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of 50,734 herbivores comprising 935 species in a tropical lowland
forest in New Guinea.

An analysis of herbivore speci®city compared the degree of faunal
overlap between communities feeding on closely and distantly
related plants (Fig. 1). Any two host species from within the genera
Ficus and Psychotria shared~50% of their herbivorous species
(Fig. 2, Table 1). This overlap between herbivore communities
decreased gradually with increasing phylogenetic distance between
hosts. The same was true for each of the three major herbivorous
groups, including moths and butteries (Lepidoptera), beetles
(Coleoptera) and grasshoppers and stick insects (orthopteroids).
Of 210Ficus andPsychotria herbivores with known host range, only
one species dloenobius (Chrysomelidae) feeding dficus nodosa
was monophagous. Large overlap among neotropical herbivore

communities on congeneric hosts was found alscPassiflora® ) . .
9 Figure 3 Dependence of effective specializatortiie number of host tree sp

(but see ref. 10). : N ! )
We postulate that monophagous herbivores are rare in tropic%wd'ed' Samples from individual tree species, each from a different gen

forests because large genera tend to dominate tropical oras Ona@r“algamated in randomized sequence; the mean from 100 random sequ|
spatial scales, and our data demonstrate that monophagy is scarc(e(:ln re shown ratel

such genera. For example, Rubiaceae, the world's largest familycgfsses) are shown separately.

predominantly tropical woody plants, includes 15 genera with at

least 100 species, representing 42% of 10,200 species in thél'far@}ﬁleoptera (" —0.45,P < 0.05) and Lepidopterar( —0.39
_These genera also represent 50% of Rub|ace_ae in Costa ¥dea P < 0.05); no correlation existed in the orthopteroid® ¢ 0.5).
in New Guine&® and 36+58% in four neotropical forest commu- hese ®ndi tradict the hvbothesis that t cally isol
nities'* Furthermore, large genera feature prominently in mos-g esefwnadings contradictine nypothesis that laxonomically 1So
tropical plant familie$:

The overlap between herbivore communities from phylogene
cally distant hosts was also high, although lower than in congene
hosts (Fig. 2, Table 1). Communities of Coleoptera and orthopte® .
oids maintained high overlap (more than 40%) even betweel©ad congeneric host ranges. .
distantly related hosts. Most species of Coleoptera (96%) fed on@Ur Study showed that most herbivores feed on several clc
the foliage as adults only. The key determinant of the distributiof¢'ated congeneric plant species. Many herbivores have even
for these species is probably the host range of their poorly knoWRSt ranges, as communities from allogeneric hosts share
wood-boring or root-feeding larvag The overlap between orthop- 8verage 37% of all herbivorous species (Table 1). These resu
teroid communities did not even depend on phylogenetic distan@ variance with the notion of extremely specialized interacti
between hosts, as many species had broad host ranges sparPfigeen herbl\./ores.and ®nely dlvm!ed plant resources that prg
multiple plant families. In contrast, communities of Lepidopteraistinct ecological niches and permit the coexistence of nume
feeding on plants from different genera and families were highigrbivorous species in diverse tropical forests. Our ®ndings su
distinct, with a low overlap (less than 20%) that decreased steefiit alternative, non-equilibrium models of tropical diversit
towards zero with increasing phylogenetic distance between ho§t¥uld be seriously considered.

The narrow host speci®city of larval Lepidoptera in New Guinea isThere were on averagg,” 32.9* 1.7 species of Coleopter
consistent with data from the neotropic'§

Large (speciose) plant genera hosted more distinct leaf-chewigtpids feeding on a single host tree species. Their effective sp
communities than small genera, as indicated by a negative corization'” was respectivelf;~ 0.24 for Coleoptera, 0.51 fo
lation (Spearmam ~ —0.38,P < 0.05,n " 29, Independent Con- Lepidoptera and 0.14 for orthopteroids (Fig. 3) so that there w
trasts) between the size of the plant genus in New Gtiaea the SaFr ™ 7.9 unique (effectively specialized) species of Coleopt
average overlaggg) of its herbivore community with communities 13.3 of Lepidoptera and 2.9 of orthopteroids per host tree spe
feeding on other genera. The overall relationship was due Ttese results are similar to the two to ®ve unique specie
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Table 2 Estimates of the global number of arthropod species

Variable Coleoptera Lepidoptera
1 2 3

A. No. of herbivore species per tree species 682* 32.92 32.92 30.9

B. Effective specialization 0.20* 0.242 0.242 0.512

C. Correction for non-herbivorous species 1.20* 1.20* 1.20* 1.002

D. Proportion of species from arthropods 0.40* 0.233 0.233 0.10#

E. Proportion of canopy fauna from total 0.66* 0.423 0.423 1.002

F. No. of tropical tree species 50,000* 50,000*

G. No. of plant genera in New Guinea 1,8728 1,8728

H. Proportion of New Guinea species from total 0.05k 0.05k

Global no. of arthropod species (A< B x C X F)/(Dx E) 31,000,000 4,904,348

Global no. of arthropod spp. (AX B X C X G)/(DX E X H) 3,672,376 5,881,075

Sources: *, fromref. 1; 2, from this study; 3, fromref. 4; §, fromref. 13;k, fromref. 19;{ , our estimate of 26.1 externally feeding leaf-chewer species multiplied by 1.18 to account for herbivorous species froi
other guilds, based on ref. 30; #, from ref. 8. Coleoptera 1, estimate from ref. 1. Note that the Coleoptera 2 and Lepidoptera estimates are mutuallyspendent because they are based on two entirely
different sets of parameters.

Coleoptera per host tree reported from other tropical foreStsut  specialists as far as possible (http://www.nmnh.si.edu/new_guinea/). Vouchers are
at variance with the 136 unique species postulated by Er®im deposited in the Bishop Museum, Honolulu, and the Smithsonian Institution,

. . P shington.
estimates of effective specialization are robust, as they changed Iitge""
with increasing number of tree species included in the analysis (Figsding
3). In contrast,S,, values were underestimated, as the specigeeding records limited to a single individual on a particular host species were excl
accumulation curves for individual tree species did not approach poorly supported. Monophagous species were de®ned as those represented by a

an asymptote indicating that the total species richness of th#‘ﬁjividuals, all feeding on a single plant species. Faunal overlap was examined in 4
! axa with known phylogenetic relationships. Overlap was measured by the Sorensg

herbivore assemblage_s had not been samplgd. . coef®ciengo = 2a/.2at b ¥ cf, wherea is the number of species common to the twa
These host speci®city data, together with improved estimates@fipared samples, ardandc are the numbers of species present only in the ®rst a|

uded
least 10

5 host

n

nd

some other parameté‘rspermitted arevision of Erwintgstimate of second samples respectivStyquanti®es the proportion of species in a sample that glso

arthropod diversity from 31.0 to 4.9 million species (Table 2). Erwipfcurs in the other sample, averaged over the two samples. .

. . . ! The average proportion of herbivorous species feeding on a particular host plan
e.XtraPOIated the. species richness of a herblvore Communlty.from@s unique (effectively specializtb that plant was estimated &5~ S+/H that s, as
single tree species to the total number of tropical tree species. MWaatio of the total number of herbivorous species found orTaiosts studiedx),
re®ned Erwin's method in recognition of the fact that plant generdiyided by the number of host-plant records involving these hasttg (The effective
rather than species are more appropriate units for estimating tﬁ@cialization and species richness of herbivores were estimated from communitie

. . . ! . L fegding on 36 tree species, each representing a different genus.
diversity of tropical herbivore communities. The average number O
herbivorous species per host speqies was m_ultiplied _by the 1,8ifdogenetic relationships
plant genera known from New Guin®do obtain an estimate of Pphylogenetic distance between plants was estimated as the number of nodes in th
arthropod species in New Guinea. The New Guinean diversity waiglogeny between these plant species. Separate correlation analysesuwfsi., 4
extrapolated to gIobaI using an estimatbat ~5% of the world Psychotria spp. and 30 plants from different genera were perfornfémls wassa and

di ity i | -k f . includi Psychotria micralabastra represented their respective genera in the latter analysis.
Iversity In several well-known groups of organisms, Inclu InSOMPARE 4.4 software was used to calculate independent contrasts.

“owering plants, various invertebrates and vertebrates, occur inphylogenetic relationships of plant species were obtained from refs 24+28.

New Guinea. The total arthropod diversity was estimated at 3Rpbiaceae species were sequenced for large subunit of ribulose-1,5-bisphosphate

i il H arboxylase/oxygenase gerbel() and 30S ribosomal protein S16 gemps(6). The data
million and 5.9 million SPecies from data on Coleoptera and ere analysed under parsimony with PAUP, version 4.0d64* (D. Swofford, unpublis

Lep|d0ptera_v' respectively (Table 2). T_hIS method \_/vas Ve”®_ed %Yelationships were highly supported and in agreement with earlier analyses of tl
using butter ies, a well-known taxon with 959 described speciesimily? Accession numbers from the EMBL/GenBank data bases fopstteintron and

New Guine& and 15,000+20,000 worldwidén our samples, therbcL gene, respectively, follow (see Fig. 1 for full plant nan@sjansemannii,
butterTies hadS,,”~ 0.63 species per host tree species and effectf\y/@20077, AJ318444; citrifolia chromoplast, AJ320078, AJ3184MBxcratchleyi,

. . ~ . . . 320079, AJ31844N; orientalis, AJ320080, AJ318449; clemensiae, AJ320081,
specializatiorFr” 1.0, leading to an estimate of 1,179 species ﬁ’jalemsa;:. platyclada, AJ320082, AJ318451 feptothyrsa, AJ320083, AJ318452;

New Guinea and 23,500 worldwide. o _ micralabastra, AJ320084, AJ318458micrococca, AJ320085, AJ3184F4ramuensis,
Our estimates of global diversity are similar to the 6.6 millionJ320086, AJ31845%;schumanniana, AJ320087, AJ318456 buruensis, AJ320088,

from other communities of tropical beetles. Even more importantlygeceived 6 September 2001; accepted 12 January 2002.

they are also in agfe_ement W!th estimates~& million SpeCIG_S 1. Erwin, T. L. Tropical forests: their richness in Coleoptera and other sp€olespterist’s Bull. 36,

based on the analysis of regional faunas and the evaluation 0f4:75(1982).

museum collections by taxonomistse2: reconciling the disparate 2. Basset, Y. Host speci®city of arboreal and free-living insect herbivores in rain Biokstd.inn. Soc.

results of ecological and taxonomic approaches to the estimation,of. =->*1%3 1992
Sults g pp S S 3.7 'Barone, J. A. Host-speci®city of folivorous insects in a moist tropical fbrsim. Ecol. 67, 400+409

global species diversity. O (1998).
4. édegaard, F. How many species of arthropods? Erwin's estimate réiet Linn. Soc. 71, 583+597
(2000).
Methods 5. Stork, N. E. How many species are thd@ieivers. Conserv. 2, 215+232 (1993).
Insects 6. Hubbell, S. PThe Unified Neutral Theory of Biodiversity and Biogeography (Princeton Univ. Press,

L i . i i ) Princeton, 2001).
Leaf-chewing insects feeding on 51 woody species (Fig. 1 and the following species ?.f May, R. M. inNature and Human Society: The Quest for a Sustainable World (eds Raven, P. H. &
Euphorbiaceael.: Breynia cernua, Endospermum labios, Homalanthus novoguineensis, Williams, T.) 30+45 (National Academy Press, Washington DC, 2000).
Mallotus mollissimus, Melanolepis multiglandulosa and Pimelodendron amboinicum) from 8. Nielsen, E. S. & Mound, L. A. Mature and Human Society: The Quest for a Sustainable World (eds
all major lineages of “owering plants and all stages of rainforest secondary sucéession Raven, P. H. & Williams, T.) 312+322 (National Academy Press, Washington DC, 2000).
were studied at four study sites in a diverse lowland rainfore460 woody species per g Thomas, C. D. Herbivore diets, herbivore colonization, and the escape hypofelsig; 71,
hectare) near Madang in Papua New Guinea in 1994+2000 (ref. 23). Insects were collectedo+615 (1990).
by hand from foliage of each plant species for at least 1 year. Collecting effort was 4,50@0TMarquis, R. J. iRlant-Animal Interactions: Evolutionary Ecology in Tropical and Temperate Regions
of foliage sampled angt 1,000 tree inspections (a particular tree sampled at a particular (eds Price, P. W., Lewinsohn, T. M., Fernandes, G. W. & Benson, W. W.) 179+208 (Wiley, Lon|
time) per species. This sampling effort representég00 person-days of ®eldwork. Each  (1991).
insect was provided with leaves of the plant species from which it was collected and anlymabberley, D. The Plant Book (Cambridge Univ. Press, Cambridge, 1987).
those that fed were retained in the analyses. Larvae were reared to adults whenever 12. Burger, W. & Taylor, C. M. Flora Costaricensis: Family #202 Rubiddeld&na Botany, N.S. 33,
possible. All insects were assigned to morphospecies and later veri®ed and identi®ed 333 (1993).
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15. Jolivet, P. & Hawkeswood, T.Host-Plants of Chrysomelidae of the World (Backhuys, Leiden,
1995).

16. Janzen, D. H. Ecological characterization of a Costa Rican dry forest caterpillaBiatmpica 20,
120+135 (1988).

17. May, R. M. How many specig&fil. Trans. R. Soc. Lond. B 330, 293+304 (1990).

sparse®'®. The spectacular diversity in butterfly wing patterns**is
suggestive of how little constrained morphological evolution can
be. However, for wing patterns involving serial repeats of the
same element, developmental properties suggest that some direc-
tions of evolutionary change might be restricted*®*® Here we
show that despite the developmental coupling between different

18. Basset, Y., Samuelson, G. A., Allison, A. & Miller, S. E. How many species of host-speci®c inSeCté)fﬁ%lpots inthe butter‘ﬂy Bicyclus anynana thereis great pOtentiaI
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Developmental constraints versus
flexibility in morphological evolution

Patricia Beldade, Kees Koops & Paul M. Brakefield

Institute of Evolutionary and Ecological Sciences, Leiden University,
PO Box 9516, 2300 RA Leiden, The Netherlands

Evolutionary developmental biology has encouraged a change of
research emphasis from the sorting of phenotypic variation by
natural selection to the production of that variation through
development’. Some morphologies are more readily generated
than others, and developmental mechanisms can limit or channel
evolutionary change® Such biases determine how readily popu-
lations are able to respond to selection®, and have been postulated
to explain stasis in morphological evolution* and unexplored
morphologies®. There has been much discussion about evolution-
ary constraints®® but empirical data testing them directly are
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Figure 1 Response to arti®cial selection on the size of the dorsal forewing

B. anynana. a, Eyespot diameter/wing size relative to unselected control val
for the different directions of selection. AP and ap are coupled directions;
uncoupling directions. Each point represents thetaretard error) for the tw
replicate lines for each generation. Solid lines join points covering the ®rst
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