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Abstract

Ibanez et al. (Journal of Vegetation Science, this issue) applied sample size- and

coverage-based rarefaction to analyse the elevational richness pattern in New

Caledonian tree communities. We comment on the statistical assumptions

behind rarefaction/extrapolation and suggest pooling small plot data to effec-

tively assess/detect the diversity pattern. Broadening the analysis to include

abundance-sensitive diversity measures and phylogenetic information can pro-

vide important additional insights.

Vegetation scientists commonly have to compare diversi-

ties of equal-area samples that differ in numbers of individ-

uals. Among diversity measures, species richness is

notoriously sensitive to sample size, and direct compar-

isons of observed sample richnesses can be highly mislead-

ing, especially in mega-diverse communities. The standard

way to deal with this is to rarefy and/or extrapolate sam-

ples to a common sample size, and then compare rich-

nesses of the standardized sample size. However, this still

does not equalize sample completeness, which depends on

community structure as well as sample size, and it will gen-

erally underestimate the relative richness differences

among the assemblages. We recently proposed an alterna-

tive method (Chao & Jost 2012) that compares samples of

equal completeness, as measured by sample coverage. In

this issue, Ibanez et al. (2016) evaluate the importance of

correcting observed species richnesses by using both these

standardization methods, in order to better detect species

richness patterns across environmental gradients.

Ibanez and colleagues collected tree species data

(DBH ≥ 5 cm) from 201 plots (each 20 9 20 m) along an

elevational gradient in themega-diverse tropical rain forest

of New Caledonia. They examined the change in sample

richness with increasing elevation (5–1292 m). They

locate the elevation of peak richness by fitting a parametric

curve to the uncorrected data and the data corrected by

the two forms of rarefaction/extrapolation. The elevation

of peak richness depended strongly on whether the sample

richnesses were used directly or were corrected for differ-

ences in size or coverage.

Rarefaction/extrapolation (R/E) of species richness

Curve-fitting results depend on the parametric model

used. R/E can provide a direct non-parametric approach

which does not assume a specified parametric function to

model diversity patterns. However, long-range and asymp-

totic extrapolation of richness is statistically difficult in

mega-diverse assemblages, especially for small plots. R/E

methods assume the data are representative of the assem-

blage, so that the richness/diversity pattern obtained from

data can be used to infer that of entire assemblages. The

sample size must also be large enough so that reliable esti-

mates for sample completeness and richnesses/diversities

of rarefied/extrapolated samples can be obtained and inter-

preted (Chao & Jost 2012).

For species richness, the extrapolation range can be

extended only up to double the observed sample size and

the corresponding sample completeness (Chao et al.

2014). Since the sample size in the New Caledonia plots

ranged from 55 to 325, we can only compare species rich-

nesses across plots up to a size of 110 (twice the minimum

sample size), which sets the minimum sample coverage to

76%. Such a narrowly restricted range of sample sizes and

coverage values does not always effectively reveal richness

patterns. Moreover, for mega-diverse communities, long-

range extrapolated richness estimates are subject to large

uncertainties due to small sample sizes, leading to wide

and overlapped confidence intervals with neighbouring

categories. Thus significant difference in richness across

plots may not be statistically detected via R/E sampling

curves, and data may be inconclusive.

Diversity (Hill numbers) pattern

By contrast, abundance-sensitive diversity measures can

be extrapolated to their asymptotes if data are sufficient.

Hill numbers (effective number of species) are increasingly

used for this purpose. They are parameterized by a diver-

sity order q, which determines the measures’ sensitivity to

species relative abundances. Hill numbers include the
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three widely used species diversity measures as special

cases: Species richness (q = 0), Shannon diversity (q = 1)

and Simpson diversity (q = 2); see Appendix S1 for a brief

review. Chao et al. (2014) extended R/E methods for spe-

cies richness to Hill numbers and developed the software

iNEXT for implementation. For diversity order q ≥ 1, rare

species have less impact on these diversities, and we gener-

ally can extrapolate these diversities to their asymptotes. A

more general diversity (including richness) pattern based

on Hill numbers (especially for q = 0, 1 and 2) is thus more

informative andmore reliable.

Pooling data

We suggest dividing 201 plots into several elevation groups

to assess diversity patterns non-parametrically. Within each

group, we can form two types of data: (1) abundance data:

species abundances are pooled over plots in a group, and (2)

incidence data: we can treat each plot as a sampling unit,

and only species presence/absence in a plot is recorded.

Depending on the question of interest, the number of

groups used in this analysis is flexible. Here we use five ele-

vation groups for illustration: 0–200, 200–400, 400–600,
600–800 and 800–1300 m, as these groups have approxi-

mately the same sample coverages (Other groupings yield

similar results). The corresponding observed richnesses and

sample sizes (in parentheses) are respectively 296 (3309),

429 (8241), 448 (6249), 331 (3538) and 285 (3931).

Within each elevation group, the sample size is now

large enough to provide an accurate estimate of diversity

with a narrow confidence interval so that significant differ-

ences in diversity can be detected. For both incidence and

abundance data, it is now more likely that we have ‘repre-

sentative’ data of assemblages of specified elevation ranges,

and we can compare diversity estimates at greater sample

sizes/coverages. The diversity curves can now even be

extrapolated to their asymptotes for q ≥ 1 measures. We

can also now assess not only a-diversity, but also b-diver-
sity between elevation groups. Pooling data also relieves

problems with spatially clustered species. Incidence data

are more robust to clustering, so that patterns revealed by

the incidence-based analysis may be more reliable than

those based on abundances. All analysis details are pro-

vided in Appendix S1, where the coverage-based R/E

curves based on the two types of data all reveal that the

diversity in 400–600 m is significantly higher in magnitude

than any of other groups, and that the 95% confidence

interval for this diversity does not overlap with those of its

neighbours, confirming the authors’ conclusions.

Extension to phylogenetic diversity

Hill numbers, and their corresponding R/E methods, were

recently generalized to incorporate evolutionary history

among species. The program iNEXT has also been general-

ized to iNEXT-pd to compute this phylogenetic diversity;

see Appendix S1 for an introduction. Patterns of phyloge-

netic diversity in New Caledonia might reveal interesting

differences between elevations and might provide impor-

tant guidance for setting conservation priorities.

Additional thoughts/suggestions

In addition to elevation, Ibanez et al. (2016) also recorded

other environmental variables for each plot. We can build

a statistical model to find the relationship between the

diversity estimates and all environmental variables, and

detect which variables significantly affect the diversity esti-

mates. The New Caledonian data also stimulates statisti-

cians to address a challenging statistical issue: how to

develop R/Emethods for b-diversity and similarity/dissimi-

larity measures when there are undetected species.

Conclusion

When investigating richness/diversity patterns, it is always

necessary to standardize samples using rarefaction and

extrapolation. Our analysis (Appendix S1) shows that

standardization by sample completeness rather than sam-

ple size produces clearer and more informative patterns, as

Ibanez et al. (2016) also observed.
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Appendix S1. Statistical analysis with brief reviews 
 

 

To make the content of this appendix self-contained, we first review species diversity (Hill 

numbers) or the effective number of species. Based on the New Caledonian tree species data 

(Ibanez et al. 2014, 2016), we briefly present two statistical analyses (non-asymptotic and 

asymptotic) for species diversity:  

 

(1) A non-asymptotic approach refers to the comparison of estimated diversities of 

standardized samples with a common finite sample size or sample completeness. This 

approach aims to compare diversity estimates for equally-large or equally-complete 

samples; it is based on the seamless rarefaction and extrapolation (R/E) sampling curves of 

Hill numbers for q = 0, 1 and 2. See Colwell et al. (2012), Chao & Jost (2012) and Chao et 

al. (2014) for backgrounds and methods.  

 

(2) An asymptotic approach refers to the comparison of the estimated asymptotic diversity 

profiles. It is based on statistical estimation of the true Hill number of any order q ≥ 0; see 

Chao & Jost (2015) for estimation details.  

 

 

A brief review of species diversity (Hill numbers) 

 

We mainly review the concept of Hill numbers for abundance data; see Chao et al. (2014) for 

a similar conceptual background based on incidence data. In a multi-author Ecology forum 

(Ellison 2010), all authors agreed that Hill numbers should be the species diversity measure 

of choice. Hill (1973) integrated species richness and diversity measures based on species 

relative abundances into a class of diversity measures later called Hill numbers, or effective 
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where S denotes the unknown number of species in the focal assemblage and },...,,{ 21 Sppp  
denote the unknown species relative abundances. The parameter q determines the sensitivity 

of the measure to the relative frequencies.  

 

When q = 0, 0D is simply species richness, which counts species equally without regard 

to their relative abundances. For q = 1, the above formula is undefined, but its limit as q tends 

to 1 is the exponential of the familiar Shannon index, referred to as Shannon diversity (Chao 

et al. 2014):  







 



S

i
ii

q

q
ppDD

11

1 logexplim .  

The measure for q = 1 counts individuals equally and thus counts species in proportion to 

their abundances; the measure 1D can be interpreted as the effective number of common 

species in the assemblage. The measure for q = 2, referred to as Simpson diversity, is 

expressed as the inverse of Simpson concentration index; the measure 2D discounts all but the 

dominant species and can be interpreted as the effective number of dominant species in the 

assemblage.  

 

Non-asymptotic approach for species diversity: rarefaction and extrapolation methods based 

on Hill numbers 

 

As discussed in the main text, depending on the question of interest, the number of elevation 

groups used in our statistical analysis is flexible. Here we divide 201 plots into five elevation 

groups for illustration: 5m–200m, 200m–400m, 400m–600m, 600m–800m, and 

800m–1292m. Later in this Appendix, we use twelve elevation groups to further analyze 

diversity patterns. We could also form groups such that each group consists of identical 

number of plots; this grouping yields generally consistent results. See also Birnbaum et al. 

(2015, Figure 5) for the analysis of three classes of elevations.  

 

For five-group elevation data, the mean elevation levels of the samples in these five 

groups are respectively 147, 295, 518, 660, and 1022; the numbers of plots in these five 

groups are respectively 35, 68, 50, 23 and 25. The corresponding observed species richness 

and sample sizes (in parentheses) are respectively 296 (3309), 429 (8241), 448 (6249), 331 

(3538), and 285 (3931). Within each group, we can form two types of data.  
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(1) Abundance data: species abundances are pooled over plots in a group; data summary for 

the 5-group abundance data is shown in Table S1, where for each elevation group we list 

data information including the numbers of singletons (the number of species represented 

by only one tree in the sample) and doubletons (the number of species represented by only 

two trees in the sample) because these two frequency counts play an essential role in the 

estimation of asymptotic diversities. In Table S1, we also give the observed species 

richness, Shannon diversity and Simpson diversity along with the corresponding estimated 

asymptotic diversities.      

 

(2) Incidence data: we can treat each plot as a sampling unit, and only species 

presence/absence in a plot is recorded; data summary for incidence data is shown in Table 

S2, where for each elevation group we list data information including the numbers of 

uniques (the number of species that appear in only one plot) and duplicates (the number of 

species that appear in two plots) because these two frequency counts play an essential role 

in the estimation of asymptotic diversities. In Table S2, we also list the observed species 

richness, Shannon diversity and Simpson diversity along with the corresponding estimated 

asymptotic diversities; see Chao & Jost (2015) for the estimation method. For incidence 

data, sample size refers to the number of plots or number of sampling units.       

 

In Figure S1, we show the sample-size- and coverage-based R/E sampling cures for the 

abundance data. The corresponding curves for the incidence data are shown in Figure 2.  

 

Sample-size-based rarefaction and extrapolation up to a maximum size. For each diversity 

measure of order q = 0, 1 and 2, we compare all elevation groups at equivalent sample sizes, 

which can be smaller than a particular observed sample (traditional rarefaction) or larger than 

an observed sample (extrapolation). We do this for a continuum of sample sizes by plotting 

the diversity values for rarefied and extrapolated samples, for each group, as a function of 

sample size up to a maximum size of 10000. For species richness, the size can be 

extrapolated to no more than double or triple the minimum observed sample size (Colwell et 

al. 2012). For Shannon diversity and Simpson diversity, if data are not sparse, the 

extrapolation can be reliably extended to infinity to estimate the asymptote.  

 

Coverage-based rarefaction and extrapolation up to a maximum coverage. Chao & Jost 

(2012) proposed comparing assemblages by plotting their diversities as a function of sample 

completeness, which is measured by sample coverage, an objective measure of sample 

completeness originally developed by the founder of modern computer science, Alan Turing, 

and his colleague I. J. Good (Good 1953, 2000). Chao & Jost (2012) showed that the sample 
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coverage for the observed sample, rarified samples, and extrapolated samples can be 

accurately estimated by the observed data themselves if data are sufficient. All samples are 

standardized by their sample coverage, which can be either smaller than the coverage of the 

observed sample size (rarefaction) or larger (extrapolation). The seamless rarefaction and 

extrapolation curve plots the diversity estimates as a function of sample coverage up to a 

maximum coverage. For species richness, the maximum coverage for each sample is the 

coverage corresponding to the maximum sample size used in the sample-size-based 

rarefaction and extrapolation curve, usually twice the observed sample size. For Shannon 

diversity and Simpson diversity, if data are not sparse, the extrapolation can often be 

extended to the coverage of unity to estimate the asymptote.  

 

The sample-size- and coverage-based integration of rarefaction and extrapolation 

represents a unified framework for estimating diversities and for comparing multiple 

assemblages based on these estimates. Chao et al. (2014) introduced a bootstrap method to 

construct 95% confidence intervals associated with each estimated diversity measure. 

Generally, for any fixed sample size or any degree of completeness in the comparison, if the 

95% confidence intervals do not overlap, then significant differences at a level of 5% among 

the expected diversities (whether interpolated or extrapolated) are guaranteed. However, 

overlapped intervals do not guarantee non-significance (Colwell et al. 2012) and thus imply 

that data are inconclusive. All the rarefaction and extrapolation estimators and their 

confidence intervals can be computed from the online freeware application iNEXT  

http://chao.stat.nthu.edu.tw/wordpress/software_download/. Based on the R/E sampling 

curves for species richness, Shannon diversity and Simpson diversity (Figures S1 and S2), we 

have the following findings: 

 

(1) For abundance data (Figure S1), all groups exhibit the pattern that the mid-elevation 

(400-600m) has the highest diversity, and the highest-elevation group (800-1292m) has the 

lowest diversity; and the other three elevation groups are generally in between though the 

ordering depends on the measure. For all three measures, the 400-600m zone is about 1.5 

times as rich as the highest-elevation zone. The coverage-based curves (right panels) 

further reveal that the mid-elevation group is significantly more diverse, and the 

highest-elevation group is significantly less diverse than any one of the other groups, 

because of the non-overlap of the corresponding confidence intervals. As discussed earlier, 

for Shannon diversity and Simpson diversity, the extrapolation can often be extended to 

the asymptotes; Table S1 and later in the asymptotic analysis (Figure S3) show that these 

differences are also statistically significant for asymptotes because their confidence 

intervals do not overlap. The 400-600m zone is about 1.7 times as diverse as the highest 

zone using Shannon diversity and Simpson diversity.  

https://www.researchgate.net/publication/232128429_Colwell_RK_Chao_A_Gotelli_NJ_Lin_S-Y_Mao_CX_Chazdon_RL_et_al_Models_and_estimators_linking_individual-based_and_sample-based_rarefaction_extrapolation_and_comparison_of_assemblages_J_Plant_Ecol_5_3-21?el=1_x_8&enrichId=rgreq-ff3701b2-ff2b-4995-bd1a-3460d6d8b681&enrichSource=Y292ZXJQYWdlOzMwMTY2ODg5MTtBUzozNTY5MTQ2Mzk3MjA0NTBAMTQ2MjEwNjQ4OTQ4MA==
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(2) For incidence data (Figure S2), the pattern is similar to that of the previous 

abundance-data case except that the lowest-elevation group is less diverse than the 

highest-elevation group in all panels, though the confidence intervals for the two extreme 

groups are overlapped. An advantage of using the coverage-based curves (right panels) is 

that the mid-elevation group has confidence intervals that do not overlap those of any of 

the other groups, showing that the difference between them is statistically significant. This 

conclusion can be extended to the asymptotes, as evidenced by the non-overlapping 

confidence intervals in Table S2 and also in later asymptotic analysis (Figure S4). The 

conclusion that the mid-elevation diversity is significantly higher than any of the other 

groups is consistent with that based on abundance data. As we emphasized in the main text, 

the incidence data are not affected by the spatial pattern of species, and thus the results 

may be more robust than those based on the abundance data.   
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Table S1. (Abundance data, 5 elevation groups) Data summary, observed diversities and 

asymptotic diversity estimates in each of the five elevation groups for tropical tree species 

in New Caledonia (Ibanez et al. 2014, 2016). Species abundances in each group are pooled 

over plots. Red prints denote the maximum diversity among the five elevation groups. 

 

Elevation 

range 
5m–200m 200m–400m 400m–600m 600m–800m 800m–1292m

Mean elevation. 147 295 518 660 1022 

# of plots 35 68 50 23 25 

Sample size  3309 8241 6249 3538 3931 

Coverage 98% 99% 98% 98% 98% 

# singletons 74 89 108 81 75 

# doubletons 34 46 50 44 31 

Observed diversities 

Richness (
0D) 296 429 448 331 285 

Shannon (1D) 130.4 158.8 186.3 138.4 108.8 

Simpson (2D) 78.8 85.3 103.6 72.3 62.2 

Asymptotic diversity estimates 

Richness (0D) 

(s.e.)  

95% CI 

376.5  

(24.9) 

340 – 442 

515.1  

(24.1) 

479 – 576 

564.6  

(29.9) 

519 – 639 

405.5  

(21.8) 

374 – 462 

375.7  

(28.2) 

335 – 449 

Shannon (1D)  

(s.e.) 

95% CI 

138.7  

(3.1) 

133 – 144 

164.2  

(2.4) 

159 – 169 

195.6  

(3.3) 

190 – 202* 

147.3  

(3.1) 

141 – 154 

114.5  

(2.2) 

110 – 119* 

Simpson (2D)  

(s.e.) 

95% CI 

80.7  

(2.5) 

79 – 86 

86.2  

(1.9) 

85 – 90 

105.4  

(3.0) 

104 – 111* 

73.8  

(2.9) 

72 – 79 

63.2  

(2.1) 

62 – 67* 
 

*Interval does not overlap with the interval of any other elevation group 
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Table S2. (Incidence data, 5 elevation groups) Data summary, observed diversities and 

asymptotic diversity estimates in each of the five elevation groups for tropical tree species in 

New Caledonia (Ibanez et al. 2014, 2016). Plots are regarded as sampling units and only 

species incidences (presence/absence records) in each plot are considered.  

 

Elevation 

range 
5m–200m 200m–400m 400m–600m 600m–800m 800m–1292m

Mean elevation. 147 295 518 660 1022 

# of plots 35 68 50 23 25 

Coverage 91% 95% 92% 89% 87% 

# of uniques 106 131 154 121 115 

# of duplicates 55 58 72 67 59 

Observed diversities 

Richness (
0D) 296 429 448 331 285 

Shannon (1D) 192.2 249.3 289.9 234.0 202.9 

Simpson (2D) 136.0 171.8 204.9 173.7 153.0 

Asymptotic diversity estimates 

Richness (0D) 

(s.e.)  

95% CI 

395.2 

(25.5) 

356 – 459 

574.8 

(34.1) 

522 – 658 

609.4 

(34.6) 

554 – 693 

435.5 

(25.1) 

397 – 497 

392.6 

(26.6) 

352 – 458 

Shannon (1D)  

(s.e.) 

95% CI 

230.8 

(6.5) 

218 – 243 

279.5 

(5.8) 

269 – 291 

345.2 

(8.0) 

330 – 362* 

288.4 

(8.3) 

273 – 303 

257.1 

(7.9) 

241 – 274 

Simpson (2D)  

(s.e.) 

95% CI 

150.2 

(4.8) 

141 – 160* 

181.3 

(4.4) 

174 – 189 

226.1 

(7.0) 

213 – 239* 

198.4 

(6.9) 

185 – 211 

178.4 

(7.3) 

165 – 192 

 

*Interval does not overlap with the interval of any other elevation group 
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Figure S1. (Abundance data, 5 elevation groups). Comparison of sample-size-based (left 

panels) and sample-coverage-based (right panels) rarefaction and extrapolation for species 

richness (upper panels), Shannon diversity (middle panels) and Simpson diversity (lower 

panels) for the tree species data (Ibanez et al. 2014, 2016). Observed samples are denoted by 

solid dots; rarefied segments are denoted by solid lines and extrapolated segments by broken 

https://www.researchgate.net/publication/258499017_Structural_and_floristic_diversity_of_mixed_tropical_rain_forest_in_New_Caledonia_New_data_from_the_New_Caledonian_Plant_Inventory_and_Permanent_Plot_Network_NC-PIPPN?el=1_x_8&enrichId=rgreq-ff3701b2-ff2b-4995-bd1a-3460d6d8b681&enrichSource=Y292ZXJQYWdlOzMwMTY2ODg5MTtBUzozNTY5MTQ2Mzk3MjA0NTBAMTQ2MjEwNjQ4OTQ4MA==
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lines. The extrapolation extends up to a maximum sample size of 10000. The coverage-based 

extrapolation extends to the coverage value of the corresponding maximum sample size (the 

minimum coverage value is approximately 99.1%), for each sample. The 95% confidence 

intervals (shaded areas) were obtained by a bootstrap method based on 200 replications. The 

estimated asymptote of diversity for each curve is shown in Table S1.  
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Figure S2. (Incidence data, 5 elevation groups, sample size = number of plots). 

Comparison of sample-size-based (left panels) and sample-coverage-based (right panels) 

rarefaction and extrapolation for species richness (upper panels), Shannon diversity (middle 

panels) and Simpson diversity (lower panels) for the tree species data (Ibanez et al. 2014, 

2016). Observed samples are denoted by solid dots; rarefied segments are denoted by solid 
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lines and extrapolated segments by broken lines. The extrapolation extends up to a maximum 

sample size of 100. The sample-coverage-based extrapolation extends to the coverage value 

of the corresponding maximum sample size (the minimum coverage value is approximately 

95.5%), for each sample. The 95% confidence intervals (shaded areas) were obtained by a 

bootstrap method based on 200 replications. The estimated asymptote of diversity for each 

curve is shown in Table S2. 

 

Asymptotic approach: comparing estimated asymptotic diversity profiles 

 

Since species diversity (Hill numbers) vary in their emphasis on rare or common species 

according to their parameter q, ranking and comparing assemblages depends on the choice of 

q. Rather than selecting one or a few measures to describe an assemblage, it is preferable to 

convey the complete story by presenting a continuous profile, a plot of diversity or entropy as 

a function of q ≥ 0. This makes it easy to visually compare the compositional complexities of 

multiple assemblages. The profile is often plotted for all values of q from 0 to q = 3 or 4 

(beyond which it generally changes little). This diversity profile conveys all information 

contained in a species relative abundance distribution. 

 

Based on sampling data (abundance or incidence), Chao & Jost (2015) derived a novel 

analytic method to obtain accurate, continuous, low-bias diversity and entropy profiles with 

focus on low orders of q (0 ≤ q ≤ 3). A bootstrap method is applied to obtain approximate 

variances of our proposed profiles and to construct the associated confidence intervals. The 

estimator of Hill number of order q in each profile represents the asymptote in the rarefaction 

and extrapolation curves described in the non-asymptotic analysis. Thus, we can also perform 

asymptotic analysis by comparing estimated asymptotic or true diversities across 

communities.  

 

Figure S3 presents the estimated asymptotic diversity profiles for each of the five 

elevation groups with 95% confidence intervals for the abundance data and the corresponding 

curves for the incidence data are presented in Figure S4. The two asymptotic curves again 

reveal a humped elevation pattern, showing that the mid-elevation group has the highest 

diversity. The particular asymptotic diversity values for q = 0, 1, and 2 are also listed in Table 

S1 (for abundance data) and Table S2 (for incidence data), where all the significance that can 

be detected (i.e., non-overlapping intervals) are also shown. That is, for Shannon diversity 

and Simpson diversity, the mid-elevation group is significantly more diverse, and the 

highest-elevation group is significantly less diverse than any one of the other groups for 

abundance data. Similar conclusion is also valid for the mid-elevation group for incidence 

data.   

https://www.researchgate.net/publication/271601307_Estimating_diversity_and_entropy_profiles_via_discovery_rates_of_new_species?el=1_x_8&enrichId=rgreq-ff3701b2-ff2b-4995-bd1a-3460d6d8b681&enrichSource=Y292ZXJQYWdlOzMwMTY2ODg5MTtBUzozNTY5MTQ2Mzk3MjA0NTBAMTQ2MjEwNjQ4OTQ4MA==
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Figure S3. (Abundance data, 5 groups). The estimated asymptotic diversity profiles for the 

New Caledonian tropical tree species in five elevation groups for q between 0 and 3 with 

95% confidence interval (shaded areas based on a bootstrap method of 200 replications). The 

star signs denote the species diversity values for q = 0, 1, 2 and 3. 
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Figure S4. (Incidence data, 5 groups). The estimated asymptotic diversity profiles for the 

New Caledonian tropical tree species in five elevation groups for q between 0 and 3 with 

95% confidence interval (shaded areas based on a bootstrap method of 200 replications). The 

star signs denote the diversity values for q = 0, 1, 2 and 3.   
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Analysis of twelve elevation groups with quadratic elevational model 

 

We further consider twelve elevation groups and similar analysis as that we did for five 

elevation groups can be done. Table S4 lists data summary, observed diversities and 

asymptotic diversity estimates for 12 elevation groups based on abundance data. The 

corresponding statistics for incidence data are shown in Table S5. For twelve groups, in 

addition to the non-parametric R/E analysis (all sampling curves are omitted here), we can 

further evaluate the relationship and build a parametric model between each diversity 

measure and the elevation level. The diversity measure can be any diversity estimate from a 

standardized sample or an estimated asymptote. For illustrative purpose, for Shannon 

diversity and Simpson diversity, we assess the elevational diversity pattern by their 

asymptotic estimates, whereas for species richness we only consider the species richness 

estimates for two standardized coverage values because the asymptotic estimator of species 

richness may be subject to large bias. 

 

The fitted quadratic elevational curves to the diversity estimates from the R/E analysis 

are shown in Figure S5 for abundance data and in Figure S6 for incidence data. For each type 

of data, the fitted parametric curves for all diversity measures are similar and produce very 

close elevation at which the maximum diversity occurs. For abundance data, the maximum 

occurs in the range 550m–570m; for incidence data, the maximum occurs in the range 

620m–660m. These values deviate with the empirical observations to some extent because 

these are based on a specified quadratic model. Increasing the number of groups in the 

analysis or using other types of groupings produces generally consistent patterns.  
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Table S4. (Abundance data, 12 elevation groups) Data summary, observed diversities and asymptotic diversity estimates in 12 elevation groups for tree 

species in New Caledonia (Ibanez et al. 2014, 2016). Species abundances in each group are pooled over plots. Red prints denote the maximum diversity among 

the 12 elevation groups. 

 

Elevation 

range 

5m – 

150m 

150m – 

200m 

200m – 

250m 

250m – 

300m 

300m – 

350m 

350m – 

400m 

400m – 

500m 

500m – 

550m 

550m – 

600m 

600m – 

700m 

700m – 

900m 

900m – 

1292m 

Mean elevation. 94 186 224 275 319 376 461 530 580 621 818 1107 

# of plots 15 20 15 21 20 12 21 12 17 16 16 16 

Sample size 1477 1832 1290 3054 2411 1486 2688 1321 2240 2436 2487 2546 

Coverage 95% 97% 96% 98% 97% 96% 97% 93% 97% 97% 97% 98% 

# singletons 71 51 47 62 71 66 90 87 63 70 84 52 

# doubletons 32 31 36 31 39 39 34 24 37 35 34 24 

Observed diversities 

Richness (
0D) 208 208 180 253 261 232 295 227 237 267 268 200 

Shannon (1D) 93.9 102.5 81.7 91.3 117.3 124.4 145.6 108.7 101.9 117.3 105.7 84.7 

Simpson (2D) 54.5 65.1 40.8 39.3 71.5 78.9 95.6 52.4 54.8 64.1 55.3 48.7 

Asymptotic diversity estimates 

Richness (0D) 

(s.e.)  

286.7 
(24.4) 

249.9 
(15.4) 

210.7 
(11.7) 

315 
(20.8) 

325.6 
(19.7) 

287.8 

(18) 

414.1 
(34.1) 

384.6 
(48.3) 

290.6 
(17.7) 

337 
(22.1) 

371.7 
(30.5) 

256.3 
(20.8) 

Shannon (1D) 

(s.e.) 

104.4 
(3.4) 

110.5 
(2.9) 

89.4 
(2.9) 

96.5 
(2.7) 

126.3 
(3.1) 

138.4 

(4) 

158.2 
(3.4) 

126.3 
(4.8) 

109.5 
(3) 

126.5 
(3.5) 

114.6 
(3.1) 

89.5 
(2.3) 

Simpson (2D) 

(s.e.) 

56.5 
(2.8) 

67.5 
(2.4) 

42.1 
(2.7) 

39.8 
(1.9) 

73.6 
(2.2) 

83.3 

(3.5) 

99.1 
(3.1) 

54.5 
(3.9) 

56.2 
(2.5) 

65.8 
(2.6) 

56.5 
(2.4) 

49.6 
(2) 

 

https://www.researchgate.net/publication/258499017_Structural_and_floristic_diversity_of_mixed_tropical_rain_forest_in_New_Caledonia_New_data_from_the_New_Caledonian_Plant_Inventory_and_Permanent_Plot_Network_NC-PIPPN?el=1_x_8&enrichId=rgreq-ff3701b2-ff2b-4995-bd1a-3460d6d8b681&enrichSource=Y292ZXJQYWdlOzMwMTY2ODg5MTtBUzozNTY5MTQ2Mzk3MjA0NTBAMTQ2MjEwNjQ4OTQ4MA==
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Table S5. (Incidence data, 12 elevation groups) Data summary, observed diversities and asymptotic diversity estimates in 12 elevation groups for tree species 

in New Caledonia (Ibanez et al. 2014, 2016). Plots are regarded as sampling units and only species incidences (presence/absence records) in each plot are 

considered.  

 

 

 

 

 

 

 

 

Elevation 

range 

5m – 

150m 

150m – 

200m 

200m – 

250m 

250m – 

300m 

300m – 

350m 

350m – 

400m 

400m – 

500m 

500m – 

550m 

550m – 

600m 

600m – 

700m 

700m – 

900m 

900m – 

1292m 

Mean elevation. 94 186 224 275 319 376 461 530 580 621 818 1107 

# of plots 15 20 15 21 20 12 21 12 17 16 16 16 

Coverage 80% 88% 79% 90% 85% 77% 83% 71% 83% 87% 79% 0.85 

# of uniques 97 86 95 97 116 117 136 131 113 107 132 85 

# of duplicates 59 37 30 38 50 56 46 49 47 48 61 39 

Observed diversities 

Richness (
0D) 208 208 180 253 261 232 295 227 237 267 268 200 

Shannon (1D) 165.1 142.7 131.4 174.8 183.8 187.4 219.9 184.5 170.8 192.6 210.6 151.0 

Simpson (2D) 130.4 105.9 98.9 133.9 137.7 152.9 172.3 148.3 128.7 146.3 167.8 119.0 

Asymptotic diversity estimates 

Richness (0D) 

(s.e.)  

284.0 

(19.9) 

303.0 

(27.5) 

320.4 

(40.3) 

370.9 

(32.5) 

388.8 

(31.9) 

344 

(27.7) 

486.5 

(45.5) 

387.5 

(38.4) 

364.9 

(32.5) 

378.8 

(29) 

401.9 

(31.2) 

286.8 

(25.2) 

Shannon (1D) 

(s.e.) 

231.0 

(9.1) 

178.5 

(7.1) 

190.4 

(9.9) 

213.5 

(7.4) 

238.7 

(8.7) 

271.4 

(12.8) 

300.4 

(11.8) 

296.4 

(14.8) 

230.6 

(9) 

243.6 

(7.8) 

300.6 

(13.4) 

197.3 

(8.1) 

Simpson (2D) 

(s.e.) 

171.8 

(8.5) 

119.1 

(4.5) 

119.7 

(6.7) 

149.3 

(5.1) 

159.6 

(5.9) 

205.8 

(10.8) 

209.8 

(8.1) 

209.5 

(12.5) 

152.7 

(7.1) 

167.8 

(6) 

219.6 

(10.5) 

142.9 

(6.4) 

https://www.researchgate.net/publication/258499017_Structural_and_floristic_diversity_of_mixed_tropical_rain_forest_in_New_Caledonia_New_data_from_the_New_Caledonian_Plant_Inventory_and_Permanent_Plot_Network_NC-PIPPN?el=1_x_8&enrichId=rgreq-ff3701b2-ff2b-4995-bd1a-3460d6d8b681&enrichSource=Y292ZXJQYWdlOzMwMTY2ODg5MTtBUzozNTY5MTQ2Mzk3MjA0NTBAMTQ2MjEwNjQ4OTQ4MA==
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Solid dot: Species richness estimate 
for coverage = 90% 

Solid dot: species richness estimate  
for coverage = 95% 

  

Solid dot: estimated asymptotic 
Shannon diversity 

Solid dot: estimated asymptotic 
Simpson diversity 

  

 

Figure S5. (Abundance data, 12 elevation groups) Elevation diversity pattern and the fitted 

quadratic model for twelve-group abundance data based on two species richness estimates for 

standardized samples with sample coverage values 90% and 95%, estimated asymptotic 

Shannon diversity, and estimated asymptotic Simpson diversity. In each panel, Emax denotes 

the elevation at which the diversity attains the maximum, and R2 denotes the coefficient of 

determination which indicates how well data fit a quadratic elevation diversity curve or the 

proportion of the variance of the diversity that is predictable from the level of its elevation.  
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Solid dot: species richness estimate for 
coverage = 80% 

Solid dot: species richness estimate  
for coverage = 85% 

  

Solid dot: estimated asymptotic 
Shannon diversity 

Solid dot: estimated asymptotic 
Simpson diversity 

  

 

Figure S6. (Incidence data, 12 elevation groups) Elevation diversity pattern and the fitted 

quadratic model for twelve-group incidence data based on two species richness estimates for 

standardized samples with sample coverage values 80% and 85%, estimated asymptotic 

Shannon diversity, and estimated asymptotic Simpson diversity. In each panel, Emax denotes 

the elevation at which the diversity attains the maximum, and R2 denotes the coefficient of 

determination which indicates how well data fit a quadratic elevation diversity curve or the 

proportion of the variance of the diversity that is predictable from the level of its elevation.  
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A brief introduction to the phylogenetic diversity and the associated R/E methods 
  

Chao et al. (2010) generalized Hill numbers to phylogenetic diversity, which can incorporate 

differences in evolutionary history among species. Here we brief introduce these 

phylogenetic diversity measures. Let S denote the number of species in an assemblage, and 

let pi represent the relative abundance of species i, i = 1, 2, …, S, such that 1
1

 

S

i ip . To 

formulate phylogenetic diversity, we assume that all species of this assemblage are connected 

by a rooted ultrametric or non-ultrametric phylogenetic tree, with the S species as tip nodes. 

We also assume that all diversity measures and estimators are computed from a given fixed 

reference point that is ancestral to all species considered in the study. The choice of the 

reference point is thus independent of sampling data.  

 

Assume that there are B branch segments in the tree, B ≥ S, for the given reference point. 

Let Li denote the length of the ith branch, and ai denote the total relative abundance 

descended from the ith branch, i = 1, 2, …, B. With this definition of ai, the set of species 

relative abundances },...,,{ 21 Sppp  is expanded to the set of branch relative abundances 

},...,2,1,{ Biai   with },...,,{ 21 Sppp  as the first S elements. The measure ai is referred to 

in Chao et al. (2015) as the relative branch abundance of the ith branch segment, although 



B

i ia
1

typically is greater than 1.  

 

The commonly used Faith’s PD is 

B

i iL
1

, the total branch length from the given 

reference point as described earlier (Faith 1992). Let  B

i iiaLT
1

 denote the mean branch 

length (weighted by branch relative abundance). For an ultrametric tree, T  simply reduces 

to the tree depth. Chao et al. (2010) derived the following phylogenetic diversity of order q: 
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1 logexplim ,  q = 1.  

The phylogenetic diversity qPD is interpreted as the effective total branch length in the 

assemblage from the given reference point of the phylogenetic tree. If there are no internal 

nodes and all are standardized to be unity, then qPD reduces to the Hill numbers qD.  

 

https://www.researchgate.net/publication/47566303_Phylogenetic_diversity_measures_based_on_Hill_numbers?el=1_x_8&enrichId=rgreq-ff3701b2-ff2b-4995-bd1a-3460d6d8b681&enrichSource=Y292ZXJQYWdlOzMwMTY2ODg5MTtBUzozNTY5MTQ2Mzk3MjA0NTBAMTQ2MjEwNjQ4OTQ4MA==
https://www.researchgate.net/publication/47566303_Phylogenetic_diversity_measures_based_on_Hill_numbers?el=1_x_8&enrichId=rgreq-ff3701b2-ff2b-4995-bd1a-3460d6d8b681&enrichSource=Y292ZXJQYWdlOzMwMTY2ODg5MTtBUzozNTY5MTQ2Mzk3MjA0NTBAMTQ2MjEwNjQ4OTQ4MA==
https://www.researchgate.net/publication/222443245_Faith_DP_Conservation_evaluation_and_phylogenetic_diversity_Biol_Cons_61_1-10?el=1_x_8&enrichId=rgreq-ff3701b2-ff2b-4995-bd1a-3460d6d8b681&enrichSource=Y292ZXJQYWdlOzMwMTY2ODg5MTtBUzozNTY5MTQ2Mzk3MjA0NTBAMTQ2MjEwNjQ4OTQ4MA==
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The diversity order q determines the measures’ emphasis on rare or common branches. 

When q = 0, 0PD is Faith’s PD, the actual total branch length and branch abundances are not 

considered. When q = 1, the measure 1PD is interpreted as the effective total branch length, 

which weighs each branch in proportional to the abundance of all the species descending 

from it; it is a monotonic transformation of the phylogenetic entropy HP (Allen et al. 2009): 

)/exp(1 THTPD P , When q = 2, 2PD is interpreted as the effective total branch length, 

which puts more weight on abundant/dominant branches and discount rare branches; it is a 

monotonic transformation of Rao’s quadratic entropy Q (Rao 1982): )/(22 QTTPD  . 
 

The R/E model of Hill numbers was recently extended to phylogenetic diversity 

measures (Chao et al. 2015; Hsieh & Chao 2016). The program iNEXT has also been 

generalized to iNEXT-pd to facilitate all computations. These methods can be applied to the 

New Caledonian data. The patterns of phylogenetic diversity might reveal interesting 

differences between elevations and might provide important guidance for setting conservation 

priorities.  
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