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ABSTRACT

We assessed a general hypothesis of tropical tree diversity that predicts that species richness will be positively correlated with stand dynamism. Our analysis was based
one of the largest and longest-running datasets on Amazonian trees (> 10 cm diameter at breast height), with data collected over a 23-yr period within 66 1 ha plots
spanning a large (1000 km?) landscape. Within these plots, maximum tree-species richness (329 species/ha) and Fisher’s o values (227.5) were among the highest ever
recorded. Contrary to the diversity-dynamism concept, tree species richness in our landscape was significantly and negatively associated with stand dynamism (mea-
sured as the mean rate of annual tree turnover). Because of this unexpected finding, we critically re-evaluated the relationship between stand dynamism and tree
diversity across the Amazon basin and the tropics as a whole. With the inclusion of additional data we found that the relationship between stand dynamism and tree

diversity becomes non-significant at larger spatial scales.

Abstract in Portuguese is available at http://www.blackwell-synergy.com/loi/btp
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TROPICAL RAIN FORESTS SUSTAIN THE RICHEST TREE COMMUNITIES ON
EARTH, with up to 329 species (>10 cm diameter at breast height
[dbh]) recorded per hectare (this paper). Explanations for this strik-
ing diversity have focused on two differing perspectives: evolution-
ary processes that might facilitate the speciation and persistence of
so many species (Terborgh 1973, Ricklefs ez l. 1999), and con-
temporary environmental factors that help to maintain current di-
versity in rain forests (Phillips & Gentry 1994, Pitman et 2. 2002,
Leigh 2008).

In Amazonia, the largest and possibly most species-rich forest
in the world, several broad-scale analyses have evaluated environ-
mental and ecological correlates of tree diversity. For example, spe-
cies richness has been found to peak in areas with: (1) high rainfall
and short dry-season length (Gentry 1988, ter Steege ez al. 2003);
(2) high tree-turnover rates (Phillips er al. 1994, ter Steege ez al.
2006); (3) high stem density (Denslow 1995, ter Steege er al.
2003); and (4) higher soil fertility (Gentry 1988, Duivenvoorden
1996). Given the vastness of the Amazon, however, these analyses
have been based on surprisingly limited data. Even the largest da-
taset, such as that of ter Steege ez al. (2003), assessed tree richness
across the cz 500 million ha of Amazonian forest with just 275
plots, of which most (246) were < 1ha in area.

Here we evaluate a prominent idea about Amazonian tree
richness, that diversity is positively associated with stand dynamism
(Phillips e al. 1994). We focus on a single, intensively studied
landscape in central Amazonia, using high-quality tree-community
data from 66 1-ha plots collected over a 23-yr period. A key advan-
tage of our study is that, compared with basin-scale studies compli-

Received 17 April 2009; revision accepted 13 October 2009.

4Corresponding author; e-mail: susan.laurance@jcu.edu.au

© 2010 The Author(s)

cated by an array of varying historical and environmental factors,
our landscape is relatively homogeneous in its soils, rainfall, distur-
bance history, and floristic composition.

Our study has three components. First, we examine the rela-
tionship between tree turnover rates and tree diversity, and unex-
pectedly find it to be negative, rather than positive, in slope.
Second, we test three potential explanations for our findings.
Finally, we include a random subset of our data with previously
published datasets, to critically evaluate the relationship between
stand dynamism and tree diversity across the Amazon basin and the
tropics as a whole.

METHODS

Stupy siTE.—This study was undertaken as part of the Biological
Dynamics of Forest Fragments Project (BDFFP), a long-term ex-
perimental study of habitat fragmentation that encompasses a
ca 1000-km? landscape, 80 km north of Manaus, Brazil (2°20" S,
60°00 W). The study area supports non-flooded, lowland tropical
rain forest, which averages 28-35m in height with emergents
reaching 55 m. The understory is relatively open and dominated
by stemless palms. Soils are classified as xanthic ferralsols, which are
highly acidic and generally low in nutrients (Chauvel ez a/. 1987).
Annual rainfall averages c2 2600 mm/yr, with a distinct dry season
from July to September.

There is no evidence of major recent disturbances within the
intact forests of the BDFFP. Radiocarbon dating of soil charcoal
revealed widespread fires from 1300 to 1100yrBP. More-recent
charcoal (550 £ 220yrBp), however, was found at only 1 of 15
sites, suggesting this was a localized disturbance (Piperno & Becker
1997). An examination of phytoliths found no evidence of domes-
ticated plant species, suggesting the site has no history (over the last
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five millennia) of agriculture. However, a community change evi-
dently occurred at 4590 £ 60 yr B, during which plant species (e.g.,
Chrysobalanaceae) associated with wetter or inundated sites became
less abundant (Piperno & Becker 1997). Past disturbances such as
blowdowns (Nelson 1994) are possible, but these tend to be patchy
and localized in nature. We have also observed no trends in floristic
composition or vegetation structure to suggest that our sites are re-
covering from any major disturbance (Laurance ez a/. 2005).

Before experimental fragmentation of some forests at the
BDFFP, tree communities were studied in 66 1-ha plots scattered
across the study area (Laurance et a/. 1998a,b). Within each plot,
all trees (>10cmdbh) were mapped, measured, and uniquely
tagged, with voucher material for nearly all individuals and housed
at the BDFFP herbarium. Distances among plots in the study area
are 0.1-32.5 km (Bolhman ez 2/. 2008).

PLANT-IDENTIFICATION METHODS.—Among our 66 plots, an average
of 97.7 percent (range: 95.1-99.7%) of stems were identified to
species (or genus and morphospecies) level from the initial census.
In total, 1255 species or morphospecies were recorded among
40,352 stems. We used three strategies to minimize the risk of cre-
ating unsubstantiated species or morphospecies. First, rather than
identifying species on a plot-by-plot basis, we pooled vouchers from
all plots into families, and then morphotyped and identified pre-
sumptive species within each family. This allowed us to observe the
range of morphological variability within species, and thereby limit
erroneously subdividing single species into two or more different
morphospecies. Second, the long-term nature of our study allowed
us to recollect numerous singletons and rare morphotypes, and to
collect fertile material whenever possible, and thereby confirm the
status of many species. Finally, the BDFFP herbarium and taxo-
nomic keys were established with the assistance of many world-
leading plant taxonomists (Pennington 1990, Nee 1995), and this
has also increased confidence in our identifications.

Data aNALYSIs.—We used simple and multiple linear regressions to
test the effects of turnover rate and stem density on tree species rich-
ness. Species richness data did not deviate significantly from nor-
mality (P > 0.05; Wilk—Shapiro test) and so were not transformed.
Data from the initial census of 66 plots were used to test the rela-
tionship between stem density and tree richness. To test effects of
turnover on tree diversity, a subset of 27 forest-interior plots were
used, because the remaining plots were part of a large-scale experi-
ment on forest fragmentation and were substantially altered by edge
and matrix effects (Laurance et 2/. 1998a, b, 2006).

We estimated stand dynamics by calculating tree turnover
rates, using data from five consecutive censuses during 1981-2003
(Laurance et al. 2009). For each census, turnover was the average of
annualized tree mortality and recruitment rates; where mortal-
ity = (log[IV1] — log[V2])/(time2 — timel), N1 is the number of
individuals alive in the first census, V2 is the number of live indi-
viduals (excluding new recruits) in the following census, and time2
and timel are the respective census dates (in year); and where
recruitment = (log[V2] — log[V1])/(time2 — timel), N2 is the
number of live individuals (including new recruits) in the second

census, and the other parameters are as defined above. Mortality
and recruitment rates were calculated with the statistical package R
2.21 (htep://www.R-project.org), using modified functions from
the Center for Tropical Forest Studies (http://ctfs.si.edu) and
(Condit ez al. 2006). Census intervals were 3.5-7.9 yr, and to min-
imize bias associated with varying interval length we used a correc-
tion factor when calculating mortality and recruitment:
Jcore = A %%, where A is the rate and 7 is the census interval in years
(Lewis et al. 2004). When testing effects of turnover on tree diver-
sity, we used mean values (averaged across the five censuses, and
weighted by census-interval length) for each plot.

For each plot, temporal variability in turnover rates was exam-
ined by testing the relationship between mean turnover and the co-
efficient of variation (CV) of turnover among the four census
intervals. We also assessed the effect of turnover on the number and
species richness of ‘pioneer’ trees in our plots, averaged across cen-
suses, using data on 52 species in the key early-successional genera
(Annona, Bellucia, Cecropia, Croton, Goupia, Jacaranda, Miconia,
Pourouma, Vismia) in our study area (Laurance ¢t al. 20006).

Finally, in addition to our central-Amazonian landscape, we
extended our analysis of turnover effects on tree species richness to
include data from other Amazonian and tropical sites, using data in
Phillips ez al. (1994); we eliminated one anomalous, low-diversity
Amazonian plot dataset that occurred in a waterlogged swamp; all
the remaining plots were in zerra firme forest. For all plots, we cal-
culated tree species richness using a standard sample of 500 ran-
domly selected stems, and we also corrected all turnover estimates
to account for varying census-interval lengths (Lewis et al. 2004).
We incorporated 10 of our plots into this analysis, selected by strat-
ified random sampling (by dividing our study area into 10 blocks
and then randomly selecting one plot from each block).

RESULTS

DIVERSITY AND TURNOVER.—Stem density across all 66 plots aver-
aged 611 £ 54 (mean & SD) stems/ha (range: 521-750 stems/ha),
whereas mean species richness was 263 £ 19 species/ha (range:
226-329). The plot with 329 species is, to our knowledge, the
highest tree diversity recorded anywhere (for stems > 10 cm dbh).
Fisher’s o values, which are little influenced by sample size, averaged
177 £25 (range: 114-228) for the 66 plots. Stem density was a
positive predictor of tree-species richness (Fy,4=7.17, R =10.1%,
P=0.009; linear regression), although there was considerable scat-
ter around the fitted regression line, especially for plots with higher
stem numbers (Fig. 1).

Among the 27 forest-interior plots, tree turnover rates aver-
aged 1.27 £ 0.30 percent/yr (range: 0.71-1.81%/yr). For each plot,
the mean turnover rate was a strong predictor of mean species rich-
ness (F1,25=9.10, R*=26.7%, P=0.006; linear regression). How-
ever, the slope of the relationship was unexpectedly negative, rather
than positive (Fig. 2).

ALTERNATIVE HYPOTHESES.—Because the negative relationship be-

tween turnover and species richness (Fig. 2) was opposite to that
observed elsewhere (Phillips ez al. 1994, ter Steege ez al. 2006), we
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FIGURE 1. Relationship between stem density and species richness across 66

1-ha plots in central Amazonian rain forest.

evaluated three possible explanations for the pattern. First, might
plots with high turnover have lower species richness simply because
they have fewer stems? Turnover had no significant effect on mean
stem density per plot (Fy, ,5=0.76, B> =2.9%, P=0.39; linear re-
gression). Moreover, stem density was not significant (P=0.37)
when included along with turnover as a potential predictor of spe-
cies richness in a multiple-regression model, nor was it significantly
correlated with richness when effects of variation in turnover were
removed with a partial correlation analysis (r=—0.183, df=24,

320 T T T T T T
Fy 55 =9.10, R? = 26.7%, P = 0.006

300 | L -

280 -

260

Mean species richness (spp./ha)

240 - ® .
®

220 1 1 1 1 1 1
0.6 0.8 1 1.2 1.4 1.6 1.8 2

Mean turnover rate (% stems/yr)

FIGURE2. Relationship between stand dynamism (mean tree-turnover rate
from five censuses from 1979 to 2003, adjusted for census-interval length) and

mean tree-species richness for 27 forest-interior plots in central Amazonia.
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P=0.36). The reverse, however, was not true: when effects of vari-
ation in stem number were removed with a partial correlation,
turnover remained a strong and negative correlate of tree species
richness (r=—0.537, df =24, P=0.004). Thus, the negative rela-
tionship between turnover and species richness did not occur be-
cause plots with high turnover had fewer stems.

Second, high turnover might depress species richness if occa-
sional, intense tree-mortality events (such as those from windstorms
of local floods) drive local species losses. If this were occurring, we
reasoned, then plots with high average turnover should exhibit el-
evated variability in turnover among different census intervals as a
consequence of major pulses of mortality and recruitment. Turn-
over, however, did not appear to be temporally more variable in
plots with high turnover rates: among the 27 plots, there was no
significant relationship between mean turnover and the CV of
turnover rates (£}, 5=0.58, R%=2.2%, P=0.45; linear regression).

Finally, high turnover might depress species richness if it: (1)
leads to an increase in pioneer trees at the expense of non-pioneers;
and (2) pioneers are species poor, relative to the non-pioneer trees
they replace. Plots with higher turnover did have more pioneer
stems  (F) 25=6.70, R*=21.1%, P=0.016) and species
(F1,25=3.18, R*=11.3%, P=0.087), and clearly had fewer non-
pioneer species (£ 25=10.8, R*=30.1%, P=0.003); however,
there was no clear tradeoff in the abundances of pioneer vs. non-
pioneer stems (F} »5=1.27, R%=4.8%, P=0.27; linear regressions),
suggesting that pioneers (which comprised just 0.2-8.3% of all
stems per plot) did not depress the abundance of non-pioneers.
Furthermore, across all 27 plots, pioneers had a significantly
(P < 0.0001; Mann—Whitney U test) higher species-richness-to-
stem ratio (0.65 £ 0.18) than did non-pioneers (0.43 £ 0.4), indi-
cating that, at least at the low abundances at which they occurred in
our plots, pioneers were not species poor relative to non-pioneers.
Hence, modest increases in pioneers with increasing turnover did
not explain the negative turnover—tree diversity relationship, and, if
anything, would have tended to counteract this relationship

slightly.

TURNOVER AND DIVERSITY AT LARGER SPATIAL SCALES.—We reexam-
ined the relationships between tree turnover and species richness
across Amazonia (Fig. 3A) and the tropics as a whole (Fig. 3B), by
adding a stratified-random sample of 10 of our plots to the original
analysis of Phillips ez al. (1994). Using these augmented datasets,
we found no significant relationship between tree turnover and
species richness for either Amazonia (F) 19=1.96, R*=9.3%,
P=0.18) or the tropics as a whole (£} 3,=0.01, R =0.0%,
P=0.92; linear regressions).

DISCUSSION

PATTERNS IN CENTRAL AMAZONIA.—Despite its nutrient-impover-
ished soils, central Amazonia sustains some of the most species-rich
tree communities on earth. An earlier analysis of three 1 ha plots in
our study area revealed an average of 285 tree species/ha (=10 cm
dbh; Oliveira & Mori 1999). With a larger sample size (66 1 ha
plots) spanning a considerably larger area (Bolhman ez /. 2008), we
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detected slightly lower species richness on average (263 species/ha),
but found that richness varied considerably among plots (226-329
species’ha). To pack so many species into a 1 ha plot, rarity be-
comes the norm, with singletons constituting 56 percent of the
species on average in each plot. Thus, in our study area, tree com-
munities are exceptionally diverse but somewhat variable in species
richness and dominated by locally rare species.

In general, tree turnover in terra firme forests of central Am-
azonia is quite low (averaging just 1.27%/yr) compared with sites
elsewhere in the tropics (e.g., > 2% in western Amazonia and
Central America; Phillips er al. 1994, 2004; Condit er al. 1999,
Laurance er al. 2009). This seems largely attributable to low soil
fertility and relatively infrequent disturbances from wind and other
factors, which promote slow growth, reduced competition, and
generally high longevity of tree species in our study area (Laurance
et al. 2004). Primary forests in central Amazonia sustain many old
trees, with maximum longevities for some species exceeding a mil-
lennium (Chambers ez 2/. 1998, Laurance et /. 2004, Vieira et al.

2005). Under such apparently stable conditions, canopy gaps are
quite rare and most species are shade-tolerant and adapted for low
rates of forest disturbance.

During our 23-yr study, turnover rates explained a relatively
high proportion (27%) of the variability in tree species richness but
unexpectedly had a negative, rather than positive, slope (Fig. 2). We
found no support for three plausible explanations for this pattern.
First, there was no evidence that plots with higher turnover had
fewer species simply because they had fewer tree stems. In fact,
turnover did not influence stem number significantly, although
plots with more stems did tend to support more tree species
(Fig. 1).

Second, we found no compelling evidence that tree diversity
was being reduced by major, short-term pulses of tree mortality. In
Amazonian forests, small-scale flooding (Mori & Becker 1991) and
downbursts from convectional thunderstorms (Nelson ez 2/. 1994)
can cause heavy but highly localized tree mortality, and such events
could lead to elevated tree turnover and, potentially, a loss of local
tree diversity. Intense mortality events, however, would lead to
strong spikes in tree mortality and recruitment, as observed in some
fragmented forests in our study area (Laurance er a/. 1998a,b).
Such spikes would cause plots with high mean turnover to exhibit
high temporal variability in turnover among different censuses of
the plot (Laurance er al. 2009). The fact that we observed no such
pattern (the mean and CV of turnover in each plot were not signif-
icantly correlated) militates against such an interpretation.

Finally, elevated turnover could potentially affect tree diversity
by shifting community composition toward successional and can-
opy species that require treefall gaps for germination and/or growth
into larger size-classes, and against shade-tolerant subcanopy species
that decline as forest disturbance increases (Laurance et /. 2006). In
communities in which old growth species are competitively dom-
inant, some level of disturbance could help to promote local diver-
sity, by allowing pioneers to persist (Connell 1978). However,
species richness would likely decline with rising turnover if succes-
sional trees are species poor and tend to replace more-diverse as-
semblages of old growth species (Pitman er 2/. 2002). We found
licele support for this latter proposition under the relatively low
rates of turnover observed in our study area. Under these circum-
stances pioneer trees were generally rare (just 2.5% of all stems on
average) and a small increase in pioneers tended, if anything, to in-
crease local tree diversity slightly.

PATTERNS ACROSS AMAZONIA AND THE TROPICS.— Whatever the rea-
son for the negative relationship between tree turnover and diversity
(Fig. 2), it clearly contrasts with some eatlier tropical studies, where
the highest-diversity forests were detected at sites with high net
productivity and turnover (Phillips ez a/. 1994, Givnish 1999, ter
Steege & Hammond 2001). Moreover, when we added data from a
random subset of our plots to those evaluated by Phillips et al.
(1994), we found no significant relationship between tree turnover
and species richness for either Amazonian forests (Fig. 3A) or trop-
ical forests globally (Fig. 3B).

Our findings suggest it is premature to conclude that increas-
ing turnover generally enhances tropical forest diversity. When



making broad comparisons across different studies and locales, the
relationship between turnover and tree diversity could be compli-
cated by factors such as limited or inadequate sampling, varying
spatial scales of analysis, varying census-interval lengths, and differ-
ing measures of disturbance used by different investigators (Phillips
et al. 1994, Mackay & Currie 2001, Lewis ez al. 2004). At large
spatial scales, confounding factors such as environmental heteroge-
neity and varying sizes of the local or regional species pool might
also complicate the relationship between turnover and species rich-
ness. Furthermore, studies that assess the effects of turnover on tree
diversity do so based on forest-dynamics data collected over just a
few decades. Given that some trees live for many centuries, one
must implicitly assume that conditions observed during the course
of the study reasonably mirror long-term trends at each site. If this
assumption is violated, then the relationship between tree diversity
and turnover could be altered.

These various complications seem to underlie in part the
widely varying effects of disturbance on species diversity seen in
different studies (Mackay & Currie 2001, Shea ez a/. 2004), and
might explain why the negative turnover—diversity relationship ap-
parent in our central-Amazonian landscape (Fig. 2) became non-
significant at Amazon-wide and pantropical scales (Fig. 3). In our
study, which encompassed a single, relatively homogeneous study
area, one can at least assume that major climatic events, such as past
droughts, would have affected trees in all plots quite similarly, and
that other potentially confounding factors, such as the size of the
regional tree-species pool, were minimal.

In our view, a combination of factors, such as the vast Am-
azonian species pool that enhances local diversity (Terborgh
1973, Ricklefs 2004), possible mid-domain effects (Colwell &
Lees 2000), and a mixing of different regional floras (Oliveira &
Daly 1999), collectively underlay the very high local diversity of
central Amazonian forests. Across our landscape, some of the
among-plot variability in tree diversity we encountered can be ex-
plained by local soil and topographic features, with higher diver-
sity occurring on more-fertile, better-drained soils (Laurance ez a/.
in press). At this spatial scale we found no support for the idea
that increasing turnover enhances local tree diversity, and some
evidence to the contrary (Fig. 2). We believe that further com-
parative studies are needed—especially those that factor out
potentially confounding environmental and historical factors—
before we can infer a general relationship between forest dyn-
amism and tropical tree diversity.
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