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Global Correlations in Tropical Tree
Species Richness and Abundance

464

Reject Neutrality

Robert E. Ricklefs* and Susanne S. Renner?

Patterns of species richness and relative abundance at some scales cannot be distinguished from
predictions of null models, including zero-sum neutral models of population change and random
speciation-extinction models of evolutionary diversification. Both models predict that species
richness or population abundance produced by independent iterations of the same processes in
different regions should be uncorrelated. We find instead that the number of species and
individuals in families of trees in forest plots are strongly correlated across Southeast Asia,
Africa, and tropical America. These correlations imply that deterministic processes influenced by
evolutionarily conservative family-level traits constrain the number of confamilial tree species
and individuals that can be supported in regional species pools and local assemblages in humid

tropical forests.

iscussion of patterns in biodiversity and
D population size has been heightened

during the past two decades by insights
gained from the properties of random birth-death
processes. Applied to species diversification with-
in evolutionary clades, a particular random spe-
ciation and extinction process can produce a wide
range in species richness, with a preponderance
of small clades and a few large ones (/). Random
births and deaths of individuals (ecological drift)
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result in a similar distribution of the sizes of spe-
cies populations (2), mimicking the effect of ge-
netic drift on the frequency of neutral alleles
within populations. In random birth-death mod-
els, each replication of the process over time is
independent, and so the outcomes of separate
iterations are uncorrelated. Pitman et al. (3, 4)
used this logic to test for any correspondence in
the number of species and individuals in tree
families between terre firma tropical forests in
Peru and Ecuador, following the earlier insight
of Alwyn Gentry concerning what he called
“family-level niches” (5). Although the two sites
exhibited strong positive correlations, seemingly
rejecting random models of diversification and
population growth, shared history and ongoing
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migration might have substantially homogenized
these floras over the 1400 km separating the sites
across the upper Amazon basin (SOM text).

Although floras within continents may lack
independence, global comparisons between areas
separated by tens of millions of years of indepen-
dent evolutionary diversification allow valid tests
of neutral theory, which assumes that random
processes predominate in ecology and evolution
(5). In one such comparison, regional floras in
Ecuador, Madagascar, and Malaysia exhibited
strong correlations (correlation coefficient 7 = 0.65
to 0.81) between the number of genera per order
of flowering plants (Angiospermae) (6). Parallel
correlations between temperate regional floras in
eastern North America and eastern Asia were
equally compelling. This result implies taxon-
specific variation in either the propensity of these
clades to diversify or in the capacity of the envi-
ronment to support genera within each order.

The 25- to 52-ha plots established at sever-
al sites around the world and associated with
the Center for Tropical Forest Science (CTFS)
(www.ctfs.si.edu) now provide detailed informa-
tion on species richness and local relative abun-
dance of trees within family-level taxa (7). We
compared the number of species and individuals
in shared families between seven plots in three
regions (Fig. 1 and Table 1) to test the prediction
from neutral theory of random diversification and
population change that diversity and abundance
should be uncorrelated between independently
evolved floras (8).

The number of families currently recognized
by the Angiosperm Phylogeny Group (APG III)
(9, 10) and represented by tree-sized species
[>10-cm diameter at breast height (dbh)] on the
CTES forest plots varied from 47 (Korup, Cameroon)

Pasoh, l\/ﬂalaysia

Lambir, Ma'l?ﬂxs_'ra: ;

.

Fig. 1. Location of seven CTFS forest plots. The distribution of tropical rainforest is indicated in bright green within tropical latitudes. BCl, Barro Colorado Island.
Base map from http://eoimages.gsfc.nasa.gov/images/news/NasaNews/Releaselmages/LCC/Images/lcc_global_2048.jpg.
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to 76 (Lambir, Malaysia). The number of families
shared between plots varied from 29 to 59 (27 to
44 in between-region comparisons; i.e., South
America, Africa, Southeast Asia). Few genera are
shared between plots in different regions, con-
sistent with the independence of species diversi-
fication between regions (SOM text). For example,
the plots at Yasuni, Ecuador, and Pasoh, Malaysia,
share 44 of their 65 (68%) and 76 (58%) families,
respectively, but only 35 of their 296 (11.8%) and
259 (13.5%) genera.

Time-calibrated molecular phylogenetic recon-
structions available for some families emphasize
the distant connections between and the general
independence of the tree floras of the three flo-
ristic regions included in this study. For example,
species in the families Annonaceae, Lauraceae,
Meliaceae, and Myrtaceae occurring at Yasuni,
Ecuador, and Pasoh, Malaysia, have most recent
common ancestors no younger than the early
Oligocene, ~30 million years ago, and mostly
older (SOM text). Because the ancestors of the

Table 1. Attributes of the seven CTFS forest plots. Data are from www.ctfs.si.edu. Negative latitudes are
south of the equator; negative longitudes are west of the Greenwich Meridian. Lat, latitude; Long,
longitude; Fam, number of families; Spp, number of species; Inds, number of individuals.

. o Long  Elevation Plot size Inds
Location Lat (°) ©) m) (ha) Fam Spp (>10-cm dbh)
Yasuni, Ecuador —0.69 —76.40 215-245 50 65 846 17017
La Planada, Colombia 1.16 -77.99 1796-1891 25 50 179 14620
Barro Colorado Island, Panama  9.15 -79.85 120-160 50 53 251 21051
Korup, Cameroon 5.07 8.85 700-850 40* 47 281 24188
Pasoh, Malaysia 2.98 102.31 70-90 50 73 700 27955
Lambir, Malaysia 419 114.02 104244 52 76 1009 31465
Huai Kha Khaeng, Thailand 15.63 99.22 549-638 50 55 247 21524
*Four 10-ha plots.
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Fig. 2. Relation between the number of species per family and the number of individuals per family in
Pasoh, Malaysia, and Yasuni, Ecuador. Correlation coefficients are Spearman (rank) values.

Fig. 3. Correlations of the
number of species and the
number of individuals per
family between forest plots.
Regions are color-coded: South-
east Asia (blue), Neotropics
(red), and Africa (yellow). The
average number of shared
families is as follows (num-
ber of comparisons shown
in parentheses): within Asia,
50.7 (3); within the Neotrop-
ics, 40.0 (3); between Asia
and the Neotropics, 37.6 (9);
between Africa and Asia, 36.0
(3); and between Africa and

1.0
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the Neotropics, 33.7 (3). Levels of statistical significance are based on the minimum sample of n = 34
shared families and are, therefore, conservative for most of the comparisons.
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species in Malaysia and Ecuador mostly coalesce
within each of the regions, with connections with-
in families between the regions being older, the
predicted correlation in the species richness of
families between the regions under neutral theory
is essentially zero.

Spearman rank correlation coefficients (rs)
between the number of species per family re-
corded in the seven ~50-ha plots are all sig-
nificant, and many of them are quite high (rg >
0.60, P < 0.0001) (Figs. 2 and 3 and table S1).
Correlations between sites in the Neotropics and
Southeast Asia (all but one rg > 0.60) even ap-
proach those within floristic regions, where dis-
persal tends to homogenize local floras, and many
more genera are shared between sites [for in-
stance, 177 genera out of 259 (68%) and 261
(68%), respectively, and many species, between
Pasoh and Lambir, Malaysia]. With respect to the
numbers of individuals per family, the correla-
tions within Southeast Asia and within the Neo-
tropics are significant (75, P < 0.01); the correlations
between Southeast Asia and the Neotropics also
are significant (75, P < 0.05); and the correlations
between these two regions and the African site
are weaker, although most are significant. All are
positive; none remotely approach zero.

Correlations of number of species per taxon
also are strong above the family level within
angiosperm orders, but not below the family level
within genera. For example, between Yasuni,
Ecuador, and Pasoh, Malaysia, the numbers of
species are highly correlated among the 19 shared
orders (s = 0.86), but not among the 35 shared
genera (rs = 0.037). In general, the number of
species per genus is correlated within regions (six
comparisons, all rg > 0.39, n > 44 genera, P <
0.001), but not between regions (15 comparisons,
all 75 <0.31, n <35 genera, P > 0.05), which is
suggestive of the homogenizing effect of shared
ancestry and dispersal within regions and further
emphasizes the independence of floras between
regions.

Representation of families within regions
over time appears to be conservative, also con-
tradicting the predictions of neutral theory (/7).
The most abundant families identified from the
Paleocene Cerrejon megafossil flora of northern
Colombia (/2) are among the most abundant
families in present-day Neotropical rainforests, a
point also emphasized by Wing et al. (12). For
example, 25 of 33 Cerrejon macrofossils assign-
able to modern families are referable to the 15
most species-rich of 76 families in the contem-
porary Yasuni flora (likelihood ratio G = 30.7,
P <10 °); the numbers of species per family in
the Paleocene and modern floras, separated by
~58 million years, are significantly correlated
(rs = 0.45, P <0.0001) (Fig. 4).

Our analyses show that the number of spe-
cies, as well as the total number of individuals,
per family of trees in tropical forests is con-
served across floristic regions widely separated
in space and time on the globe and across tens of
millions of years within the same region. This
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conservation of species richness within mono-
phyletic (APG III) families, in spite of indepen-
dent evolutionary diversification between floristic
regions and complete turnover of species seve-
ral times within regions (/3), firmly rejects the
hypotheses that individuals are replaced at ran-
dom within forests irrespective of species iden-
tity (zero-sum ecological drift) (2) and that species
formation and extinction occur randomly among
extant lineages (14, 15). This result supports other
evidence for deterministic community assembly
on the basis of convergent forest succession (/6)
and the consistent relationship of species richness
to physical conditions of the environment (/7).
Although nature is stochastic and unpredictable
at some scales of time and space, deterministic
regional processes responsible for patterns of
tree species diversity, abundance, and distribution
override the relatively weak influence of random-
ness in large systems.

Because the number of species per genus is
not significantly correlated between regions, we
cannot reject zero-sum random drift (that is, neu-
trality) within families. However, neutral theory
implies that time (in generations) to complete
species turnover within a family is on the order
of the number of confamilial individuals in the
metacommunity (/8). Significant correlations in
the number of species per genus within regions
suggest homogenization of these floras by dis-
persal, resulting in extremely large metacom-
munities within individual families (averaging
perhaps 10% individuals per family in Neotropical
forests) (/9) that are simply too large to match the
observed turnover of species during the Tertiary.
Thus, deterministic processes would appear to
be responsible for patterns of abundance within
families, as well as among families.

Conservation of species richness within fam-
ilies suggests diversity-dependent controls on
either the rate of diversification of species or the
number of species supported within a region at a
speciation-extinction equilibrium. At high taxo-
nomic levels (e.g., families of flowering plants),
the frequently noted absence of a relation be-
tween clade age and number of species suggests

that observed species richness is constrained at
clade-specific speciation-extinction equilibria
(6, 20), although variation in family-specific rates
during the initial phase of diversification are not
precluded by the data. But eventually, each fam-
ily tends to reach a characteristic number of spe-
cies within a region or locally within a plot.

The relative success of families indicated by
their high or low numbers of species does not,
however, carry over to the abundance of individ-
ual species. Although the total numbers of individ-
uals per family are correlated across independent
floristic regions, the average number of individ-
uals per species varies little among families and is
uncorrelated across regions; for example, be-
tween the Pasoh and Yasuni plots, s =—0.03 (n =
44, P> 0.05). That is, particular families do not
tend to produce species with individually high or
low densities across regions, and average local
abundance of species within plots is unrelated to
the number of species per family (6, 27). The
total number of individuals within families sim-
ply varies in parallel with the number of species
per family (e.g., Pasoh rg = 0.81; Yasuni rg =
0.88) (table S1). Moreover, because most of the
variance in abundance reflects differences be-
tween closely related (that is, congeneric) species
(6, 22), population size does not exhibit long-
term evolutionary conservatism, unlike the situ-
ation for larger taxa identified here (5, 23). The
picture is one of variable species populations
within a comparatively stable larger taxon. The
processes underlying these patterns are, as yet,
poorly understood.

The abundance of species in tropical forests
may be partly determined by self-limitation that
is mediated by pathogens and dependent on den-
sity, the so-called Janzen-Connell effect (24, 25). In
the 50-ha plot on Barro Colorado Island, Panama,
the abundance of species is inversely related to
the strength of inhibition of neighboring seed-
lings and adults of the same species (26, 27). Adults
or seedlings of other species had negligible effects
on seedling survival. This result strongly suggests
that self-limitation is mediated through species-
specific pathogens. Species-specificity would also

Fig. 4. Correlation of family-
level diversity over time. Relation
between the number of mor-
phospecies in the Paleocene
Cerrejon Flora assignable to
contemporary families and the
number of species per family in
the Yasuni forest plot (rs = 0.45,
P < 0.0001) is shown. The Cerrején
data are from table 510 in Wing
et al. (12), who reported corre-
lations averaging rs = 0.30 in
species per family between the
Cerrejon Flora and 72 0.1-ha

in Paleocene Cerrejon flora
S

Number of macrofossil morphospecies

Neotropical forest plots. Num-
bers under the black circles in-
dicate the number of families
represented by the individual symbols.
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explain why the average abundance of species
is independent of the number of closely related
species; that is, species in the same family.

When pathogens are shared among confami-
lial species, new species might be limited by
existing related species and effectively excluded
from a local assemblage or a regional species
pool (28). Thus, under the Janzen-Connell mod-
el, the species richness of families could depend
on the degree of host specialization of their path-
ogens (23). Facilitation resulting from sharing
pollinators or other mutualistic species might also
promote the coexistence of more species within a
family. In this case, species richness itself could
generate ecological opportunities for new species
within a larger taxon (29). For example, species
of legumes (Fabaceae) might acquire Rhizobium
symbionts more readily in the presence of related
species. Figs and their pollinating wasps are ex-
tremely diverse in tropical forests throughout the
world, involving an estimated 750 interdepen-
dent species pairs, and provide another example
of how the presence of congeners might facilitate
further speciation (30).

A noteworthy implication of global and long-
term correlations in species richness among fam-
ilies of tropical forest trees is the existence of
clade-specific properties that constrain the num-
ber of species-level taxa in spite of their continual
turnover through time; within this constraint, the
distribution and abundance of individual species
are, by comparison, highly dynamic. We have
not identified specific causes of the turnover of
species or the stability of larger taxa, although we
believe that biological interactions, particularly
with pathogens and mutualists, may hold the key
(21, 31). Clearly, regional and local patterns of
species richness are shaped by evolutionarily con-
servative traits of higher taxa (32, 33); in compar-
ison, the distribution and abundance of individual
species are highly dynamic within this constraint.
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Heavy Livestock Grazing Promotes
Locust Outbreaks by Lowering Plant

Nitrogen Content

Arianne ]. Cease,’* James J. Elser,’* Colleen F. Ford,* Shuguang Hao,?

Le Kang,?* Jon F. Harrison™*

Current paradigms generally assume that increased plant nitrogen (N) should enhance herbivore
performance by relieving protein limitation, increasing herbivorous insect populations. We show,
in contrast to this scenario, that host plant N enrichment and high-protein artificial diets decreased
the size and viability of Oedaleus asiaticus, a dominant locust of north Asian grasslands. This locust
preferred plants with low N content and artificial diets with low protein and high carbohydrate
content. Plant N content was lowest and locust abundance highest in heavily livestock-grazed
fields where soils were N-depleted, likely due to enhanced erosion. These results suggest that
heavy livestock grazing and consequent steppe degradation in the Eurasian grassland promote
outbreaks of this locust by reducing plant protein content.

linked to the performance and dynamics of

herbivorous insects (/). Most nitrogen in
plants is in the form of protein, and current par-
adigms generally assume that increased plant N
content will enhance herbivore performance by
relieving any constraints on growth and repro-
duction due to limitations of available protein (2).
Because plants in many terrestrial ecosystems
are N-limited (3), it is often assumed that primary
consumers would be as well (2). However, studies
performed on the basis of the geometric frame-
work (4) have shown that many animals have
specific dietary intake targets for protein, carbo-
hydrates, and other nutrients. Interestingly, such
studies have found that excess protein decreased
life span in fruit flies (5) and that herbivores and
omnivores (including humans) will overeat car-
bohydrates but are unlikely to overeat protein
(6). Thus, animals may sometimes be impaired by

Plant nitrogen (N) content has long been

1School of Life Sciences, Arizona State University, Tempe, AZ
85287, USA. “State Key Laboratory of Integrated Pest Man-
agement, Institute of Zoology, Chinese Academy of Sciences,
Beijing, China.
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ingesting excess protein (7). Indeed, the Aus-
tralian plague locust, Chortoicetes terminifera
(Acrididae: Oedipodinae), grew slowly on one
host plant because it obtained excess protein rel-
ative to carbohydrate (8). Given that humans have
substantially altered ecosystem N cycling through
fossil fuel combustion, agricultural fertilizer ap-
plication (9), and domesticated animal produc-
tion (/0), they may also affect insect dynamics in
unexpected ways by altering plant nitrogen sup-
plies. Understanding these anthropogenic impacts
is critical to developing sustainable land manage-
ment practices that minimize economically dam-
aging insect outbreaks.

Oedaleus asiaticus (Acrididae: Oedipodinae)
is a nonmodel [e.g., (/])], economically damag-
ing locust of the north Asian steppe (12, 13), part
of the largest grasslands in the world (Fig. 1A).
We examined the effects of increases in the N
content of host plants due to fertilization inputs
of 175 kg N ha ' year ' on growth and viabil-
ity of this locust in both laboratory and field cage
experiments (/4). This level of N addition is
similar to the fertilization rates of most crops
(15). We then used artificial diets varying in their
protein:carbohydrate ratio to assess effects on
dietary preference and growth rates.

In contrast to the existing paradigm of lim-
itation of insects by low content of plant protein,
our results show that N fertilization and high-
protein artificial diets can have consistent nega-
tive effects on the performance of the locust.
Survival decreased strongly with N fertilization
in the field (Fig. 1B). The decreased survival of
O. asiaticus in N-fertilized field plots could have
been due to many possible consequences of fer-
tilization, such as changes in plant structure or
chemical content, species composition, predators,
or microclimate. However, results from lab ex-
periments that controlled for these factors indi-
cated that growth rate, size, and development rate
were all reduced when locusts were fed N-fertilized
plants (Fig. 1C), indicating that the field surviv-
al results were due to effects associated with
plant N status. Furthermore, when offered com-
plementary artificial diets [e.g., (/6)], locusts
selectively consumed a protein:carbohydrate ra-
tio of 0.5, which most correlated with maximal
survival (Fig. 1, D and E). Performance (growth
rate x survival) was significantly reduced when
locusts were confined to artificial diets with a
protein:carbohydrate ratio above 1:1 (Fig. 1E),
consistent with the hypothesis that the mecha-
nism by which N fertilization reduces survival
of this locust in the field is elevation of plant
protein content.

In addition, plant N content was closely as-
sociated with the relative amounts of different
food plants consumed when locusts were offered
a palette of the six most common local plants col-
lected from unfertilized plots (five grasses and
one sedge) (Fig. 2A). Indeed, contrary to expecta-
tions from protein-limitation paradigms, Stipa
grandis, the grass with the lowest N content, was
the most highly consumed over 36 hours [a period
long enough for locusts to take multiple meals and
regulate nutrient intake on the basis of internal
conditions (/7)]. Direct behavioral observations
confirm that low-N S. grandis was the most high-
ly consumed plant under field conditions (/8).

We compared food selection over 8 hours be-
tween N-fertilized and unfertilized S. grandis,
using dried, ground leaves to control for tough-
ness and water content (8, 79). Locusts strongly
favored unfertilized S. grandis leaves over S. grandis
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