SR Brosset et al. 1974
Colombia (7) CF leaf-litter ants MF, 25, 10 pasture div., sim. SD Bustos & Ulloa-Chacón

1996–1997
Cameroon (4) SD termites MF, 30, 3, CA logging div. SR Eggleton et al. 1995
Mexico (9) HT birds MF, CA pasture, div., sim. SRg Estrada & Coates-Estrada

cultivation 1997
Colombia (10) CF leaf-litter ants MF, 20, 10, CA pasture div., sim. SD Estrada & Fernandez 1999
Mexico (9) HT bats MF, CA pasture, div. SR Estrada et al. 1993

cultivation
Mexico (9) HT dung beetles MF, CA pasture div. SR Estrada et al. 1998
Mexico (9) HT mammals MF, CA pasture, div. SR Estrada et al. 1994

cultivation
Brazil (10) ST mammals MF, 20 pasture div. SD Fonseca 1989
Costa Rica (3) HT herpetofauna MF, 25, 5 cacao div. SD Heinen 1992
Mexico (12) DT birds MF, 2–7 logging div., sim. SD Hutto 1989
Brazil (13) HT birds MF, CA cultivation div. SD Johns 1991
Brazil (14) HT dung beetles MF, CA pasture div. SD Klein 1989
Cameroon (4) SD birds MF, 40, 1 logging div. SD Lawton et al. 1998
Cameroon (4) SD flying beetles MF, 40, 1 logging div. SD Lawton et al. 1998
Cameroon (4) SD canopy beetles MF, 40, 1 logging div. SD Lawton et al. 1998
Cameroon (4) SD leaf-litter ants MF, 40, 1 logging div. SD Lawton et al. 1998
Mexico (15) HT leaf-litter ants MF, CA cultivation div. SD MacKay et al. 1991
Mexico (16) HT mammals MF, 6 cultivation div. SRg Medillin & Equihua 1998
Mexico (16) HT bats MF, 8–18, CA cultivation div. SR Medelĺın et al. 2000
Brazil (14) HT leaf-litter ants MF, 16, 4 pasture div., sim. SD Moutinho 1998
Panama (17) HT birds MF, CA pasture div. SRg Petit et al. 1999
Brazil (18) GF hunting spiders MF, 5–10 pasture, div. SR Rinaldi & Forti 1997

cultivation
Costa Rica (19) HT leaf-litter ants MF, 20 cacao div., sim. SR Roth et al. 1994
India (20) TE birds MF, 100, 25, 10, 5, 1 cultivation div., sim. SD Shankar Raman et al. 1994
Peru (21) HT birds MF, 20, 5 cultivation div., sim. SRg Terborgh & Weske 1969
Brazil (14) HT leaf-litter ants MF, 13, 10, 1 pasture div., sim. SR Vasconcelos 1999
Peru (22) HT leaf-litter ants MF, CA pasture div. SD Verhaagh 1991
Cameroon (4) SD leaf-litter ants MF, CA logging div. SR Watt et al. 1997, 2002
Cameroon (4) SD canopy ants MF, 2, 1 logging div. SR Watt et al. 1997
Cameroon (4) SD butterflies MF, 2, 1 logging div. SR Watt et al. 1997
China (23) ST small mammals MF, 13 logging div. SD Wu et al. 1996

aData sets with the same number in parentheses pertain to the same field site.
bForest types: HT, humid tropical; MSD, moist semideciduous; SD, semideciduous; CF, cloud forest; ST, subtropical; DT, dry tropical.
cAges of sites represent years since abandonment; MF, mature forest; CA, cleared area.
dClearance type indicates original reason that mature forest was cleared from sites.
eAnalyses indicates in which analyses each data set was included; div., analyses of diversity and species richness; sim., analyses of species composition and similarity.
f Diversity indicates how diversity was measured in each study; SD, species density or species count; SR, species richness.
gCases where I estimated species richness from rarefaction curves provided in the original paper.
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