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Álvaro J. Pérez3 • Hugo Romero-Saltos3,6 • Alberto Vicentini7

Received: 8 March 2016 / Revised: 8 November 2016 /Accepted: 23 November 2016 /
Published online: 29 November 2016
� Springer Science+Business Media Dordrecht 2016

Abstract We analyze forest structure, diversity, and dominance in three large-scale

Amazonian forest dynamics plots located in Northwestern (Yasuni and Amacayacu) and

central (Manaus) Amazonia, to evaluate their consistency with prevailing wisdom

regarding geographic variation and the shape of species abundance distributions, and to

assess the robustness of among-site patterns to plot area, minimum tree size, and treatment

of morphospecies. We utilized data for 441,088 trees (DBH C1 cm) in three 25-ha forest

dynamics plots. Manaus had significantly higher biomass and mean wood density than
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Yasuni and Amacayacu. At the 1-ha scale, species richness averaged 649 for trees C1 cm

DBH, and was lower in Amacayacu than in Manaus or Yasuni; however, at the 25-ha scale

the rankings shifted, with Yasuni\Amacayacu\Manaus. Within each site, Fisher’s

alpha initially increased with plot area to 1–10 ha, and then showed divergent patterns at

larger areas depending on the site and minimum size. Abundance distributions were better

fit by lognormal than by logseries distributions. Results were robust to the treatment of

morphospecies. Overall, regional patterns in Amazonian tree species diversity vary with

the spatial scale of analysis and the minimum tree size. The minimum area to capture local

diversity is 2 ha for trees C1 cm DBH, or 10 ha for trees C10 cm DBH. The underlying

species abundance distribution for Amazonian tree communities is lognormal, consistent

with the idea that the rarest species have not yet been sampled. Enhanced sampling

intensity is needed to fill the still large voids we have in plant diversity in Amazon forests.

Keywords Aboveground biomass � Abundance � Forest conservation � Fisher’s alpha �
Rarity � Species richness

Introduction

The Amazon basin harbors the largest and most species-rich tropical forest on earth (Myers

et al. 2000; Slik et al. 2015). An understanding of how forest structure and diversity vary

across the whole Amazon region is critical for the development of effective regional

conservation strategies. So far, these questions have been addressed mostly using census

data for plots of *1-ha in area that included only trees with diameter at breast height

(DBH) C10 cm, henceforth referred to as large trees (Gentry 1988b; Phillips et al.

1998, 2004; ter Steege et al. 2003, 2006). However, previous studies in tropical forests out

of the Amazon region showed that local samples of fewer than 3000 individuals tend to

underestimate differences among species-rich sites (Condit et al. 1998), and these small

plot data all fall within that sample size. Here, we take advantage of a new dataset of three

intensively sampled large permanent plots (25-ha each; DBH C1 cm) located in central
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(CA) and northwestern Amazon (NWA) to test the validity of the prevailing wisdom

(founded on small samples) about forest structure and diversity in Amazon forests.

Assessments of the variation in forest structure and diversity based on intensively sampled

tree communities may inform us about how to implement sound programs of forest

management and conservation in this important ecosystem.

In the Amazon basin, rainfall seasonality, soil fertility, and forest turnover rates have

been associated with local variation in forest productivity and patterns of tree density or

number of individuals (ter Steege et al. 2003; Duivenvoorden et al. 2005) and aboveground

biomass (AGB) (Malhi et al. 2006; Saatchi et al. 2007). At a regional scale, tree density has

shown to be positively associated with the dry season length (ter Steege et al. 2003); on

contrast, at a local scale, soil fertility seems to be inversely associated with it (Duiven-

voorden et al. 2005). Variation in forest AGB within the Amazon is also strongly positively

associated with variation in wood density (WD), which is higher in areas of more seasonal

rainfall, lower soil fertility, and lower forest turnover, while basal area shows little regional

variation (Baker et al. 2004). Forests with richer soils and more constant climates also

show higher turnover (recruitment and mortality) and systematic differences in tree species

functional composition, a pattern that reaches its apogee in the NWA region (Phillips et al.

1994, 1998; ter Steege et al. 2006). However, tree species richness and diversity from

northwestern (NWA) to central (CA) Amazonian terra firme forests did not significantly

vary along a geographical band around 5�S (ter Steege et al. 2003). Tree diversity around

the regions of Urucu and Manus in CA has found to be as high as that reported in the

richest plots of NWA (http://atdn.myspecies.info). Therefore, considering that our three

study sites are located in the NWA (Yasuni and Amacayacu) and CA (Manaus), and

assuming that these sites reflect the same general patterns in structure and diversity as the

previously censused 1-ha plots, we expect a systematic decrease in tree density, a sys-

tematic increase in AGB, but similar values of species richness and diversity from west to

east (Yasuni to Amacayacu to Manaus).

The design of effective conservation strategies also depends on knowledge of patterns

of rarity and dominance (Pitman et al. 1999, 2001), and thus on species abundance dis-

tributions. Species abundance distributions are commonly modeled as either lognormal or

logseries (McGill 2003). Both these distributions predict relatively few dominant species,

but they differ in the expected number of rare species. Under the logseries distribution,

most species are rare (Fisher et al. 1943); whereas under the lognormal distribution, most

species have intermediate abundance, with few rare species (Preston 1948; McGill 2003;

Connolly 2005; Connolly et al. 2014). If the logseries is the better model of species

abundance distributions, this implies the existence of many rare species, which means that

a much more radical conservation strategy is required to avoid considerable species

extinction (Hubbell et al. 2008). Past analyses of tree species abundance distributions in

Amazonia have been based on analyses of 1-ha, large-tree censuses, either individually or

pooled, and have generally supported the use of the logseries distribution (Hubbell et al.

2008; ter Steege et al. 2013; Slik et al. 2015). However, we might expect that abundance

distributions could take different shapes when smaller woody individuals are included, and

at different spatial scales. Here, we evaluate the fit of the logseries relative to the lognormal

for larger plots, and for all trees (C1 cm dbh), thus testing the appropriateness of the

logseries as the underlying species abundance distribution (SAD) model in tropical forests

(Hubbell 2001, 2013; Hubbell et al. 2008; ter Steege et al. 2013; Slik et al. 2015).

One of the main difficulties of working with species-rich communities like the Amazon

is plant identification, and this raises the question of the degree to which observed diversity

patterns depend on taxonomic resolution. Many if not most tree census datasets in this
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hyperdiverse region lack full species identifications for some subset of species, and it is

thus important to know whether conclusions drawn from such incomplete datasets are

robust. A previous analysis based on the three plots employed in this study showed that

differences among research teams in morphotyping non-fully identified specimens could

lead to biases in plant classification (Gomes et al. 2013). In contrast, Pos et al. (2014)

argued that analysis that includes only fully botanically identified species (hereafter

referred to as named species) should find patterns of species similarity between sites

similar to those obtained when also including morpho-types (hereafter referred to as

morphospecies), but not for assessments of species diversity. Here, we quantitatively assess

whether the main pattern and trend of variation in species relative abundance distributions

and diversity patterns, rather than the net values, are indeed robust to this difference in

taxonomic resolution. For the species abundance models, we expect that the inclusion of

morphospecies will result in relatively more rare species, and thus that the logseries will

better fit the data including morphospecies than the data not including morphospecies, and

similarly that the lognormal will better fit the data without the morphospecies than the data

with morphospecies (Pos et al. 2014; Magurran and Henderson 2003); however, we expect

these changes to be relatively small compared with the differences between the models,

such that the same model will prove the best fit in both cases.

In this study, we analyze patterns of variation in forest structure, diversity, and domi-

nance across CA and NWA, to evaluate their consistency with prevailing wisdom

regarding geographic variation, species abundance distributions, and robustness to details

of the census methods. We use a dataset composed of 441,088 individuals (DBH C1 cm)

surveyed in the three most intensively sampled large permanent plots that currently exist in

the Amazon basin, all associated with the Center for Tropical Forest Science-Forest Global

Earth Observatory (CTFS-ForestGEO) global network. We address the following specific

questions:

(i) Is there systematic variation from central to northwestern Amazonia in tree

density and aboveground biomass as reported from 1 ha plots?

(ii) Are our data consistent with previous work suggesting the existence of a high tree

species diversity band around 5� S in the Northwest and Central Amazon (NWA

and CA)?

(iii) How do the details of tree censuses, specifically differences in minimum tree size

(DBH C1 cm vs. DBH C10 cm), plot size (1-ha vs. 25-ha), and taxonomic

resolution (all morphospecies vs. only named species), affect among-site patterns

in forest structure?

(iv) Are species abundance distributions better fit by the logseries or the lognormal?

(v) What insights into metacommunity diversity and abundance patterns can we

obtain by combining data from multiple large plots?

Methods

Study sites

Data were collected in three permanent 25-ha plots established in terra-firme forests

located in NWA and CA in Ecuador (Yasuni), Colombia (Amacayacu), and Brazil

(Manaus), respectively. These plots are arrayed roughly on a straight line, with distances of

700 km between Yasuni and Amacayacu, 1100 km between Amacayacu and Manaus, and
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1800 km between Yasuni and Manaus (Fig. 1). Yasuni National Park and Biosphere

Reserve and the adjacent Huaorani Indian territory cover 1.6 million ha of forest and form

the largest protected area in Amazonian Ecuador (Valencia et al. 2004). Amacayacu

National Park covers around 220,000 ha of forest and is part of the protected system of

national parks in the Colombian Amazon. The Manaus plot is located about 80 km north of

the city of Manaus. The three plots are all located on terra-firme forests at elevations below

200 m asl. Precipitation at Yasuni and Amacayacu is aseasonal, with mean annual rainfall

*3000 mm and no months with less than 100 mm. Mean annual rainfall at Manaus is

*3500 mm, with a dry season of 1–2 months between June and October (Sombroek

2001).

Tree censuses

In each 25-ha plot (500 9 500 m), each individual free-standing woody plant with a DBH

C1 cm was mapped, tagged and measured, including shrubs, trees, and palms (but not

lianas). Multiple stems were separately recorded. Voucher collections were made for each

unique species in each plot. We collected vouchers in all cases in which there was any

doubt about a plant’s similarity with another individual that was already collected within

the same plot. The taxonomic identifications were made by comparing the specimens with

herbarium material and with the help of specialists. All of the samples are kept at the

COAH, QCA, and INPA Herbaria. We assumed that all specimens with the same botanical

Fig. 1 Geographical location of the three 25 ha plots employed in this study (map adapted from ter Steege
et al. 2013). CA central Amazon, EA eastern Amazon, GS Guyana shield, SA southern Amazon, WAN
northwestern Amazon, WAS southwestern Amazon
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name represented the same species, even though we did not standardize the taxonomy

between plots. The plants that could not be identified as named species were separated into

morphospecies that were treated as distinct species. Variation between sun-exposed and

shaded leaves and between young and old leaves was documented in vouchers deposited in

reference collections, to avoid splitting species with high plasticity and/or ontogenetic

variation. Identifications were done by separate teams at each site, and thus there may be

differences in the species concept between sites. For instance, the morphospecies classi-

fication in the Amacayacu and Yasuni plots was conservative with morphospecies

including a relatively wide range of variation, while in Manaus, the classification allowed

less variation within morphospecies.

Structural variation

We analyzed the variation in the number of individuals (NI), basal area (BA in m2),

aboveground biomass (AGB in Mg), and mean wood density (WD in g cm-3). The

aboveground biomass (AGB) of each tree (in kg) was calculated using the general model

without tree height developed for tropical forests by Chave et al. (2014), which employs

DBH, wood specific gravity (referred to as wood density, WD), and a new site-specific

environmental variable called E. The new parameter E is a coefficient derived from global

databases on temperature seasonality (TS), the maximum climatological water deficit

(CWD), and precipitation seasonality (PS) (Chave et al. 2014). The equation is

AGB ¼ expð�1:802� 0:976� E þ 0:976� log WDð Þ þ 2:673� log DBHð Þ � 0:0299

� log DBHð Þð Þ2

Wood density values of each species found in all plots were assigned following Chave

et al. (2006), Zanne et al. (2009), and databases compiled by the CTFS-ForestGEO. In

cases in which we could not assign a WD value at the species level, we used the average

value at the genus or family level. For individuals without a botanical identification, we

used the average WD value of all other individuals found in the same plot. E takes value

-0.075 in Amacayacu, -0.111 in Manaus, and -0.023 in Yasuni. The total AGB in each

quadrat, subplot, or plot was obtained by summing the AGB of all trees present including

palms, but excluding lianas and tree ferns.

We used One Way Anova (ANOVA) to test for significant differences in the stand-level

mean NI, BA, AGB, and WD at the 1-ha scale. That is, we divided each plot into 25 square

1-ha subplots (100 9 100 m) and treated these as replicate samples. When significant

differences were found, a Tukey’s honest significant difference (TukeyHSD) test was used

to compare the main trend of variation between sites. ANOVAs were done separately for

two size categories: all individuals with DBH C1 cm (hereafter referred as to as all

individuals) and only individuals with DBH C10 cm (hereafter referred as to as large

individuals). For each site, we also characterized the distributions of these structural

variables at the scale of 20 9 20 m (0.04 ha) quadrats using probability density functions.

Species diversity patterns

As above, we used ANOVAs and a subsequent TukeyHSD test to evaluate differences in

species richness (SR) and species diversity (SD; assessed by the Fisher’s alpha index)

among sites, based on 25 square 1-ha subplots (100 9 100 m) for each site. ANOVAs

were performed for both size categories (all individuals and large individuals) and for both
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morphospecies and named species. The morphospecies dataset included all named and

unnamed species that were compared with each other and classified as different within

each site based on the morphology of vegetative characters, excluding individuals not

collected and those for which no morphospecies assignment was possible. The named

species dataset contained all individuals identified to species, and excluded non-fully

identified species and uncollected individuals. We analyzed both morphospecies and

named species in order to understand and compare results under these approaches, and

thereby identify the uncertainty associated with the morphotyping of sterile specimens by

different teams at different sites (Gomes et al. 2013). Overall, we are interested in eval-

uating whether the main pattern of variation within plots change with the use of either

named species or morphospecies, rather than to compare the net values of diversity esti-

mated by each one of them, which are expected to differ (Pos et al. 2014).

We used species–individual curves and graphs of Fisher’s alpha vs. area (henceforth

Fisher’s alpha–area curves) to describe the overall patterns of species diversity at both plot

and meta-community scales. We chose to use Fisher’s alpha over other commonly used

diversity metrics both because of its conceptual roots (Fisher et al. 1943; Hubbell 2001)

and because it is relatively less dependent on sample size than other metrics (e.g., Condit

et al. 1996). At the plot scale, the development of the species–individual and Fisher’s

alpha–area curves followed the approach of Condit et al. (1996). To build the species–

individual curves at the plot scale, we employed 100 randomly chosen points as centers of

progressively larger plots. The size of the square plots employed to build the curves

increased from 0.01-ha (10 9 10 m) to 25-ha (500 9 500 m) (0.01, 0.04, 0.25, 1, 2, 3, 4,

5, 10, 15, 20, and 25-ha). At the plot scale, species–individual and Fisher’s alpha–area

curves were analyzed for both morphospecies and named species datasets, for both all

individuals and large individuals. To perform these analyses we used the CTFS R package

(http://ctfs.arnarb.harvard.edu/Public/CTFSRPackage/). While the plot-level analysis

sampled individuals within contiguous areas, the meta-community analyses were based on

500 random draws from the full merged dataset, with species–individuals curves based on

random draws of individuals, and Fisher’s alpha–area curves based on random draws of

complete 1-ha plots. The metacommunity analyses were performed only on named species

because morphospecies could not be matched across plots. The metacommunity analyses

of species–individuals and Fisher’s alpha–area curves were done using the vegan library

for R (Oksanen et al. 2013).

Species abundance distributions

We analyzed species abundance distributions (SAD) at the plot and metacommunity scales.

We characterized and fit the SAD for each plot, for named species and morphospecies as

well as for all individuals and large individuals. At the metacommunity scale we char-

acterized and fit the SAD only for named species in both size classes (as in ter Steege et al.

2013; Connolly et al. 2014; Slik et al. 2015). We used maximum likelihood methods to fit

the lognormal (specifically the Poisson-lognormal) and logseries to each distribution

(Prado and Miranda 2013), choosing these models because they have been found to be the

most suitable SAD models for species rich communities(Wilson 1991; Hubbell 2001). We

ranked models using the Akaike Information Criterion (AIC).

All statistical analyses were performed using the Statistical Software R version 3.02 (R

Development Core Team 2014).
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Results

Structural variation

A total of 441,088 individuals with DBH C1 cm and 46,456 individuals C10 cm were

recorded in the three 25-ha plots. When each plot was divided into 25 1-ha subplots, there

were significant differences among sites in NI, BA, AGB, and WD for all individuals and

large individuals (Table 1). Amacayacu had significantly lower values of NI and BA than

Yasuni for all individuals (DBH C1 cm) and large individuals (DBH C10 cm). Manaus

was similar to Yasuni in NI and BA of all individuals, similar to Amacayacu in the NI of

large individuals, and indistinguishable from the other two sites in the BA of large indi-

viduals. The central Amazonian site of Manaus had significantly higher AGB and mean

wood density than the two northwestern Amazonian sites for both all individuals and large

individuals. Amacayacu also had significantly higher mean wood density than Yasuni. The

distribution of structural parameters across 20 9 20 m quadrats illustrated the patterns

found with 1-ha subplots in greater detail (Fig. 2). Overall, for all individuals, the distri-

bution of NI differed noticeably among all three plots (Fig. 2a), while BA distributions

were remarkably similar except for the longer tail due to the presence of larger trees in

Manaus (Fig. 2b). WD varied strongly across sites with the highest values in Manaus

(Fig. 2d), which then translates into the AGB distributions, where Manaus again stands out

(Fig. 2c). For large individuals (DBH C10 cm), the basic patterns of variation remained

almost the same for BA, GB, and WD, but NI was partially reversed, being higher in

Yasuni than in Amacayacu and Manaus (Table 1; Fig. 2e).

Species diversity

A total of 2993 morphospecies, belonging to 419,576 individuals with DBH C1 cm (95%

of total) were recorded in the three 25-ha plots, of which 70% were fully identified to

species. The 2095 fully identified species (named species) accounted for 83% of the total

number of individuals. When all individuals C1 cm were included, 1-ha subplots had

average species richness of 649 ± 41 for morphospecies and 513 ± 32 for named species,

with significantly lower richness in Amacayacu than in Yasuni and Manaus for both

morphospecies and named species (Table 1). When only large individuals (C10 cm) were

included, species richness averaged 234 ± 19 for morphospecies and 204 ± 16 for named

species, with Amacayacu again showing the lowest value and Manaus the highest

(Table 1). The sites had a different ranking in species richness at the 25-ha scale, with

Yasuni having the fewest morphospecies and named species for all individuals and large

individuals, while Manaus had the most (Table 1). For all individuals the pattern of

among-site variation in diversity, as measured by the mean Fisheŕs alpha in 1-ha subplots,

very much resembled the pattern of species richness. However, diversity pattern for large

individuals in 1-ha subplots differed, with Manaus showing markedly higher Fisher’s alpha

values than Yasuni and Amacayacu for both morphospecies and named species (Table 1).

Among-site patterns in species richness and diversity in 1-ha subplots were qualitatively

similar whether analyzing morphospecies or just named species.

Species–individuals patterns showed different patterns of variation between the size

categories among plots. Overall, large individuals in Yasuni showed a higher number of

species for a given number of individuals than Amacayacu and Manaus. In contrast, for all

individuals, Yasuni showed a lower number of species for a given number of individuals
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than Amacayacu and Manaus, which followed exactly the same pattern of species accu-

mulation with increasing sample size (Fig. 3). In Yasuni, a sample of a given number of

large individuals had more species than an equivalently sized sample of all individuals,

while Manaus showed the opposite pattern and Amacayacu had similar numbers of species

Table 1 Forest structural variables, species richness, and species diversity for the three 25-ha plots located
in the Amazon basin, by size class (DBH C1 cm or DBH C10 cm)

Yasuni Amacayacu Manaus All F

All individuals

Total NI (C1 cm) 154,328 123,714 163,046 441,088

Total NI (C10 cm) 17,518 14,464 14,474 46,456

NI (C1 cm) 6173 ± 743a 4949 ± 518b 6522 ± 579a 5882 ± 572 49.9***

NI (C10 cm) 701 ± 42a 579 ± 38b 579 ± 42b 619 ± 41 75.3***

BA (C1 cm) 32.9 ± 3.9a 29.1 ± 2.7b 31.6 ± 3.1a 31.2 ± 3.2 8.6***

BA (C10 cm) 27.1 ± 3.9a 24.6 ± 2.5b 26.3 ± 3.1a,b 26.0 ± 3.2 4.0***

AGB (C1 cm) 256.2 ± 49.2a 262.8 ± 33.0a 345.3 ± 54.1b 288.1 ± 45.4 28.7***

AGB (C10 cm) 234.1 ± 49.0a 244.3 ± 32.9a 322.0 ± 54.4b 266.8 ± 45.4 26.9***

Mean WD (C1 cm) 0.60 ± 0.16a 0.61 ± 0.13b 0.66 ± 0.13c 0.62 ± 0.14 245.7***

Mean WD (C10 cm) 0.57 ± 0.20a 0.59 ± 0.16b 0.67 ± 0.14c 0.61 ± 0.18 159.8***

Morphospecies

Total NI (C1 cm) 154,135 115,319 150,122 419,576

Total NI (C10 cm) 17,507 14,272 13,345 45,124

Total morphospecies (C1 cm) 1084 1230 1302 2993

Total morphospecies (C10 cm) 795 830 930 2095

Morphospecies (ha-1) (C1 cm) 679.6 ± 33.8a 597.5 ± 50.6b 671.0 ± 38.0a 649.4 ± 40.8 29.6***

Morphospecies (ha-1) (C10 cm) 257.2 ± 16.9a 218.8 ± 23.3b 241.3 ± 15.6c 234.1 ± 18.6 25.9***

Fisher’s alpha (C1 cm) 195.9 ± 13.6a 183.4 ± 17.4b 194.1 ± 15.7a 191.2 ± 16.4 4.7*

Fisher’s alpha (C10 cm) 147.4 ± 16.2a 130.6 ± 20.2b 171.8 ± 24.0c 149.9 ± 26.4 25.8***

Named species

Total NI (C1 cm) 127,879 104,494 134,473 366,846

Total NI (C10 cm) 15,743 13,294 12,172 41,209

Total named species (C1 cm) 824 908 959 2068

Total named species (C10 cm) 615 642 730 1527

Named species (ha-1) (C1 cm) 527.5 ± 26.3a 484.4 ± 40.2b 527.8 ± 28.3a 513.2 ± 31.6 15.0***

Named species (ha-1)

(C10 cm)

213.3 ± 13.3a 191.2 ± 20.8b 208.5 ± 13.1a 204.4 ± 15.7 13.0***

Fisher’s alpha (C1 cm) 148.2 ± 9.5 142.2 ± 13.6 145.4 ± 12.1 145.3 ± 12.0 2.8ns

Fisher’s alpha (C10 cm) 114.2 ± 12.1a 107.8 ± 16.8a 139.8 ± 18.5b 120.6 ± 21.1 28.1***

Except for the total individuals and total species values, reported statistics are the means ± standard
deviations over 25 square 1-ha (100 9 100 m) subplots, and F statistics test for differences among sites in
these 1-ha statistics

Different letters indicate significant differences according to the Tukey Honestly Significant test (Tukey’s
HSD test)

Total values are indicated for the whole 25 ha of each plot or the joined 75 ha for the three plots

NI number of individuals (ha-1), BA basal area (m2 ha-1), AGB aboveground biomass (Mg ha-1),WD wood
density (g cm-3)
ns Non significant; * P B 0.05; ** P B 0.01; *** P B 0.001
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in both size classes (Supplementary Fig. S1, Table 1). These patterns were qualitatively the

same whether analyses were restricted to named species or not.

Fisher’s alpha varied strongly with area in all analyses, with considerable variation in

Fisher’s alpha–area between size categories and among sites. In the 25-ha plots, large

individuals in Yasuni (DBH C10 cm) had the highest Fisher’s alpha, but all individuals

(DBH C1 cm) the lowest (Fig. 4). All the curves showed a strong increase to 1 ha. Above

1 or 2 ha, the curves for all individuals tended to plateau (Amacayacu and Manaus) or even

decrease (Yasuni). In contrast, the curves for large individuals continued to increase with

area to larger areas, at best plateauing above 4–10 ha. Fisher’s alpha values for all indi-

viduals were larger than those for large individuals at areas \1 ha in all sites, with

divergent patterns at larger areas. At Manaus and Amacayacu, the differences between the

curves declined above 1 ha, and at Amacayacu the curves actually crossed above 10 ha and

values remained quite similar beyond that. In contrast at Yasuni, the curves crossed

between 1 and 2 ha, with Fisher’s alpha for large individuals becoming increasingly larger

than that for all individuals at larger areas (Supplementary Fig. S2). The observed patterns

were very similar for morphospecies compared with named species.

Species abundance distributions

Species abundance distributions in all three 25-ha plots were better fit by the lognormal

than by the logseries, for both morphospecies and named species as well as for all indi-

viduals and large individuals (Fig. 5; Supplementary Fig. S3 and Table S2). Although the

lognormal model tended to systematically underestimate the number of the rarest species

(those with just 1 individual in 25 ha), it performed better at fitting the number of species

with the most common intermediate abundances than the logseries. In contrast, the log

series tended to systematically overestimate rare species and to underestimate those with

intermediate abundances for both all individuals (Fig. 5) and large individuals

A B C D

E F G H

Fig. 2 Variation in forest structure within and among sites. Lines show empirical probability density
functions for each site calculated from data for all individuals C1 cm DBH (a–d) and for large individuals
C10 cm DBH (e–h)
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(Supplementary Fig. S3). The observed patterns were similar for morphospecies and for

named species.

Metacommunity patterns

The metacommunity species–individual curves based on random draws of individuals of

named species from across all three plots showed higher species richness in samples of all

individuals than in equal-sized samples of just large individuals (Fig. 6a). These differ-

ences were statistically significant in samples of 2000 or more individuals (Supplementary

Table S3). The Fisher’s alpha vs. area curves for all and large individuals crossed, with the

all individuals curve showing higher diversity below 12 ha, and the large individuals

higher diversity at larger areas (Fig. 6b; Supplementary Table S4). The SADs for both all

individuals and large individuals showed the same shape, but with a considerable increase

in the number of rare species in the latter (Fig. 6c). For both SADs (all individuals and

large individuals), the lognormal provided a better fit than the logseries (Supplementary

Fig. S4).

Fig. 3 Species–individual
curves for all sites and size
categories. Comparisons for
morphospecies are in the upper
panel. Comparisons for named
species are in the lower panel.
Separate analyses per site are
shown in Supplementary Fig. S1
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Discussion

Structural variation

The density of large trees (DBH C10 cm) was partially consistent with literature findings

of a decrease from west to east (see Fig. 3 in ter Steege et al. 2003), with Yasuni showing

the highest values and Amacayacu and Manaus substantially lower values. We expect soil

fertility to be highest in Yasuni (Lips and Duivenvoorden 2001) and lowest in Manaus

(Sombroek 2000), and thus our findings partially agree with the hypothesis that soil fertility

drives large individual density in the Amazon terra firme forests (ter Steege et al. 2003). In

contrast, the density of all individuals (DBH C1 cm) showed a different pattern, with

Manaus having the highest values, Yasuni the next-highest, and Amacayacu a much lower

value (Table 1). High densities of small individuals at Manaus can perhaps be explained by

Fig. 4 Fisher’s alpha–area
curves for all sites and size
categories. Comparisons for
morphospecies are in the upper
panel. Comparisons for named
species are in the lower panel.
Separate analyses per site are
shown in Supplementary Fig. S2
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lower soil fertility, which is expected to promote increases in plant defenses and reduction

in mortality of juveniles and shrubs (Duivenvoorden et al. 2005). In contrast, high densities

at Yasunı́ might be explained by higher turnover and local disturbance rates (Phillips et al.

1994, 1998). Higher rates of disturbances in the more fertile soils of Yasuni than in the

other two site may also in part explain why this site has the lowest mean wood density (ter

Steege et al. 2006). We must acknowledge that a regional sampling of spread out small

plots can represent better the structural variation than contiguous samples as those

employed here. However, in the long-term the large permanent plots will surely help to

identify the mechanisms acting on a fine-grain resolution that determines the structural

variation of tropical forests at local scales.

Fig. 5 Species abundance distributions (bars) of all individuals (DBH C1 cm) for each 25-ha plot for all
morphospecies (top) and just named species (bottom), along with best-fit lognormal (black) and logseries
(grey) distributions. The parallel figure for large individuals only is shown in Supplementary Fig. S3

A B C

Fig. 6 Metacommunity patterns for species–individuals curves (a), Fisher’s alpha versus area (b), and
relative abundance distributions (c) based on pooling data for all three 25-ha plots. Small vertical lines in the
species–individual curves (a) represent standard errors. The grey line indicates 1000 individuals and the red
line indicates 3000 individuals
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In accordance with expectations, aboveground biomass was similar in the two northwest

Amazon plots, and higher in the eastern central Amazon plot of Manaus. However, forest

basal area was similar in Yasuni and Manaus, and considerably lower in Amacayacu. Thus,

differences in wood density among plots appear as the main driver of the observed vari-

ation in aboveground biomass. Amacayacu had somewhat higher wood density than

Yasuni, thus compensating for its lower basal area (Fig. 2). Likewise, Manaus’s much

higher wood density clearly explains its higher aboveground biomass relative to Yasuni,

which had the same basal area. Therefore, our results agree with previous findings from

1-ha plots that identified wood density as a major driver of regional variation in above-

ground biomass in Amazonian terra firme forests (Baker et al. 2004). We obtained the

same among-site pattern with the older moist forest biomass allometry equation of Chave

et al. (2005), which yielded higher mean biomass values than the new model without

height proposed by Chave et al. (2014: see Table 1): 298.5 Mg ha-1 for Amacayacu,

297.7 Mg ha-1 for Yasuni, and 380.6 Mg ha-1 for Manaus. This demonstrates that the

among-site pattern is not merely a consequence of the new environmental factor (E) in-

troduced in Chave et al. (2014).

Species diversity

Our results are consistent with the existence of a high tree species diversity band around 5�
S in the NWA and CA as proposed by ter Steege et al. (2003). A mean value of 649 ± 50

species (DBH C1 cm) per hectare is an unprecedented value of tree species richness that

exceeds any previous report made in tropical forests. However, within this geographic

band, we found differences in both tree species richness and diversity between plots, which

also varied according to size. At the 1-ha subplot scale and for large individuals (DBH

C10 cm), species richness and diversity patterns followed the not systematic west-east

trend Yasunı́[Manaus[Amacayacu. For all individuals (DBH C1 cm) and at the 1-ha

scale, Manaus was as rich and diverse as Yasuni, with Amacayacu again having the lowest

diversity. Therefore, for all individuals, this result is inconsistent with the hypothesis that

species richness and diversity increase with soil fertility (after Gentry1988a, b). To some

extent, it could be argued that our results are likely influenced by the different taxonomic

treatment of species at each site. However, the relatively large differences found here, and

their consistency in the named species dataset, suggest that such results reflect patterns that

can be found even if we standardize the taxonomy across the three sites. Competing

theories could explain the high species richness and diversity found in Manaus. First, the

greater age of CA relative to the younger areas of NWA may have provided a longer time

for species to arrive via dispersal. In contrast, the high species richness of Yasuni and

NWA in general, may in part reflect higher speciation rates triggered by the uplift of the

Andean mountains (Hoorn et al. 2010), which could partially balance the lower time and

opportunity to accumulate species.

Among-site patterns in the species–individuals and Fisher’s alpha–area curves were

dependent on both sampled area and size class. The species–individual curves assessed at

10,000 large individuals (DBH C10 cm) or more showed the Yasuni region as the most

diverse and Manaus the least. In contrast, if all individuals (DBH C1 cm) are considered,

the expected trend was basically reversed: Manaus and Amacayacu were more diverse than

Yasuni at sample sizes larger than 20,000 individuals. At samples of less than 1000

individuals, it was difficult to differentiate the curves for all individuals among plots

(Condit et al. 1996). For large individuals, at sample sizes of less than 1000 individuals,
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Yasuni appeared on top of the other two plots, thus confirming the high diversity of large

trees reported for the Andean foothills (Gentry 1988a; ter Steege et al. 2003).

For Fisher’s alpha–area curves, the most striking pattern was the one found in Yasuni,

where the accumulation trend in the Fisher’s alpha of all individuals and large individuals

took different directions at sample sizes larger than 1-ha. In Yasunı́, the Fisher’s alpha of

all individuals showed a clear trend to systematically decrease with areas above 1 ha,

whereas the value for large individuals continued to increase albeit at a progressively

slower rate. The lack of an asymptote in the Fisher’s alpha for all individuals in Yasunı́

does not support the logseries expectation of a linear species accumulation with sample

size (Hubbell 2001, 2013), which challenges the use of this function to extrapolate species

richness to larger geographical areas (e.g., Hubbell et al. 2008). In the other two sites,

Fisher’s alpha in samples of all individuals tended to level off around 1 ha or earlier,

suggesting that samples incorporating all individuals should be considered more appro-

priate to extrapolate species richness at larger areas than samples based on only large

individuals (DBH C10 cm). At sample sizes larger than or equal to 10 ha, diversity pat-

terns for different minimum individual sizes in Amacayacu and Manaus tended to con-

verge and asymptote, suggesting that 10 ha might be a minimum ideal sample size to

assess Fisher’s alpha in local surveys based only on larger trees, particularly in cases in

which the aim is to estimate species richness in large geographic regions (e.g., ter Steege

et al. 2013).

Species abundance distribution models of independent communities

The results of this study are inconsistent with the hypothesis that the logseries is the

‘‘universal’’ SAD model that best fits the relative abundance distributions of tree com-

munities in tropical forests (Hubbell 2001, 2013; Hubbell et al. 2008; ter Steege et al. 2013;

Slik et al. 2015). All three sites assessed here were better fit by the lognormal than the

logseries. Therefore, our results support the ‘‘veil effect’’ hypothesis (Preston 1948;

Connolly 2005) as the most likely explanation of the observed SADs of tree communities

in the Amazon basin. The ‘‘veil effect’’ hypothesis simply emphasizes that the underlying

shape of the SAD is lognormal because the rarest species have not been sampled yet

(Preston 1948). The lognormal distribution has many fewer rare species than the logseries,

which has practical implications for the development of effective conservation strategies.

For example, the recently estimated number of globally threatened Amazonian tree species

(ter Steege et al. 2015), may be reduced. Overall, our results propose that in more intensive

local samplings, such as those employed in this study, many rare species in 1-ha plots

could be common elsewhere.

Metacommunity patterns

In recent years, a number of studies have sought insights into metacommunity diversity and

abundance patterns by analyzing pooled datasets comprised of fully identified species

(named species) censused in multiple spatially separate sampling units (ter Steege et al.

2013; Connolly et al. 2014; Slik et al. 2015). We take the same approach here, pooling data

for our three large plots to investigate diversity and abundance patterns in the metacom-

munity, after first establishing that patterns observed within each site are qualitatively

similar whether we use named species or morphospecies (see also Pos et al. 2014). Our

analyses of metacommunity species–individual and Fishers alpha–area curves found that

samples of large individuals show different patterns than samples of all individuals. In
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general, large individuals are a highly nonrandom subset of all individuals, demonstrating

that the inclusion of all individuals will bring additional information in terms of diversity

and species composition. Finally, our metacommunity species abundance distributions

were better fit by the lognormal than by the logseries for both all individuals and just large

individuals. This has consequences for the quantification of species rarity and dominance

(Pitman et al. 1999, 2001), including estimates of the number of hyperdominant species

(sensu ter Steege et al. 2013). The inclusion of all individuals and larger local samples

should reduce the proportion of dominant species (Supplementary Fig. S5).

Conclusions and future directions

The use of plots larger than 1 ha that includes smaller sizes than the usually 10 cm DBH

employed will surely shed new insights on forest structure and diversity of Amazon forests.

The use of large permanent plots, although limited to describe structural patterns at the

landscape and regional scales, will surely help to unravel the main mechanisms that

maintain and regulate forests structural dynamics and the capability of these ecosystems to

respond to climate change. However, based on our findings in these three large plots in

Amazonia, we recommend that the minimum census area to adequately capture local tree

diversity in the Amazon is 2 ha for the C1 cm size class, or 10 ha for the C10 cm size

class. Below these areas, Fisher’s alpha continues to increase with increasing area. We

emphasize that censuses of all individuals C1 cm capture more species and additional

kinds of species relative to those of only individuals C10 cm, and that Fisher’s alpha

values tend to be lower when only larger individuals are sampled. The sampling efficiency

of large individuals tallied in 1-ha plots was approximately 40% relative to that observed

for all individuals in the same plot, and roughly 30% relative to all species included in a

25-ha plot (Supplementary Fig. S6). It is clear that we still have much to learn about

patterns of forest structure and tree species diversity in the Amazon. Enhanced sampling

intensity, including more large plots, C2 ha each sampled to smaller size classes, is needed

if we are to fill the still large voids in our knowledge of plant diversity in Amazon terra

firme forests and tropical ecosystems more generally (Feeley 2015).
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