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Cipollini and Schultz’s letter highlights the oetvasive 
effect of wind on numerous aspects of tree ecology. I 
feel their work also illustrates an importan_ point to 
be home in lnind by ecologists when they work on 
the effect of the wind. It is not enough merely to 
show that plants that are subjected to wmd or 
mechanical stimulation are different from totally 
unstimulated plants. The total lack of any me 
chanical stimulation is, aftcr all, highly unnatural. It 
is also essential. as Cipollini and Schultz have done. 
to show that there is a graded response, In which 
plants subjected to higher and lower windspeeds or 
to wind for longer or shorter periods are different. 

The fact that they have shown that the 
increased resistance to herbivores and pathogens 

is accompanied by a greater degree of Pignlflcat!on 
may also be significant. There is growmg evidemze 
that lnechanical toughness is an important 
defence of plants against both herbivory and 
microbial decompositionz. The increased 
resistance they have found may therefore have 
been mediated by the increased toughness which 
lignlflcatlon Lonfers. 
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Carthew and Goldingayl review non-flymg 
mammals as pollinators and, in keeping with their 
goal, disregard bats. As an interesting extension 
to Catthew and Goldingay’s review, however. it 

-- 
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bile the need to quantify patterns 
of giobal biodiversity is urgent, the 

relative utility ot various biodiversity met- 
rics is often unckar’. The most c(~rnrno~~y 
used measure of biodiversity k taxon rich- 
ness - the number of species (or higher 
taxa) present in an assemblage or a region. 
.A. n?!mbe: of Y-:rcct st:~di~s have also 
used phylogenetic relationships to gener- 
ate biodiversity indices that weight taxa, 
in part, by their genealogical distance 

from other taxal-1”. However. other 
aspects of biolog.,,. yu. +ll ~4ety. namely moa- 
phological and ecological diversity, have 
received relatively little attention ir; this 
context. We define rn~r~~l~~ogica~ 

ntitative estimate of the 
ulion of taxa in a multidi- 

mensional space (morphospace) that has 
axes that represent measures of morphol- 
ogy. This definition of morphological 
diversity is different, both cfualitatively 

Wght Interest ihe reader that in New Zealand 
there IS il?Ystaona t;bercubta2, a ba: that can 
fly, but of?en crawls or runs about 3n the forest 
floor. where it eats invertebrates, flowers, fruit, 
possibly pollen. snd pollinates Dacty/znrhus 
taY/or;l. an endangered endemic plant that lives 

parasitically orI the roots of other plantss. Smce 
this bat crawls and does not fly to tne plant, tl,e 
flowers of which tt poll!rlates. there might be 
some justification to giving it an ‘honorary’ 
mention ip a review on non-flying mammals as 
pollinator;. 

Carthew, S.M. and Go!dingay. R.L. (1997) Trends 

Ecol. Evol. 12, 104-108 
2 Danlel M.J. (1979) N. Z. 1. Zoo/. 6. 357-370 
3 Eckroyd. C.E. (1396) IV. Z. J. Ecol. 20,81-100 

Uept of Ecology, IUassey University, 
Private 5ag 1 i222, Palmerston North, 
New Zealand 

and quantitatively, from the estimates of 
relative morphological distance (based 
on explicit models of character change) 

one can necessarily serve as a proxy for 
anotherl,:i,h. 

s in laxonomic di- 

king random, have i~~pfi~ations for under- 
lying evolutionary mechanisms 
~~~~titat~ve data on geographic 
rno~p~o~ogica~ diversity for most living traxa 

I-BPal or global scale remain 
gh a iimited set of studies 

that do provide direct and indirert esti- 
mates of rnor~bo~og~~~ diversity for living 

graphic trends. Quan- 
ly designed to assess 
bution of morphologi- 
be useful for under- 

modern ecosystems. 

One must contend with three related is- 
sues in assessing morphological diversity. 



- - 

(1) At what tayonomic level should organ- 
ismic morphology be sampled. and how 
~h0uld this sampling proceed? (2) Which 
traits should be measured or scored? 
(3) GEV~II a sample of tasa and traits. how 
should the diversity of these traits among 
taxa be Computed’? These Choices depend 
on the specific evolutionary and ecoiogi- 
cal questions at hand. 

Sampling 

Becau.cc species arc nest4 withilP 
higher tasa, however, species-level sa 
pfing cart also capture the different 
alllong higher taxa”. Targeted sampling 
of single representatives of higher taxa 
has been criticized on the grouilds that 
this may inflate the estimated di ;persion 
among forms, and random sampling 
among species has therefore been advo- 
cated”. However, if the divergence among 
these body plans is of interest, and if there 
is a meaningful correspondence between 
higher taxa and body plans. sampling 
higher tnxn may bla justified 1 ;‘, 

Assessmrnt of Iliorl)8iol~,KicnI divt>r- 
sity is underlain by the establishmcut of a 
morpholdgical space (morphospace) that 
has axes that represent quantitative meas- 
ures of I~~orf~~~olo~y. Organisms present 
an ~~~d~fit~it~~y large number of potentially 
q~a~~tifiab~~ traits, but in practice only a 
small number of features can be studied, 
whether with discrete or continuous vari- 
ables. Therefore, we cannot strictly meas- 

hological diversity, but 
versity with respect to some set of 

traits. The robustness of evolutiona 
ecological patterns can be assessed 
ter~~i~~n~ whether different sets of t&s 
yield similar patterm?. EcomorphoPogiCal 
studies tend to use characters known 01 
presumed to be of functional or eCologiCal 
SigKlificance (e.g” beak size in bjrds)lo. An ai- 
ternative is to seek broad coverage of mar- 
pholo:~, ~~~as~~i~g traits covering vari- 
ous aspects of the organism. Although the 
retationship among these two approaches 
has yet to be investigated in great detail, 
the ubiquity of character correlations1 1 
%%‘jts that temporal and spatial patterns 
in the diversity of targeted pod broadly 

sampled traits may often agree. Once the 
relevant traits are chosen, many methods 
are available to quantify these traits’“-’ I. 
These methods generally establish what 
are referred to as empirical morphospaces, 
those whose Jimits are determined by the 
taxa sampled. Some organisms on the 
other hand, have forms tbat, at least it we 
are willing to simplify, can be placed within 
theoretical morphospaces that are under- 
lain by simple generative or structural 
models. Some morphological parameters 
in such models have theoretical bounds, 
so that the total space does not depend 
stlnngly on the organism sampled (al- 
though the space of c-l/pi&does). ‘i%e most 
notf:worthy case IS that of coiled shells 
(e.g. i;ei. 15). 

The 1qqmroacks just oullincd yieUd an 
ordination of tilXd in a InulticlimensionaI 
sp;~C~:. ‘fwo general classes of metrics I’ve 
bc <‘II ~usetl to Compute morphological di- 
versity From such ordinations: (I> those 
that measure the extent of morphospace 
occupation, and (2) those that measure 
pairwise differences among taxa. The 
term dispur@ has generally (but not ex- 
cfusively)~ been used for measures of 
morphological diversity based on average 
morphological differences among taxa. In 
addition todiversity of form, patterns such 
as clustering in morphospace. measured 
with nearest-neighbor distance and related 
metrics. are often important in morpbo- 
logical stlKPic%;~“‘. 

‘fhe range (or its multivariate exten- 
sions such as volume). for Continuous 
charar*ters. is ctmamonly used to express 
morphologiral diversity. For disrrrte char- 
acters, the number of character states or 
character-state conabinations!“J; can be 
used. These measures have intuitive ap- 
peal, but suffer from a strong sample-size 
dependence. This problem is especially 
severe in studies in which we do not know 
how the number of taxa sampIed relates to 
the true richnessii. For t 
have advocated sample size-correction via 
rarefaction or simply lrsing measures that 
do not depend strongly on sample sizes.1;. 

Variance (and its multivariate analog. 
mean squarer? pairwise morphological dis- 
tance among taxa), for continuous char- 
acters. tnedsures iire tlisprrsion amqg 
fwms. This measure has been advocated 
for its relative insensitivity to sanmpk size. 
Mean pairwise character difference:‘.l’ 
plays a similar role for discrete characters, 
although other metrics based directly on 
character-slate frequencies (e.g. Ref. ii) 
are arguabPy more appropriate’“. 

For any measure of morphological dif- 
ference between species, the issue arises 
whether that distance should be taken at 
face value or sorn~h~~~ ;s.cessed in light of 

evolutionary patbwayG1”. For studies that 
emphasize the functional role of conver- 
gent traits”! two taxa having the same 
value for a trait should be considered ‘iden- 
tical’, even if each reached the state via a 
very different evolutionary pathway. On 
the other hand, if one is interested in total 
rates of morphological evolution, not sim- 
ply the rate of accumulation of net differ- 
ences, then it makes sense to allow rever- 
sals to contribute to measured character 
differences, even if little or no net change 
has occurred’“. 

While some theoretical mor~~os~aces 
may accommodate a very wide range of 
tn~a (e.g. Ref. I!?). most schemes for meas- 
uring ~~0rpI~~~~o~ greatly limit the taxo- 
nomic scope of ecological and paleontologi. 
cal st~dies”~‘. One would like, for example, 
to measure the disparity among all Cam- 
brian animals in order to assess the pace 

orphological ~liversificati(~n, but 
we are far from having a meaningful set of 
traits that can be measured for all the 
known phyla (but see Ref. I6 for skeleton- 
ized phyla). Likewise, we would like to 
know whetner the tropics or high latitudes 
systematically have higher lnor~bo~ogica~ 
diversity, but we are confined to assessing 
the pattern in a ~~a~t~~~~a~ higher taxon, 

onomic coverage can often 
by using discrete rather 

an important problem for future studies of 
PT~V phoalogical diveMy. 

a rcncwed interest among paleobiologists 
in quantifying temporal trends in morpho- 
;ogical diversity (e.g. Refs 17,21,22). Results 
from a number of 
trilobites”.” and 
tropodsZL’-2”, bla 
and seed plants’~~ 
in taxonomic divers.1 
ties or higher taxa) and ~~~~)rf~~~ologica~ 
diversity : s ends may be discordant, even 
if not completely decoupled. For some 
clades, ~norp~o~og~ca~ diversity increases 
rapidly at first, and then remains stable (or 
even decreases) while iaxonomic diversity 
increases (e.g. Refs 626: Fig. la). For other 
ta\ra, morphologica! radiation continues 
late in the cladc’s history when taxonomic 
dive 
lb). 
m0r 
co~~teri~~tuit~ve at first glance, may be ex- 
pected from theoretical considerations. For 
example, tinder simpie time-homogeneous 
branching models, unconstrained morph@ 
logical evolution yields a linear increase in 
morphological variancezi-29. The pattern 



seen in a number of cfades, wherein the 
rate of increase in &parity slows during 
the course of an evolutionary radiation, 
suggests, among o&es. possibilities, a tem- 
poral decline in the sizes of morphological 
transitions or taxonomic turnover rates?“. 
In some cases, these inferences of evofu- 
tionary mechanisms have been corrobo- 
rated by detailed phylogenetic analysis 
(e.g. Refs 23,24,30). Early morphological 
diversification could conceivaoly reflect 
the use of characters that discriminate 
higher taxa, but one study9 showed that 
this pattern persists even when such char- 
acters are omitted. Several studies have 
also demonstrated consistent evolutionary 
patterns regardless of whether individ- 
uals, species or genera are the sampling 

respect to a decline in 
tinction event will tend to 

reduce 1 he range of occupied morpbologi- 
cal space. However, if extinctions were 
effectively random with respect to mar 
phology, then variance could remain high 
as diversity declined, and a substantial re 
duction in variance could require the de- 
mise of an extremely large proportion of 
the standing crop of taxaG,J1-33 (Fig. 2). 

tative data on the spatial distribution of 
morphological diversity ar ~~~ti~e~ta~ or 
global scales. There is, however, enough 
evidence to suggest interesting spatial 
trends in mor~bolog~cal diversity. It has 
been argued that, for communities domi- 
nated by competitive interactions and satu- 
rated with species, increasing taxonomic 
diversity [i.e. addition of species) should 
lead to an increase in the total volume ot 
occupied mcrphospace (e.g. Ref. 10). On 
the other h:md, addition of species to 
other communities may simply involve in- 
sertion within the bounds of the existing 
morphospace, thereby keeping the total 
mor~ho~o~i~a~ volume constant’“. A re- 
view of over a dozen different m 
cd studies of birds, bats, lizards 
revealed a general tendency for the total 
volume of m~r~~?os~ace to increase with 
diversity, altbo~g~~ some studies showed 

o significant trends”“. Nearest-neighbor 
istance n the f~d~vid~~l morpho- 

spaces te not to vary with the num- 

of tropical diversity often resides not 

TREE uol. 12. no. ?.Iuiy 1.997 
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Af$ 2. Examples of temporal patterns of morphologrcal disparity and taxonomrc drversrty. Error bars for 
dispanty are +l SE, based on bootstrap resampline. Error bars for diversrty are F ! N. where N is the number 
of genera. (a) Paleozoic crinord echinoderms (Crinoidea). Disparity rmeasured as mean pairwrse phenetrc 
distance between species, based on drscrete character data. Morphoio@cal drversrty does not Increase 
beyond its early level, despite increases in taxonomic diversity. This drscordance may imply@eatly reduced 
rates of morphological evolution or the early attainment of structural limits on form. lb) Bastard echrnoderms 
(Blastordea). D~spanty measured db multrvanate variance of Cattesran coordrndtes of a set ot morphologrcal 
landmarks. Disparity contrnues to increase until the clade’s demise, apparently cons~stont with morphologleally 
non-selective extincticn dnd continued ‘diffusive’ evolution through morphospace. After&is 6 and 9. 

simply in the number of species present 
but also in the greater diversity of form. 

For marine faunas, quantitative data on 
spatial distribution of ~I~rpbological 
versity are even scarcer, but it is clear t 
temperate-tropical differences exisP-36. 
It has been chown that tropical marine 
communities contain nave 
that are absent from temperate 

na135-37, and the reve 
ly true. Some have also sug- 
tropical-temperate differences 

in polymorphism exist for marine mol- 
fuscsY Many of the novel tropical mollus- 
can morphologies appear to be antipreda- 
tory in function, and their evolution was 
arguably driven by increased predation 
pressure in the tropic@. However, while 
the t~o~~rn~c differences between tropi- 
cal and temperate assemblages can be 
readily quantified (e.g. Ref. 359, associated 
morphological differences 

!n addition to latitudinal patterns, hot 
a number of taxa there als 
distinct differences in mor 
versity between co inents and between 
oceans, but again a~~itat~ve data are 
scarce. Indications of regional differences 
in morphological diversity come from in- 
direct evidence, namely discordances be- 
tween species-level patterns and those 
seen at higher taxonomic levels. For exam- 
ple, plant spectes diversity in the phyto- 
geographic region Malesid is less than half 

that of the neotropics but Malesia con- 
tains more familiesX~.40. Given that higher 
taxa generally reflect greater ~~or~~ologi~ 
cal divergence than species d 
ence would seem to 
is mor~l~ologically m 
with the neotropics, where diversity of 
lower taxa is greater”“. Similar patterns in 
the distribution of higher taxa exist for 
other groups (e.g. Ref. 41), but exactly how 
these translate into patterns of mnrpho- 
logical diversity is currently unknown. 

~f~o~og~ca~ diversity patterns (as defined 
here) are easier to compute than 
that require an estimate of phyl 
whether these metrics are 
on cladistic rank’, or chara 
as welP$. We also suspect - alth 
has not been studied in deta 

rtly because they rest 

m~rp~lologica~ diversity. The c~~~trast 
between phylogenetic and other metrics 
is especially relevant for large groups. Not 
only are robust phylogenies currently 



Initial disiribution 

r m 

Random extmctlon Selectn,e extinctfon 

u~lavai~able for most large clades, but the 
number of equally supp0rte.l alternative 

b.z metrics; given accurate evolu- 
trees, these metrics can evaluate 

ugh phylogenetic analyses 
to understand the histori- 

on biological diversity. 
While it is clear that the distribution of 

species in morphospace is partially owing 
to their pbylogenetic legacy, the question 
of how the occupation of morphological 

space is constrained by ~~~yloge~eti~ struc- 
ture has received less attentionl”,.” (but 

24 30). It is worth reiterating 
rph ical and phylogenetic di- 
metrics emphasize different as- 

pects of biodiversity and one is not a proxy 
for the other, nor is either more f~~~arne~l~ 

ion of taxa in morpho- 
enetic similarity (based 
and derived characters), 

while the genealogy can be viewed as re- 
flecting the ‘routes of ~o~on~z~~t~(~~’ of that 
spaceIs. Finally, patterns of rnor~~~os~a~~ 
occupation, at some Pevel, are controlled 
by functional and ecological attributes. 
Although these controls are complex an 
still poorly understoo#J’, they are never- 
theless reflected in measures of morpho- 
logical diversity. 

In 1878, AR. Wallace (Ref. 46, p. 121) 
wrote, ‘Animal life is, on the whole, far more 
abundant and varied within the tropics 
than in any other part of the globe, and a 

greur number of peculiar groups cIre found 
there which never extend into temperate 
regions’ (emphasis added), thus recogniz- 
ing the distinction between taxonomic and 
morphological diversity patterns. Today, 
the shapes of latitudinal gradients in taxo- 
nomic diversity are known for many living 
organisms but quantitative data on mor- 
phological patterns remain scarce. From a 
biodiversity perspective, the effects of on- 
going extinctions on taxonomic diversity 
are being quantified but their effects on 
morphological diversity remain virtually 
unknown”l. For example, one could ask if 
there are differences in extinction suscep- 
tibilities of taxa residing in different parts 
of the morphospace (body size may be one 
such axis) or, conversely, if there are types 
of perturbations that tend to se?ective!y af- 
fect certain portions of the morpbospace”l. 
Recent paleobiological studies have shown 
the utiility of studying morphological pat- 
terns. In modern ecosystems, quantify- 
ing which combinations of traits occur 
where and how commonly is an important 

iodiversity metrics 

genetic components of biodiversity. 

discussions and comments, and 
I). Schluter, P.H. Williatxs and an 
anonymous reviewer for helpful reviews. 
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