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S u m m a ry

1. F o r biological com m unity  d a ta  (species-by-sam ple ab u n d a n c e  m atrices), W arw ick 
& C larke (1995) defined tw o b iodiversity  indices, c a p tu r in g  the stru c tu re  n o t on ly  o f 
the d istribu tion  o f  ab undances am ongst species b u t also th e  taxonom ic rela tedness o f 
the species in  each sam ple. T h e  first index, taxonom ic d iversity  (À), can  be th o u g h t 
o f  as the average taxonom ic ‘d istance’ betw een any  tw o o rgan ism s, chosen  a t ran d o m  
from  the sam ple: th is d istance can be v isualized sim ply  as the length o f  the  p a th  
connecting  these tw o organism s, traced th rough  (say) a  L innean o r phylogenetic  
classification o f  the full set o f  species involved. T h e  second  index, tax o n o m ic  d is
tinctness (A*), is the average p a th  length betw een any tw o  random ly  chosen  in d i
v iduals, cond itiona l on them  being from  different species. T h is  is equ ivalen t to  divid ing 
taxonom ic diversity , A, by the  value it w ould  take  w ere there to  be no  taxonom ic 
h ierarchy  (all species belonging  to  the sam e genus). A* can  therefo re be seen as a 
m easure o f  pu re  taxonom ic rela tedness, w hereas A m ixes taxonom ic rela tedness w ith 
the evenness p roperties o f the abundance  d istribu tion .
2. T his pap e r explores the sta tistica l sam pling p ro p ertie s  o f  A and  A*. T axonom ic 
d iversity  is seen to  be a  n a tu ra l ex tension o f  a  fo rm  o f  S im p so n ’s index, in co rp o ra tin g  
taxonom ic (or phylogenetic) in fo rm ation . Im p o rtan tly  fo r p rac tica l com parisons, 
b o th  A an d  A* are show n n o t to  be dependen t, on  average, on the degree o f sam pling 
effort involved in  the d a ta  collection; this is in sharp  c o n tra s t w ith  those  diversity  
m easures th a t are strongly  influenced by the  num ber o f observed  species.
3. The special case where the d a ta  consist only o f  presence/absence inform ation is dealt 
w ith in detail: A and A* converge to  the same statistic (A+), which is now  defined as the 
average taxonom ic path length between any two random ly chosen species. Its lack of 
dependence, in m ean value, on sam pling effort implies tha t A + can be com pared across 
studies w ith differing and uncontrolled degrees o f sam pling effort (subject to  assum ptions 
concerning com parable taxonom ic accuracy). This m ay be o f  particular significance for 
historic (diffusely collected) species lists from  different localities o r regions, w hich a t first 
sight m ay seem unam enable to  valid diversity com parison o f  any sort.
4. F urtherm ore, a  random ization test is possible, to  detect a  difference in the taxonom ic 
distinctness, for any observed set o f species, from  the ‘expected’ A+ value derived from  a 
m aster species list for the relevant group o f organism s. The exact random ization  p ro 
cedure requires heavy com putation , and an  approxim ation is developed, by deriving an 
appropriate  variance form ula. This leads to a ‘confidence funnel’ against which dis
tinctness values for any specific area, pollution condition, hab ita t type, etc., can be 
checked, and  form ally addresses the question o f w hether a  putatively im pacted locality 
has a  ‘lower than  expected’ taxonom ic spread. T he procedure is illustrated fo r the U K  
species list o f free-living m arine nem atodes and sets o f  samples from  intertidal sites in 
tw o localities, the Exe estuary and the F irth  o f  Clyde.

Key-words: biodiversity , ran d o m iza tio n  test, sam pling  effort, unbiasedness, variance 
estim ate.
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In tro d u c tio n

It is increasing ly  recognized (e.g. H a rp e r  & H aw ks- 
w o rth  1994) th a t a d eq u a te  m easures o f  b iodiversity  
w ith in  a p a rticu la r  tax o n o m ic  g ro u p  shou ld  n o t be 
m erely  fu n c tio n s o f  th e  n u m b er o f  species p resen t 
an d  th e ir  re la tive  ab u n d an ces , b u t shou ld  a lso  include 
in fo rm a tio n  on  the  ‘re la ted n ess’ o f these species. T here  
is now  a  su b s ta n tia l lite ra tu re  (F a ith  1994; H u m p h r
ies, W illiam s & V an e-W rig h t 1995 and  referra ls th e r
ein) on  m easures in c o rp o ra tin g , p rincipally , p h y lo 
genetic  re la tio n sh ip s  am o n g st species and  their 
possib le use in selecting species o r  re se ñ e s  o f  greatest 
c o n se rv a tio n  p rio rity . V ane-W righ t, H u m p h ries  & 
W illiam s (1991), W illiam s, H u m p h ries  &  V ane- 
W rig h t (1991) an d  M a y  (1990) in tro d u ced  m easures 
o f  d is tin c tn ess  b ased  on ly  on th e  to p o lo g y  o f  a  p h y lo 
genetic  tree , a p p ro p ria te  w hen b ran ch  leng ths are 
en tire ly  u n k n o w n , an d  F a ith  (1992, 1994) defined and  
ju stified  a  p h y logenetic  d iversity  (PD ) m easu re  based 
o n  k n o w n  b ra n ch  lengths: P D  is sim ply th e  cum ulative  
b ra n ch  leng th  o f  th e  full tree.

T h is  l ite ra tu re  does n o t ap p ea r, to  da te , to  have 
carried  over in to  th e  a rea  o f  en v iro n m en ta l m o n i
to rin g  a n d  assessm ent, w here  the em phasis is n o t  on 
ch o o sin g  species to  conserve b u t m o n ito rin g  fo r 
en v iro n m en ta l d e g rad a tio n  o r th e  benefits o f  rem e
d ia tio n . T h e  co n sid e ra tio n s  he re  a re  ra th e r  different: 
th e  raw  m a te ria l is o ften  a set o f  co m m u n ity  sam ples 
w ith  reco rd e d  ab u n d an ces  fo r  each observed  species, 
ra th e r  th a n  a single species list, th o u g h t o f  as a co m 
plete  in v en to ry . T h e  o u tco m e  req u ired  is n o t a  p re f
e ren tia l se lection  o f  species from  th e  inv en to ry  for 
c o n se rv a tio n  s ta tu s , b u t an  assessm ent o f  w hether 
sam p led  assem blages d isp lay  som e p a tte rn  in b io 
d iversity  th ro u g h  tim e o r in space. N a tu ra l v a ria tio n , 
an d  th u s  sam p lin g  p ro p e rtie s  o f  th e  resu ltin g  a b u n 
d an ce  m atrice s  a n d  derived  indices, are  o f  p a ra m o u n t 
im p o rtan ce . A lso , th e  basic  in fo rm a tio n  o n  species 
re la ted n ess is o ften  ju s t  a  L innean  tax o n o m y  (Fig. 1), 
a  c ru d e  a p p ro x im a tio n  to  a  phy logeny  b u t one th a t

d o es im p o se  an  o rd erin g  o f  b ran ch  leng ths which is 
in te rp re ta b le  an d  sh o u ld  be used. F o r  exam ple, even 
a llow ing  t h a t  th e  only  d a ta  availab le  a re  in  th e  form 
o f  p resen ce /ab sen ces, m easu res th a t rely solely on  top 
o logy  a n d /o r  species richness w ould  n o t distinguish 
betw een  F ig . 2a  an d  Fig. 2b , yet Fig. 2a clearly  exhibits 
g re a te r  b io d iv e rsity  in th e  sense o f  richness in  higher 
tax a . S im ila rly , P D , app lied  to  a L innean  classification 
(F a ith  1994), has a  focus exclusively on  ‘character 
rich n ess’ r a th e r  th an  ‘c h a ra c te r  co m b in a tio n s’ (in the 
te rm in o lo g y  o f  H u m p h ries , W illiam s &  V ane-W right 
1995), so t h a t  PD  co n cen tra tes  on  h igher tax o n  rich
ness and  ig n o re s  the  evenness co m p o n en t in  diversity. 
T h u s , P D  w o u ld  n o t d istingu ish  betw een Fig. 2c and 
F ig . 2d , yet F ig . 2d c learly  represen ts a  less taxo- 
n o m ica lly  d iv e rse  assem blage th a n  Fig. 2c, b o th  in the 
sense  o f  p o ssessin g  g re a te r  vu lnerab ility  to  species loss 
a n d  in p o te n tia l  fu nc tional inefficiency.

A n  o v e r-rid in g  co n sid era tio n  in a com parative  
b io d iversity  s tu d y  is the ex ten t to  w hich a  pu tative  
s ta tis tic  is sensitive  to  d iffering sam pling  effort at 
d ifferen t sites o r tim es. I t  is w ell-know n, an d  dem on
s tra te d  s ta rk ly  in F ig . 3 a -c , th a t  s ta n d a rd  diversity 
estim a tes c a n  be s trong ly  d ep en d en t on sam pling 
e ffo rt, p a r ticu la r ly  in  so fa r as they  are  influenced by 
th e  n u m b er  o f  species in the sam ple. Species richness 
is crucially  d e p e n d e n t on sam pling  effort an d  it m ust 
b e  expected  th a t  on ly  carefu lly  co n tro lled  and  equi
tab le  sam p lin g  s tud ies can  p ro v id e  co m p ara tiv e  data. 
W arw ick  & C la rk e  (1995), how ever, define taxonom ic 
d iv ers ity /d is tin c tn ess m easures th a t  satisfy  the above 
req u irem en ts  o f  in co rp o ra tin g  h igher tax o n  richness 
an d  evenness co n ce p ts  (see the  A + values in th e  legend 
to  Fig. 2) b u t a lso  h ave  an  a p p a re n t insensitiv ity  to 
sam p lin g  effo rt (F ig. 3d—f).

In  th e  M e th o d s  th a t  follow , th e  co n stru c tio n  o f  A 
a n d  A* is described  an d  th e  link  to  the S im pson  diver
sity  d raw n . It is d e m o n s tra ted  th eo re tically  th a t,  if  A„, 
a n d  A„,* are  defined  as th e  values o f  A an d  A* from  a 
su b se t o f  m  o rg an ism s , ran d o m ly  selected from  a total 
o f  n  in d iv idua ls , th en  they  are e ither exactly  (A,„) or

Fami l i es

G en e ra

S p e c i e s

Individuals

Fig. 1. Part of a taxonomic classification, showing examples of path length weights {o).}¡ used to define taxonomic diver
sity/distinctness measures; conventional diversity indices utilize only the species abundances {.v; / =  1, . . . ,  sj.
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Fig. 2. Some simple, contrasting taxonomic trees for presence,’absence data (i.e. ignoring species abundance information). 
Diversity measures based only on topology of the trees would not distinguish (a) from  (b), and measures based on total branch 
length would not distinguish (c) from (d), but taxonomic distinctness A+, based on the average o f pair-wise path lengths 
(equation 4 of the text), does draw these distinctions. Using a simple (I, 2, 3, . . . )  weighting of path lengths, A'1' values are (a) 
3-0, (b) 1-0, (c) 1-56 and (d) 1 -2, placing the four configurations in the intuitively expected distinctness order.
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Fig. 3. Simulation study on the effects of sample size on (bio)diversily indices, using a single, composite sample of abundances 
of 111 nematode species (c. 10 000 individuals) from six sites in the Firth of Clyde (Lambshead 1986). Subsamples of individuals 
were drawn at random for 10 (logarithmically increasing) subset sizes, with 10 replicate simulations at each size, and the 
following indices computed: (a) Shannon diversity, (b) Margalefi s d (a species richness index that attempts to adjust for sample 
size), (c) Pielou’s J (reflecting evenness of abundances across species), (d) A (equation 1), (e) A* (equation 3), (f) A+ (equation 4). 
The simulations for the final plot ignored the species abundances and selected fixed numbers of species (from the 111) for 
computation of A' . The conventional diversity indices are seen to be dependent on subsample size, unlike the taxonomic 
diversity/distinctness measures.

ap p ro x im ate ly  (A,,,*) u n b iased  estim a tes  o f  the respec
tive tru e  A and  A* fo r th e  w hole sam p le , w h atever the 
subset size m. T h e  u n b iased n ess is a lso  show n to  be

exact in th e  p a rticu la r case w here the  d a ta  only  records 
the p resen ce  or absence  o f  species, n o t their a b u n 
dances.
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M e th o d s

D E F I N I T I O N  O F  I N D I C E S

‘T ax o n o m ic  d iversity ’ (W arw ick  & C lark e  1995) is 
defined, u sing  the n o ta tio n  o f  F ig . 1, as:

A =  [ I I ¡^(ûijXpCj T  I,0 .x ,(x , — l)/2 ]/

[ I I . - ^ x ,  +  I ,x ,(x , -  l)/2 ]

=  [ZI.¡<jú)¡jXjXj\/[n(n -  l)/2 j eqn 1

w here x¡ (/ =  1, . . . ,  s') d en o tes th e  a b u n d an c e  o f  th e  ith 
species, n ( =  I,a,-) is th e  to ta l n u m b er o f  ind iv iduals 
in the sam ple  and  (Oj is the ‘d is tinc tness w e ig h t’ given 
to the p a th  length link ing  species i an d  j  in th e  h ie r
archical classification . T h e  d o u b le  su m m atio n s  are 
over all p a irs  o f  species i an d  j  (w ith / <  j ,  fo r  sak e  of 
definiteness). T he first fo rm  o f  e q u a tio n  1 exem plifies 
th e  c o n stru c tio n  o f  A as a  pa ir-w ise, av erag ed  (w eigh
ted) p a th  leng th  in the d iag ram ; th e  (null) second  term  
in the  n u m era to r is included  he re  to  em p h asize  the 
zero  p a th  length  defined fo r tw o in d iv id u a ls  o f  the 
sam e species. In m ore  fo rm al s ta tis tica l term s, A is 
th e  expected p a th  len g th  betw een  an y  tw o ran d o m ly  
chosen  ind iv iduals from  th e  sam ple. T h e  seco n d , m ore 
succinct, fo rm  o f  eq u a tio n  1 show s th e  re la tio n sh ip  o f 
A to  s ta n d a rd  d iversity  indices: w hen  coj =  1 (fo r all 
i < j) ,  i.e. w hen the tax o n o m ic  h iera rch y  is ig n o red , A 
reduces to  a form  o f  S im pson  d iversity  (e.g. P ie lou  
1975), nam ely:

A0 =  [2 1 1 , <¿p,/>;]'(! — n ~ ') ,  where/),- =  xdn ,

=  [(I,P ,)2 - I , / ; , 2]/(l - / r 1)

=  (1 - I g ; , 2)/(1 - n ~ ' ) .  eqn  2

Indeed , the S im pson index w as first co n stru c ted  
fro m  th e  p ro b ab ility  th a t  an y  tw o  o rg an ism s, selected 
a t  ra n d o m  from  the full set o f  in d iv idua ls , a re  from  
the sam e species (S im pson  1949). T ax o n o m ic  diversity  
A can  th ere fo re  be seen as a  gen era liza tio n  o f  S im pson  
d iversity , in co rp o ra tin g  an  e lem ent o f  tax o n o m ic  
re la tedness.

T h is m o tiv a tes th e  in tro d u c tio n  o f  a second  index, 
‘tax o n o m ic  d is tinc tness’, A* (W arw ick  & C larke  
1995), w hich is m odified to rem ove som e o f  th e  o v ert 
dependence  o f  A on the species a b u n d a n c e  d is
tr ib u tio n  rep resen ted  by  th e  {a,}. I t  d iv ides th e  tax o 
no m ic  d iversity  o f  e q u a tio n  1 by th e  S im pson-type  
index o f  e q u a tio n  2, i.e. A is d iv ided by its va lue  w hen 
th e  h ierarch ical c lassification  co llapses to  th e  special 
case o f  all species be lo n g in g  to  a single genus. By 
defin ition , th e  resu lting  ra tio , A1'“, m u st be  m o re  nearly  
a fu n c tio n  o f  pu re  tax o n o m ic  re la ted n ess o f  in d i
v iduals. T h e  a lgebraic  defin ition  o f  tax o n o m ic  d is
tin c tn ess is:

A " =  [ I I ,  ^ ijx iXj];[LI.i<jXixJ] eq n  3

an d  an  a lte rn a tiv e  w ay o f  view ing th is is as the 
expected  (w eighted) p a th  leng th  be tw een  a n y  tw o  ra n 

dom ly  c h o s e n  ind iv iduals fro m  the sam ple , con
d itio n a l on th e m  being fro m  d ifferen t species. Note 
th a t, un like  A , the expression  fo r  A* is in v arian t to 
a scale c h a n g e  in x ,  so th a t  A* co u ld  incorporate 
s tra ig h tfo rw a rd ly  cases w here  th e  d a ta  a re  n o t counts 
o f  in d iv id u a ls  b u t, say, to ta l b io m ass fo r each  species. 
I t  w ould  a ls o  acco m m o d a te  th e  use o f  transform ed 
co u n ts , e.g. th e  log (1 +  x )  o r  a 0'25 transform ations 
com m only  u s e d  in m u ltiv aria te  co m m u n ity  analysis 
to  d o w n -w e ig h t the  co n trib u tio n s  o f  d o m in a n t species 
(C lark e  & G r e e n  1988). A  special case (in  a sense, the 
u ltim ate  d o w n -w eig h tin g  tran s fo rm a tio n ) is the  use 
only  o f  p re sen ce /ab sen ce  in fo rm a tio n  fo r each species. 
T h e  { a ,-} are  th e n  all th o u g h t o f  a s  eq u a tin g  to  unity 
(fo r species t h a t  are p resen t) an d  A an d  A* reduce to 
th e  sam e s ta tis t ic , nam ely:

A + =  [ I I ,- .  ,cuÿ]/[i(i- — l)/2 ] eqn 4

w here  s  is th e  n u m b er o f  species p re sen t a n d , fo r the 
do u b le  su m m a tio n , i an d  j  range o v e r these  s  species.

T h e  sta tis tic a l resu lts o f  the  p a p e r  co n ce n tra te  only 
on  tw o cases: w hen  the  {a ,-} are  (u n tran sfo rm ed ) 
co u n ts  an d  w h e n  only presence /absence  in fo rm ation  
is available. T h e y  encom pass an y  w eig h tin g  scheme 
fo r th e  {co j. T h e  exam ples in th is a n d  th e  com panion  
p a p er (W arw ick  & C larke  1998), how ever, all use the 
sim plest p o ss ib le  w eights, in th e  co n te x t o f  th e  class 
o f  free-living m a r in e  nem atodes: co =  1 (species in the 
sam e genus), 2 (sam e fam ily b u t d ifferen t genera), 3 
(sam e su b o rd e r  b u t  different fam ilies), 4 (sam e o rder 
b u t different su b o rd e rs ) , 5 (sam e subclass b u t different 
o rders), 6 (d iffe ren t subclasses). F o r  exam ple, trea ting  
th e  su b tree  in  F ig . 1 as a  co m ple te  sam ple , a simple 
(0 ,1 , 2) w e ig h tin g  o f  th e  levels gives, fro m  eq u atio n s 1, 
3 a n d  4, th e  values A = 1 -4 8 , A* = 1 - 8 2  and 
A + =  1-80. N o te ,  how ever, th a t  an y  o th e r  set of 
increasing  w eigh ts w o u ld  h o n o u r  th e  s tru c tu re  implied 
by a tax o n o m ic  c lassification . A  n a tu ra l refinem ent 
w ould  be fo r the  w eigh ts to  depend  o n  the q u an tita tiv e  
red u ctio n  in ta x o n  richness on  m ov ing  u p  th e  hier
a rchy , a lth o u g h  th e  n u m b er o f  species p e r genus, gen
era  per fam ily, e tc ., w ould  need to  be set g lobally  for 
each fau n a l g ro u p , in som e w ay, fo r the index to be 
co m p arab le  acro ss studies.

F o r  all th ree  ind ices, the effect o f  the d en o m in a to r 
term s in eq u atio n s 1, 3 an d  4 is to  reduce o r  elim inate 
d irec t dependence on  the n u m b er o f  species s : thus in 
F ig . 3d—f  there  is an  ap p aren tly  s ta tic  m ean  value for 
A, A* an d  A +, w h a tev e r th e  su b sam p le  size (o r, in the 
case o f  F ig . 3f, w h a tev er th e  n u m b er o f  species in the 
subset). N a tu ra lly , the va rian ce  increases with 
decreasing  in fo rm a tio n  in all cases. T he A statistics 
c an n o t therefo re  claim  to  rep resen t all aspects o f  a 
co m m u n ity ’s d iversity: i f  the resu lts  o f  F ig . 3 have 
som e theoretical genera lity  then they  can  be  seen to 
p a rtitio n  o u t from  species richness som e com b in a tio n  
o f  h ig h er tax o n o m ic  sp read  an d  evenness, m ak in g  the 
claim  th a t average d istinctness in  a sam p le  can  be
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re liab ly  e s tim a ted , w hile  to ta l d is tinc tness in th e  sa m 
ple  (w hich c learly  d epends on  the richness) c a n n o t.

M E A N S  A N D  V A R I A N C E S

F o r  th e  m o d el underly ing  Fig. 3d,e, th e  full se t o f  
species ab u n d an c es  {x¡, i =  1, . . .  , i1} an d  th e  to ta l 
species richness s  a re  th o u g h t o f as fixed, an d  th e  ‘tru e ’ 
tax o n o m ic  d iversity  an d  d istinctness values a re  given 
by e q u a tio n s  1 and  3, w ith  the { m j  being k n o w n  
w eights. A ra n d o m  su b sam p le  (w ithou t rep lacem en t) 
o f  a  fixed n u m b er o f  o rgan ism s, m ,  is tak en  fro m  the 
full se t o f  in d iv iduals n ( =  I,oc,), and  A,„ a n d  A,„* 
d en o te  th e  ca lcu la ted  taxonom ic  d iversity  a n d  d is
tin c tn ess values fro m  th a t  subsam ple. T h e  A p p en d ix  
(case 1) show s qu ite  generally  th a t A,„ is an  u n b iased  
estim a te  o f  A, an d  A,„* is ap p ro x im ate ly  u n b iased  for 
A* (u sin g  a T ay lo r series), w hatever th e  su b sam p le  
size m  a n d  th e  s tru c tu re  o f  th e  trees.

A n  im p o r ta n t special case is w hen o n ly  p res
en ce /ab sen ce  in fo rm a tio n  is available, an d  th e  su b 
sam ples n o w  draw  species a t  ran d o m  (w ith o u t rep lace 
m ent): m  species fro m  the full set o f  s. T h e  d is tinc tness 
fo r th e  su bsam ple , A „+, is again  an  (exactly) u nb iased  
e stim a te  o f  A + fo r th e  full species set, fo r  any  in  (see 
th e  A p p en d ix , case  2). T his firm s up  th e  suggestion  
from  F ig . 3 f th a t  the m ean  o f  a n u m b er o f  rep ea ted  
subsam p les a t  each size is c o n stan t, an d  there  is no 
su b sam p lin g  bias.

T h e  A p p en d ix  develops these resu lts  fo r m ean 
values fo rm ally , in o rd e r to  set the sym bolism  fo r 
d e riv a tio n  o f  va rian ce  fo rm ulae , b u t no te  th a t th e re  is 
a  sim pler heu ris tic  ex p lan a tio n  fo r th e  exact u n b iased 
ness o f  A,„ a n d  A,„+ . F o r  exam ple, the exp ec ta tio n  
o f  A,„+ is ju s t  th e  expected  p a th  leng th  betw een  tw o 
ra n d o m ly  selected  species from  a su b set o f  in species. 
H ow ever, th e  la tte r  su b set is selected ran d o m ly  from  
th e  full set o f  s  species, an d  a ra n d o m  p a ir fro m  a 
ra n d o m  sam p le  o f  in species (in >  1) is a lso  a ran d o m  
p a ir  fro m  the full set o f  s  species. By defin ition , A + is 
th e  expected  p a th  leng th  fo r a ran d o m ly  selected p a ir 
o f  species fro m  the full set o f s  species, so it m ust 
fo llow  th a t  E(A,„+) =  A +. S im ilar reaso n in g  yields the 
ex ac t u n b iasedness resu lt fo r A„, b u t n o t fo r A,,,*, 
because o f  the c o n d itio n a lity  clause in its defin ition ; 
reco u rse  needs to  be m ade  to  th e  T ay lo r series 
a p p ro x im a tio n  o f  th e  A ppendix.

T h e  A p p en d ix  th en  goes on to show  th a t th e  vari
ance o f the subsam ple estim ate A,„r has the following form:

var(A „,+) =  2(s — m )[m (m  — l)(.y — 2)(.y — 3)]_l

[(.y -  in -  1 )<x2„, +  2 (s -  1 )(m  — 2)cr2,-;] eqn  5

w here:

gJ  =  [ (E ,I>(yl„w,v2)/v(.y -  1)] -  cö2 eqn 6

a  * =  [(I,o j,2)/v] -  o f  eqn 7

cD, =  ( L ^ o j f K s  -  1) eq n  8

cu =  (I,cö,)/.y =  ( I / I x / ,)CV,y)/[.y(.y — 1)] =  A . eq n  9

T h ese  tw o a2 te r m s  a re  s tra ig h tfo rw a rd  p ro p e rties  of 
th e  tax o n o m ic  tree  fo r the full species set, w ith  o f  
c o rre sp o n d in g  t o  the variance  o f  all p a th  len g th s {w,y} 
b e tw een  d iffe re n t species, an d  o f  th e  va rian ce  o f  the 
m e a n  p a th  le n g th s  {cö,} from  each  species to  all others. 
N o te  th a t  e q u a t io n s  is an  ex ac t re su lt n o t a  T ay lo r 
series a p p ro x im a tio n .

T h ese  s a m p lin g  p rop erties  n o w  m o tiv a te  a s ta tis
tica l test fo r in c re a s e  o r  decrease  in observed  tax o 
n o m ic  d is tin c tn ess , based e ith e r on  d irec t sim ulation  
o r  a p p ro x im a te  confidence in te rv a ls  (o f  th e  usual 
m ean  +  2 SD  fo rm ) , c o n stru c ted  from  the variance 
expression  o f  e q u a t io n  5.

R esu lts

A P R A C T I C A L  T E S T  F O R  C H A N G E  IN 

T A X O N O M I C  D I S T I N C T N E S S

T h e  fa c t th a t,  fo r  p resence /absence  d a ta , th e  dis
tin c tn ess e s tim a te  (A,„+) from  a  su b set o f  in species 
unb iased ly  e s tim a te s  the d istinc tness (A +) o f  th e  full 
set, suggests th e  fo llow ing  test scenario  fo r  situations 
in  w h ich , a t first s igh t, no valid  d iversity  com parisons 
seem  possib le. T h e  sta rtin g  a ssu m p tio n  is th a t there 
exists a re a so n a b ly  com prehensive  species list (inven
to ry ) fo r a re g io n , w ithin w hich certa in  localities are 
p o stu la ted  to  h a v e  reduced  diversity . I f  th e  on ly  d a ta  
av ailab le  a t  th ese  localities a re  local species lists from  
o n e-o ff stud ies , a n d  there  is no c o n tro l o f  th e  sam pling 
effo rt expended  in  each  lo ca tio n  (o r in constru c tin g  
th e  reg io n a l in v en to ry ), then  th e  only  conven tional 
d iv ers ity  m easu re  calcu lab le  -  th e  n u m b er o f  species 
fo u n d  a t  each lo ca lity  -  is u n in te rp re tab le . H ow ever, 
th e  above  resu lts  sh o w  th a t one can  unb iased ly  com 
p a re  tax o n o m ic  d is tin c tn ess a t  a  locality  w ith  th a t  for 
th e  g lo b al list. F o r  the null hypo thesis o f  no  difference, 
a  ran d o m iza tio n  te s t can  be p e rfo rm ed  by repeated ly  
su b sam p lin g  species sets o f  size in, d raw n  a t ran d o m  
from  th e  g lobal lis t, and  c o n stru c tin g  th e  h istog ram  
o f  th e  resu lting  A,„+ estim ates. T hese  will centre 
a ro u n d  the g lobal d istinc tness o f  A + an d  th e  spread 
o f  th e  sim ulated  v a lu es can  be used  to  de te rm in e  if  the 
observed  A,„+ fo r th a t  locality  is a t  va rian ce  w ith  the 
nu ll hypothesis.

F ig u re  4 is based  on  a U K  species list fo r  free-living 
m arin e  n em atodes (s  =  395; see the co m p an io n  paper 
W arw ick  & C lark e  1998), a n e m a to d e  species list 
(m  =  122) from  co m b in ed  core  sam ples tak en  over the 
cou rse  o f  a  year a t  e ig h t sandy  sites in th e  E xe estuary , 
E n g lan d , U K  (W arw ick  1971), an d  a fu r th e r  nem a
to d e  species list (m  = 1 1 1 )  from  six san d y  sites in the 
C lyde estu ary , S c o tla n d , U K  (L am bshead  1986). F o r 
a  to ta l o f  1000 ra n d o m  sam ples o f  size m  =  122 (for 
F ig . 4a), an d  a fu r th e r  1000 ra n d o m  sam ples with 
m  = 1 1 1  (for Fig. 4 b ), d raw n fro m  th e  g lobal list, the 
A,„1 estim ates give th e  h is to g ram s o f Fig. 4 a ,b , show 
ing the typically ra th e r  n a rro w  ran g e  o f  d istinctness 
values com m en su ra te  w ith th e  null hypo thesis for
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Fig. 4. Histogram of A* values for 1000 random subsamples of a fixed num ber in o f species, from a full list of free-living 
marine nematodes of the UK (5 =  395 species): (a) m  =  122, (b) m — 111, corresponding to the sublist sizes for combined 
samples at intertidal sandy sites in .the Exe and Clyde estuaries, respectively. The true A+ values for both localities are also 
indicated: for the Clyde, the null hypothesis that the average distinctness equates with that for the U K  as a whole is clearly 
rejected (P <  0-1%).

these subsam ple  sizes. T h e  tru e  A„,+ fo r the Exe e s tu 
a ry  sands, o f  4-75, lies cen tra lly  to  the d is tr ib u tio n  o f 
Fig. 4a  an d  th ere fo re  p ro v id es no  evidence o f  a  differ
en t average  d istinc tness a t  th is locality  th a n  in the U K  
reg ion  as a w hole. T o  reject the null hypo thesis , a t 
ap p ro x im ate ly  th e  5%  level, the tru e  A „+ w ould  need 
to  fall below  th e  25th  low est (o f  1000) sim ula ted  A„,+ 
values in the h is to g ram , o r  above  the 25th  h ighest. In 
co n tra s t, the tru e  A,„+ fo r  th e  C lyde san d s (4-46) is 
below  th is low er lim it in F ig . 4b a n d  in fact it is sm aller 
th a n  any  o f  the  1000 sim u la ted  values, so there  is 
significant ev idence o f  a  low er tax o n o m ic  d istinc tness 
here  th an  fo r th e  U K  as a  w hole (P  <  0 T % ).

T he c o m p u ta tio n a l b u rd e n  o f  th is large n u m b er 
o f  s im ula tions, w h ich  needs to  be rep ea ted  fo r every 
locality  u n d e r test (w ith  a  d ifferen t species su b set size), 
can  be heavy, a lth o u g h  n o t u sually  p roh ib itive . A  
m uch  faster, a p p ro x im a te  p ro ced u re  is p ro v id ed  by 
the va rian ce  fo rm u la  o f  eq u a tio n  5. T h e  c o n s tan ts  o f  
a n d  o f  in th is ex p ression  a re  a fu n c tio n  only  o f  the 
tree  s tru c tu re  o f  th e  g lo b al list (o f  s  species) and  need 
to  be ca lcu la ted  on ly  once (for all m arine  n em atodes 
o f  the U K , fo r  exam ple). T h e  v a riance  expression  is 
th en  a ra th e r  sim ple  fu n c tio n  o f  su b sam p le  size m  and 
these c o n stan ts , so  th a t  an  ap p ro x im ate  95%  c o n 
fidence ‘funneP (m ean  ±  2 SD ) can  easily be c o n 
s tru c ted  over th e  full ran g e  o f  m -values. H ere  the m ean 
is equal to  A + fo r the  g lo b a l list ( =  4-72 fo r U K  m arine  
nem atodes) an d  th e  S D  is th e  sq u are  ro o t  o f  th e  v a ri
ance expression  in e q u a tio n  5. F ig u re  5 d isp lays th is 
funnel (the  sm o o th , d a rk e r  lines) an d  c o n tra s ts  it w ith 
the resu lts  o f  extensive s im u la tio n  ru n s  (the circles, 
jo in ed  by lighter lines) fo r  su b set lists o f  m  =  10, 15, 
20, 25, . . . ,  350 species. A t each p o in t there  are 1000 
ran d o m  selections a n d  th e  circles d en o te  the  25th  low - 
est an d  25th h ig h est d is tinc tness values (sim ulated  
95%  confidence lim its). T h ere  is c lear evidence o f  a 
left-skew ed d is tr ib u tio n  fo r  A,„+ in th is case (as also

fo r th e  C h ilean  n em a to d e  d a ta  o f  the  com panion  
p ap er; W arw ick  & C lark e  199S) b u t the norm ality  
a p p ro x im a tio n  to  th e  low er confidence lim it (the 
im p o r ta n t lim it in p ractice ) is go o d  enough  to  suggest 
th a t  th is  m ay  be a  useful sh o rt-c u t to  th e  full ran 
d o m iz a tio n  p ro ced u re , in n o n -b o rd erlin e  cases, when 
co m p u tin g  p o w er is lim iting . A n  im proved  empirical 
fit c o u ld  d o u b tle ss  be c o n stru c ted  from  an expression 
fo r th e  th ird  m o m e n t o f  A/ll+ .

D iscussion

A s sh o w n  in  Fig. 5, d is tinc tness values fo r any  specific 
locality , h a b ita t  type, p o llu tio n  co n d itio n , etc., can 
be  p lo tte d  on th e  confidence funnel c rea ted  from  a 
reg ional species list, to  test fo r  significant d ep artu res 
from  th e  null h y p o th es is  ( th a t a  p a r tic u la r  subsam ple 
behaves, in term s o f  its pair-w ise  average  distinctness, 
as if  it w ere a ra n d o m  sam ple  from  the la rg e r list). 
T he co m p an io n  p a p e r, W arw ick  &  C larke  (1998), 
app lies a n d  in te rp re ts  th is m e th o d  in  a  range o f  situ
ations.

It is p e rh ap s  su rp ris in g  th a t  a  d iversity  test o f  any 
so r t  sh o u ld  be possib le in a  case  w here sam pling  effort 
is u n co n tro lled  a n d  th e  only  d a ta  consist o f  presence 
o r absence  o f  species. Indeed , th e  test cou ld  no t be 
expected  to  have th e  sam e sensitiv ity  as th a t  o b ta in 
able from  a w ider ran g e  o f  d iv ers ity  m easures (or 
m u ltiv a ria te  analysis) ca lcu lab le  from  ab u n d an c e  da ta  
in carefu lly  stan d ard ized  sam p lin g  p lans. T he key 
p o in t to  recognize here  is th a t  certa in  diversity 
fea tu res , m o st o bv iously  the  n u m b er o f  species re
co rd ed  in a sam ple, a re  h ighly d e p en d en t on the sam 
pling reg im e, and can  only  be s tra ig h tfo rw a rd ly  com 
pared  u n d e r c o n d itio n s o f  co m p arab le  sam pling 
effort. T h e  sam e cav eats  will ap p ly  to o th e r diversity 
to ta ls , such  as P D , the to ta l phy logenetic  o r tax o 
nom ic b ra n ch  length in a  su b tre e  fo r a particu la r
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Fig. 5. Confidence funnels for the A~ randomization test, from the all-UK list of m arine  nematode species. Circles correspond 
to direct randomization results for each sublist size, and smooth (thick) lines to approxim ate limits using the variance formula 
of equation 5. The dashed line gives the mean A4' over each simulation, confirm ing the theoretical unbiasedness result 
(A+ =  4-72 for the full set of 395 species).

lo ca lity /co n d itio n . T h ey  will n o t ap p ly  in general to 
average  p ro p erties , such  as th e  pair-w ise  tax o n o m ic  
d istinc tness indices discussed he re  o r, possib ly , an 
average  phy logenetic  d iversity , defined as PD,A. (N o te  
th o u g h  th a t,  as p o in ted  o u t earlie r, th e  la tte r  w ould  
have  certa in  in te rp re ta tio n a l d raw b ack s: av erag e  P D  
takes th e  sam e  value fo r F ig . 2c,d . I t  is a lso  tru e  th a t 
average  P D  ca lcu la ted  fro m  a  ran d o m ly  selected  su b 
list o f  m  species does n o t unb iased ly  e s tim a te  average  
P D  fo r th e  to ta l list o f  5 species, a  fa c t th a t  can  be 
seen  as fu r th e r  lim iting  the usefu lness o f  th is possible 
a lte rn a tiv e  fo rm u la tio n .)

T h u s, fo r  h is to ric  d a ta  a n d /o r  m eta -an a ly ses in 
w hich  resu lts  from  d ifferen t w ork ers  a re  co n tra s ted , 
th e re  m ay  be little  choice b u t to  recognize  th a t  only 
certa in  asp ects o f  d iversity , such  as av erag e  tax o n o m ic  
d istinc tness, m ay  be valid ly  co m p ared . T h is ra ises a 
final qu estio n , on th e  ex ten t to  w hich the co m 
p a rab ility  o f  A'" is co m p ro m ised  by th e  d iffering  tax o 
no m ic  iden tifica tio n  skills o f  d ifferen t w o rkers. In  fact, 
fo r to  rem ain  u n b iased  fo r A ';' ,  i t  is n o t necessary  
to  assum e th a t  all w o rk ers  a re  equally  efficient, only 
th a t  tax o n o m ic  accu racy  is in d ep e n d en t o f  the ta x o 
no m ic  re la ted n ess o f  th e  species invo lved . T o  p u t it 
a n o th e r  w ay , c e rta in  w o rk e rs  m ay  m iss (o r  m is- 
iden tify ) species b u t, p ro v id ed  they  d o  so a t ran d o m  
acro ss  th e  species p o o l, in effect th e  te s t rem ain s 
u n ch an g ed . (W h eth er low  n u m b ers  o f  species are 
fo u n d  because o f  low  sam p lin g  e ffo rt o r a low id en ti
fication  ra te  is then  irre lev an t to  th e  c o n stru c tio n  o f 
A + .) W h eth er such  an  indep en d en ce  scen ario  is 
reaso n ab le  in p ractice  is d iscussed  fu r th e r  in th e  co m 
p a n io n  p a p e r  (W arw ick  &  C larke  1998).
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A p p e n d ix

C A S E  1: R A N D O M  S U B S A M P L E S  O F  
I N D I V I D U A L S

F o r  the s itu a tio n  rep resen ted  by F ig . 3d ,e, the exact 
u n b iasedness o f  A,„ an d  asy m p to tic  u n b iasedness o f  
A,,,*, a s  e s tim a to rs  fo r A an d  A*, respectively , is 
d e m o n s tra ted  u n d e r ran d o m  su b sam p lin g  (w ithou t 
rep lacem en t) o f  m  o rgan ism s from  th e  full se t o f  n.

T h e  species ab u n d an c es  {x¡; i — 1, s; Xpq =  n } 
an d  th e  to ta l n u m b er  o f  species s  are th o u g h t o f  as 
fixed, w ith  th e  tax o n o m ic  diversity  A an d  d istinc tness 
A':: fo r  the full d a ta  set given by  eq u a tio n s  1 an d  3 o f  
th e  m ain  text. F o r  a fixed-size (m) su b se t o f  indi- 
\  iduals, d e n o te  th e  ab u n d an ces o f  each o f  th e  s  species 
by { F,; i =  1 , . . . ,  .y; X,- Y¡ -  m ) ,  cap ita l le tte rs  reflecting 
the fact th a t  these  are the ‘ran d o m  v a riab le s’. T he 
e s tim a to rs  o f  A a n d  A* from  a  sam ple  o f  size m  are:

A,„ =  [XX,<7aLyF,Yj\/{m(m — l)/2 ] eqn A Í

A,,,* -  [Z.Zi<j(jjjY 'Y J\ /[ l.I .i<fY iYJ]. eqn  A2

T h e  { F,) a re  jo in tly  hypergeom etric , w ith  p ro b ab ility  
d is tr ib u tio n :

P r(F , =  y „ Y 2 = y 2, . . . , F ,  = y )

— Ç x\C yi)(x2C y2) ■.. (x .C y fj fn C m )  eqn  A3

an d  m ean  values:

E( F,) =  tn x ¡In (/ =  1 , . . . ,  s). eqn A4

U sin g  th e  fa c t th a t  the expecta tion  o f  a  sum  o f  ran d o m  
v ariab les  is th e  su m  o f  the ex pecta tions, even w hen 
n o n -in d ep e n d en t, the  expec ta tion  o f  A,„ is:

E(A,„) =  [XX/<r/w „E ( Y, Yj)]/[in(m -  1 );2] eqn  A5

It can  be sh o w n  fro m  e q u a tio n  A3 that:

E  {Y ,Y }) =  [m (m  -  \)x -x ^[n (n  -  1)]

{ i j  =  1 , . . . ,  s; i f  j )  eqn  A6

so that:

E(A „) =  [ U . i<lw ijx lx J [n { n  -  l)/2] =  A. eq n  A7

In a  s im ila r  w ay , b u t th is tim e utilizing  an  asy m p 
to tic  T a y lo r  series ex p an sio n  to express th e  m ean o f  a

ra tio  as a p p ro x im a te ly  th e  ra tio  o f  th e  m eans, and 
again  using  e q u a tio n  A6:

E(A,„*) «  [ZX,- < Y¡ Y])] /[XX,- <yE ( F,- YJ]

=  [Z~L¡<jO)iJx ix l]i[I.I.¡<jXiXj] =  A*. eqn A8

C A S E  2: R A N D O M  S U B L I S T S  O F  S P E C I E S

T he exact u n b ia sed n e ss  o f  the A„,+ e s tim a to r  fo r A~ is 
d e m o n s tra te d  fo r  ra n d o m  sublists o f  m  species drawn 
(w ithou t re p la ce m en t)  from  th e  full list o f  s  species. 
In  ad d itio n , th e  exact v a riance  o f  A,„+ is derived , as a 
basis fo r c o n fid en ce  funnels, such  as th a t  in  Fig. 5.

T his is a sp ec ia l case  o f  th e  fo rm u la tio n  in  case 1, 
w ith  a b u n d a n c e s  tak in g  th e  values x , =  1 fo r  all i = l 
. . . ,  s  species p re sen t in th e  full set; th e  taxonom ic 
d istinctness A":" o f  th e  full tree  (395 species in the U K  
n em ato d e  ex am p le  o f  Fig . 5) is given by eq u a tio n  4 of 
the  m ain  tex t. F o r  a fixed-size (in) sub lis t o f  species, 
d raw n  ra n d o m ly  w ith o u t rep lacem en t, th e  random  
variab les { Fg  i =  1, s; X ,F¿ =  m )  n o w  take  only 
the  values 0 o r  1 (‘in d ic a to r’ v a riab les), d ep en d en t on 
w hether th e  zth species is ab sen t o r  p re sen t, respec
tively, from  th e  sublist. T h e  tax o n o m ic  distinctness 
A„.+ fo r the su b lis t is defined as:

A,„+ =  [ I . l i<jCûy YiYJ]:[m(m -  l)/2 ] eqn A9

w here  th e  d o u b le  su m m atio n  is over all species {/, 
j =  1 i < j ) .

T h e  jo in t  p ro b a b ili ty  d is tr ib u tio n  o f  th e  {F,} now 
reduces lo  th e  sim ple  case:

P r(F , -  y h Y 2 =  y 2, . . . ,  F , =  y s)  =  1 ¡(sC m )

eqn A10

i.e. all c o m b in a tio n s  o f  m  species d raw n  fro m  s  are 
equally  likely. I t  follow s that:

E (F ,) =  m /s, E ( Y,-Yj) =  [m (m  -  \ )}/[s(s -  1)]

( i j  = I , . . .  ,s ;  i f j )  eqn A 11

and:

E(A,„+) =  \S.Zl<fi)lJE(F,Fy)]/[m(m -  l)/2]

=  P X ,..:ym,,]:[,v(v -  1 )I2] =  A + eqn  A 12

estab lish ing  the un b iased n ess o f  A,„+ as an  estim ato r 
o f  A + .

D eriv a tio n  o f  th e  v a riance  resu lt, o f  e q u a tio n  5 of 
the m ain  text, s ta r ts  from  a  m odified  fo rm  o f  equation  
A 9, u sing  the sym m etry  in th e  w eigh ts (c% =  c o j  and 
the s ta n d a rd  fo rm u la  fo r  th e  v a rian ce  o f  a  sum  of 
ran d o m  variables:

var(A,„+) =  var([X ,X (, 0cüÿF,F,]/[m (m  -  1)])

=  [m(m -  l ) ] - 2X,X7(ii0

[T.íY.¡i¿ k)cú¡Jcokl.cov(Y¡Y j, Yk F,)] eqn A13

w here the fou r su m m atio n s  a re  all in th e  ran g e  1 , . . . ,  
,y. C o n sid e r now on ly  th e  in n er p a ir  o f  su m m ations, 
over (k , /•), for a specific ( i , j )  (w ith j  f  i). U n d e r the 
v a rio u s co m b in a tio n s o f  su b scrip t equ ivalences, e.g. 
(le =  /, /■ =  _/), (k =  /s /• ^  i o r  /), (k  f  i, r =  j ) ,  e tc ., only 
th ree  different co v arian ce  term s em erge (n o te  th a t in 
eq u a tio n s  A 14-A 19 su b scrip ts  i , j ,  k , r a ll differ):

(i) co  v( F, Yj, Y, Y )  =  va r( Y, F.) =  a -  cr eqn A 14

w here, because the { F j  a re  in d ic a to r va riab les  tak ing  
o n ly  the values (0, 1):
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a =  E(y,:r/) =  E (y ,K )  =  Pr{ y, =  1, yy. =  1}

=  [m(m  — 1 )]/[-v(j>' — 1)] eqn A Í5

(il) cov( Y i Y„ y, y,) = b - a 2 eqn  A 16

where:

b =  E (Y rY jY .)  =  P r (  Yi =  1, y, =  1, y,. =  1}

=  [m(m  -  1 )(m  — 2)]/[j(.v — 1)(¿- -  2)] eqn A l 7

(iii) cov( Y,■ Yj, Yk y,.) — c — a2 eqn A 18

where:

c =  E( y, y, y,; y,.) =  [m(m — I) (m  — 2)(m  — 3)]/

[s(s -  1)(¿- -  2)(s -  3)]. eqn  A19

Sum m ing  over th e  inner p a ir  o f  subscrip ts (/<, r) in 
eq u a tio n  A Í3  gives th e  ( / ,y )th  te rm  as:

(o¡[2{ci -  a2)cOj +  2(b — a2)(coio +  coOJ — 2 oí¡¡)

+  (c -  cr)(cü00 — 2(0 0 — 2ü)0j  +  2co,,)] eqn  A20

w here, in s ta n d a rd  sta tis tica l n o ta tio n , a circle in d i
cates sum m atio n  a c ro ss  th a t  su b scrip t:

toia ■ co0j  — (0oo — Z , Z A ..î , .

eqn A21

S u b s titu tin g  e q u a t io n  A20 in to  e q u a tio n  A 13, the 
su m m atio n  o v e r  th e  tw o o u te r  su b sc rip ts  (/. /)  is:

(c -  a~)(o001 +  4 (b  — c)£,a),-02

+  2(a — 2b  +  c)Z,Z v̂ ()cu,y2 eqn  A22

an d  using  th e  d e f in itio n s  o f  w  ( =  A : ) a n d  th e  ‘vari
an ce-like’ p ro p e r t ie s  g 2 an d  a J  in  e q u a tio n s  6 -9  o f 
the m ain  tex t, e q u a t io n  A 13 becom es:

var(A,„+) =  m ~ 2(m  — l ) -2¿'(.y -  1){2{a — 2b +  c)a, 2

+  4  (b -  c)(s  -  1 ) g J  +  [2(a - 2  b +  c)

+  4 (b  -  c )(i — 1) +  (c — <r).y(.y — l)]co2}
eq n  A23

O n su b s titu tin g  fo r  ci, b  an d  c from  eq u atio n s A 15, 
A Í 7 an d  A Í 9, th e  coefficient o f  á r  d isa p p ea rs , an d  the 
desired  v a rian ce  fo rm u la  is ob tained :

var(A„,+) =  2{s — m)[m{m  -  l) (s  — 2 )(s — 3)]_l

[(.V — m  — 1)<72£„ +  2(s — \){m  -  2)crA], eqn  A24
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