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A further biodiversity index applicable to species 
variation in taxonomic distinctness
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ABSTRACT: A  fu rth e r  biodiversity  in d ex  is p roposed , b a se d  on  taxonom ic (or phylogenetic) re la te d ­
ness of species, nam ely  th e  'variation  in  taxonom ic d is tin c tn ess ' (VarTD, A +) b e tw e en  every  p a ir  of 
species rec o rd e d  in  a  study. It com plem ents th e  p rev io u sly  d e fin e d  'a v e ra g e  taxonom ic d istinctness' 
(AvTD, A+), w h ich  is th e  m e an  p a th  le n g th  th ro u g h  th e  taxonom ic tre e  c o n n e c tin g  every  p a ir  of sp e ­
cies in  th e  list. VarTD is sim ply the  v ariance  of th e se  p a irw ise  p a th  le n g th s  a n d  reflects th e  u n e v e n ­
ness of th e  taxonom ic tree . For exam ple, a species list in  w h ich  th e re  a re  se v e ra l d iffe ren t o rders r e p ­
re se n ted  only  by  a  s in g le  species, b u t also som e g e n e ra  w h ich  a re  v e ry  sp ec ies-rich , w ould  g ive a 
h ig h  A+ by  com parison  w ith  a list (of equ iva len t A+) in  w h ich  all species te n d e d  to b e  from  d iffe ren t 
fam ilies b u t th e  sam e order. VarTD is show n to h av e  th e  sam e d es ira b le  sam pling  p ro p ertie s  as 
AvTD, p rim arily  a lack  of d ep e n d en c e  of its m e an  v a lue  on  th e  sam p le  size (ex cep t for un reahstically  
sm all sam ples). S uch  u n b ia sed n ess  is of crucial im p o rta n ce  in  m a k in g  valid  b iod iversity  com parisons 
b e tw e en  stud ies a t d iffe ren t locations or tim es, w ith  d iffe ring  or u n co n tro lle d  d eg re es  of sam pling  
effort. This fe a tu re  is em phatica lly  n o t sh a re d  by  ind ices re la te d  to  species rich n ess  an d  also n o t by 
p ro p ertie s  of th e  p h y lo g en y  ad a p te d  from  p roposals  in  o ther, conserva tion  con tex ts , such  as 'av e rag e  
phy logenetic  d ive rsity ’ (AvPD, <ï>+). As w ith  AvTD, th e  V arTD  sta tistic  fo r an y  local study  can  be 
te s ted  for 'd e p a r tu re  from  expectation ', b ased  on a  m a s te r  taxonom y  for th a t reg ion , by  constructing  
a  sim ulation  d istribu tion  from  random  subse ts of th e  m a s te r  list. T h e  idea  c a n  be ex ten d e d  to  sum ­
m arising  th e  jo in t d istribu tion  of AvTD an d  VarTD, so th a t v a lu es  from  re a l d a ta  sets a re  com pared  
w ith  a  f itted  sim ulation  'en v e lo p e ' in  a 2 d (A+, A+) plot. T h e  m e thodo logy  is a p p lie d  to 14 species lists 
of free-liv ing  m arine  nem ato d es, an d  re la te d  to a  m aste r list for UK w aters. T h e  com bination  of AvTD 
and  VarTD p icks out, in  d iffe ren t ways, som e d e g ra d e d  locations (low A+, lo w  to norm al A+) an d  the

A p ristine  is lan d  fa u n a  of th e  Scillies (norm al A+, h ig h  A+). T h e  2 in d ic es  a re  a lso  d em o n stra ted  to be 
m easu rin g  effectively  in d e p e n d e n t fea tu re s  of th e  taxonom ic tree , a t least for th is fau n a l g roup  (al­
th o u g h  it is show n th eo re tica lly  th a t this w ill no t alw ays b e  th e  case). T h e  com bination  of A+ a n d  A+ is 
th e re fo re  s e e n  to  p ro v id e  a  statistically  ro b u st sum m ary  of taxonom ic (or phy logenetic) re la ted n ess  
p a tte rn s  w ith in  a n  assem b lag e , w h ich  has th e  p o te n tia l to  b e  ap p lied  to a w id e  ra n g e  of h isto rical 
da ta  in  th e  form  of sim ple species lists.

KEY W ORDS: B iodiversity  ■ Taxonom ic d istinctness • P h y lo g en e tic  d iversity  • S am pling  p ro p ertie s  ■ 
S im ulation  ■ B ritish m a rin e  nem atodes
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INT RO DU CT IO N

Species r ichness m e asu res  h a v e  traditionally  b e e n  
the  m ainstay  in  assess in g  th e  effects of environm ental 
d eg rad atio n  on  th e  b iod iversity  of n a tu ra l assem blages 
of organism s. H ow ever, th e  sa m p lin g  p roblem s associ­
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a te d  w ith  asce rta in in g  tru e  species richness a n d  m a k ­
in g  co m p arab le  assessm en ts w ith  h isto rical d a ta  are 
w ell-know n, a n d  it should  b e  n o te d  th a t r ichness is no t 
th e  only m e a su ra b le  com ponen t of com m unity  level 
b iodiversity , e v e n  w hen  th e  d a ta  consist sim ply of lists 
of sp ec ie s  p re se n ce /ab se n ce s . T h e  phy logenetic  s tru c ­
tu re  of th e  assem b lag e  is also  clearly  im portan t, an d  an 
assem b lag e  com prising  a g ro u p  of closely re la te d  sp e ­
cies m u st b e  re g a rd e d  as less ’b iod iverse ' th a n  an
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assem blage of the  sam e n u m b er of m ore  distantly  
re la ted  species, for exam ple  all b e lo n g in g  to d ifferent 
phyla. M easures of ph y lo g en etic  s tru c tu re , b ased  on 
analysis of cladogram s of p articu la r g ro u p s of o rg an ­
ism s, h av e  b e e n  p ro p o sed  b y  conservation  biologists as 
a  m eans of assign ing  conservation  prio rities th a t p re ­
serve th e  g rea tes t am o u n t of phy logenetic  diversity  or 
'evo lu tionary  h istory ' (M ay 1990, V ane-W righ t e t al. 
1991, W illiams e t al. 1991, F aith  1992, 1994, H um phries 
e t al. 1995, N ee & M ay 1997). L ittle a tten tio n , how ever, 
has b ee n  devoted  to analysis of th e  w ays in  w hich 
env ironm enta l d eg rad a tio n  affects p h y lo g en e tic  s tru c ­
tu re  on  local or reg io n a l scales, a n d  th e  e x ten t to w hich 
p ropertie s  of this s tru c tu re  can  b e  u se d  as m easu res  of 
biodiversity  for th e  p u rp o ses of biological effects m o n ­
itoring,

W arw ick & C larke (1995) in tro d u ced  th e  co n cep t of 
taxonom ic d istinctness (A) in to  m arine  ecology, as a 
m easu re  of the  av e rag e  d e g re e  to w h ich  ind iv iduals in 
an  assem blage a re  re la te d  to each  other. C larke & 
W arw ick (1998) e x a m in e d  th e  sta tistica l sam pling  
p ropertie s  of m easu res  b a se d  b o th  on q u an tita tiv e  sp e ­
cies abu n d an ces an d  species p re se n c e /a b se n c e  data  
(A+), th e  la tte r essen tia lly  b e in g  a  m ean s of com paring  
non -quan tita tive  species lists. T hey  show ed  th a t the  
m ean  value  of av e rag e  taxonom ic d istinctness is in d e ­
p e n d e n t of sam ple size or sam pling  effo rt— a n  im por­
ta n t ad v a n ta g e  over species richness m e a su re s— an d  
derived  an  expression  for its th eo re tica l sam pling  v ari­
ance. T he average taxonom ic d istinctness A+ is sim ply 
ca lcu la ted  by  sum m ing  th e  p a th  len g th s th ro u g h  a  ta x ­
onom ic tre e  connecting  ev e ry  p a ir  of species in  th e  list, 
an d  d iv id ing  by th e  n u m b e r  of p a th s  (see Fig. la).

W arw ick & C larke (1998) ap p lied  this m e asu re  to 
d a ta  on free-liv ing m a rin e  n em ato d es  from  d e g ra d e d  
an d  n o n -d eg rad e d  locations a ro u n d  th e  B ritish Isles, 
an d  p rov ided  ev idence for a  loss of av e rag e  taxonom ic 
d istinctness in  locations th a t w ere  affec ted  b y  various 
types of pollution, in c lu d in g  sew age , industria l po llu ­
tion a n d  heavy  m e ta l con tam ination . T he in d e x  has 
also b e e n  u sed  to co m p are  assem b lag e s  of g roundfish  
in  NE A tlantic shelf w a te rs  (Haii & G re en stre e t 1998, 
Rogers e t al. 1999) a n d  s ta rfish  a n d  b rittle  stars in  polar 
reg ions (P iepenburg  e t al. 1997) a n d  th e  A tlan tic  (Price 
e t al. 1999). C larke & W arw ick  (1999) looked a t various 
alternatives for how  th e  s tep  le n g th s  b e tw e en  ta x o ­
nom ic levels could re a so n a b ly  b e  defined , e.g . p ro p o r­
tional to the  ex ten t b y  w h ich  th e  n u m b er of taxa  
d ecrease  a t each  step , a n d  sh o w ed  th a t the  resu lts  for 
the  sim ple assum ption  of co n stan t inc rem en ts w ere  
h ighly  robust. By tru n c a tin g  th e  taxonom ic tre e  a t suc­
cessive levels, they  w e re  also ab le  to de te rm in e  
w h e th e r  d ifferences in  a v e ra g e  taxonom ic d istinctness 
w ere  d u e  to d ifferences in  th e  h ig h e r  or low er level 
stru c tu re  of the tree.

A n o th er a sp e c t o f the  phy logenetic /taxonom ic  struc­
tu re  w hich , as y e t ,  rem ains u n ex p lo red  is th e  'ev en ­
ness ' of th e  d is tr ib u tio n  of taxa  across the  tree . Are 
som e ta x a  o v e r- re p re se n te d  a n d  o thers u n d e r-re p re ­
se n te d  b y  co m p ariso n  w ith  w h a t w e know  of th e  spe­
cies pool for the  g e o g ra p h ic a l reg ion? This is p a rticu ­
larly  re le v a n t w h e n  com paring  b iodiversity  a t la rger 
sp a tia l scales w h e re ,  in  add itio n  to  environm ental 
d e g ra d a tio n  from  a n th ro p o g e n ic  causes, h ab ita t h e t­
e ro g e n e ity  is l ik e ly  to  in fluence d iversity  p a tte rn s . For 
all g roups of o rg an ism s, specific ta x a  a tta in  th e ir  h ig h ­
est d iversity  in  p a r tic u la r  hab ita ts , an d  if ce rta in  h a b i­
ta t types a re  a b s e n t  from  a n  a re a  th e n  w e m igh t expect 
som e g roups of sp e c ie s  to  b e  u n d e r-re p re se n te d  and 
o thers o v e r- re p re se n te d  co m p ared  w ith  the  regional 
p ic ture, w h ich  c o u ld  resu lt in  a  m ore u n ev e n  (more 
variab le) d is tr ib u tio n  across th e  tree.

T h e  hy p o th esis  m o tiv a tin g  this p a p e r  is that, under 
an th ro p o g en ic  d is tu rb a n ce , th e  species th a t d isap p ea r 
first te n d  to  b e  th o s e  rep rese n ta tiv e  of h ig h e r taxa 
w h ich  a re  re la tiv e ly  species-poor. T he rem a in in g  sp e ­
cies a re  th e n  from  a  sm alle r n u m b e r of groups, each  of 
w h ich  te n d s  to  b e  re la tive ly  m ore species-rich  (see 
'R esults an d  d iscu ssio n ' for som e exam ples of th is p h e ­
nom enon). This e ffe c t should  m an ifest itself b o th  as a 
d ec rease  in  a v e ra g e  taxonom ic d istinctness an d  a 
d ec rease  in  th e  v ariab ility  of pa irw ise  re la ted n ess  of 
species in  th e  tax o n o m ic  tree . In  contrast, one can 
en v isag e  b io g e o g ra p h ic  p a tte rn s  (as above) in  w hich 
th e  a v e rag e  tax o n o m ic  d istinctness m ig h t b e  expected  
to d ec rease  or re m a in  stab le  a t som e locations b u t the 
u n ev e n n ess  in  p h y lo g e n e tic  s tru c tu re  w ould  increase . 
A ny sta tistic  w h ich  m easu res  th is variab ility  should  
ideally  h av e  sim ilar sam pling  b eh av io u r to th a t of A+, 
i.e. lack  of d e p e n d e n c e  on sam ple size or sam pling  
effort. In  this p a p e r  w e develop  a n d  app ly  such  an  
index, te rm e d  'v aria tio n  in  taxonom ic d istinctness', 
an d  exam ine  its sa m p lin g  p roperties, bo th  in  its ow n 
rig h t an d  jo in tly  w ith  av erag e  taxonom ic distinctness.

DEFINITION OF STATISTICS

A verage taxonom ic d istinctness (AvTD, d en o ted  by 
A+) is d e fin e d  by  C la rk e  & W arw ick  (1998), from  data  
consisting  only of p re se n c e  or ab sen c e  of taxa, as

A+ = 2 (1)
s ( s - l )

w h ere  s  is th e  n u m b e r of species p resen t, the  double 
sum m ation  is over th e  se t {i = l , .. .s ;  j  = l , . . .s ,  such  th a t 
i < j }, an d  (£>jj is th e  'd istinc tness w e ig h t' b e tw e en  sp e ­
cies i  a n d  j. T h e  la tte r  is show n in  Fig. l a  as (half) the  
p a th  le n g th  th ro u g h  th e  s ta n d a rd  L innean  tree  con­
n ec tin g  th e se  species. Typically, eq u a l step  le n g th s (v)
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aSuborder

Family

Genus

Spec ie s
27

C O g g  ----  V , +  V g +  V g   ̂ t U g g    ^  +  V£6 3  V1

Fig. 1. Examples of (a) taxonomic and (b) phylogenetic trees for a sam ple of 
7 species, and  definition of 'distinctness w eight' {co,,), from  species i to j, 
nam ely the p a th  leng th  through the tree  from species i to the first common 
node w ith  species j. A simple m ean of these weights defines the 'average 
taxonom ic/phylogenetic distinctness' A+ of the sam ple (Eq. 2) and their vari­
ance defines the 'variation in taxonom ic/phylogenetic distinctness' A+ (Eq. 3)

stric ted  n u m b e r  of h ig h e r taxa, for a  g iven 
nu m b er of s p e c ie s ,  w ith  cases w h ere  th e  
sam e n u m b e r  o f species a re  m ore taxo- 
nom ically  d is p a ra te .  It w ill not, how ever, 
d istingu ish  th e  tre e s  in  Fig. 2, w h ich  have 
the sam e n u m b e r  of species an d  an  iden ti­
cal AvTD b u t  fo r  w h ich  th e  second  tree  
h as  a  m ore u n e v e n  s tru c tu re  across the  
taxonom ic u n i t s  th a n  th e  first. T h e  p re s ­
ence  of som e g e n e ra  w ith  m any  species 
w ould te n d  to  r e d u c e  AvTD, b u t this could 
be  c o u n te rb a la n c e d  by  th e  p re se n ce  of 
fam ilies r e p r e s e n te d  by  only 1 (or a very  
few) species. S u c h  a d iffe rence in  s tru c ­
tu re  will be w e l l  reflec ted  in  variability  
of th e  full s e t  of pa irw ise  d istinctness 
w eights m a k in g  u p  th e  average. V ariation 
in  taxonom ic d is tin c tn ess  (VarTD, deno ted  
by  A+) is th e re fo re  defin ed  as

A+ = — co) _ CO,-

a re  assu m ed  b e tw e en  ea ch  level in  th e  h ie ra rchy  (spe­
cies to  g en u s , g en u s  to  family, etc), an d  C larke & W ar­
w ick  (1999) su g g e s t th a t th e y  b e  s ta n d ard ise d  so th a t 
th e  d istinctness of 2 species co n n ec ted  a t the  h ig h est 
level (the taxonom ically  m ost d is tan t pa irin g  u sed  in  a 
b a tch  of analyses) is se t eq u a l to  100.

It is w orth  n o tin g  in  p ass in g  th a t th e  concep t of a v e r­
a g e  taxonom ic d istinctness is read ily  ex ten d e d  to  a 
p h y lo g en e tic  tr e e  w hose b ran c h  len g th s a re  fully 
d e te rm in e d  (Fig. lb ). T h e  d istinctness w eigh t œ¡j is 
th e n  d efin e d  n a tu ra lly  as th e  d is tan ce  from species i to 
th e  first com m on n o d e  w ith  species j. T hus, in  Fig, lb ,  
CÛ35 = Vi + v 2 + v3 an d  cû63 = v4 + v5. T h e  asym m etry  of th e  
{coy} is th e n  easily  c a te re d  for in  th e  definition of A+ by 
u s in g  th e  m ore g en e ra l form:

s(s - 1 ) S ( s - l )
• —  CO

w h ere
(Qii 

s (s  - 1 )
co = = A+

(3)

(4)

T he V arTD sta tistic is h e re  c o m p u te d  for a ran g e  of da ta  
se ts  on  so ft-sed im ent m a rin e  n e m a to d e  assem b lag es in  
th e  British Isles, covering  p o llu te d  a n d  c lean  e n v iro n ­
m ents, is land  an d  m a in la n d  sites, an d  d iverse  hab ita ts .

DATA EMPLOYED

W e h av e  u sed  th e  sam e d a ta  on m arine  free-liv ing  
n e m a to d e  assem b lag es from  th e  British Isles a s  W ar­
w ick  & C larke (1998), for w h ic h  a com prehensive  phy-

A+ =
s ( s - l )

(2 )

This, naturally , is id en tica l to Eq. (1) for a  Lin- 
n e a n  classification, for w h ich  co¡¡ = co;i. W here 
a  p h y lo g e n e tic  tre e  is fully specified, it 
clearly  com es closer to  p ro v id ing  a  m e a su re ­
m e n t of evo lu tionary  re la te d n e ss  or d istinct­
ness  of 2 species although , in  p ractice , the 
c ru d e r app rox im ation  of a  L in n ean  classifica­
tion  is all th a t is likely  to  b e  av a ilab le  for m ost 
g roups of m arin e  organism s, This p ap e r  
th e re fo re  focuses only on  L in n ean  classifica­
tions, a lth o u g h  all re su lts  can  b e  s tra igh tfo r­
w ard ly  genera lised .

A verage  taxonom ic d is tin c tn ess  (AvTD) r e ­
flects, of course, only one p ro p e rty  of a  taxo ­
nom ic s tru c tu re . It w ill b e  effec tive  in  con­
tras tin g  s ituations in  w hich  th e re  a re  a  re-

aSuborder
33.33 33.33

Family

33.33 33.33

Genus

33.33 33.33

Spec i e s

66.67,  A+ A+ =  66.67,  AH0 634.9

Fig. 2. Two exam ple trees (a,b) for which average taxonom ic distinctness 
(A+) is identical but variation in  taxonomic distinctness (A+) differs sub­
stantially, reflecting the greater unevenness of the tree  structure in (b) 
com pared w ith the simple regularity of (a). Note the standardised  scal­
ing of path step-lengths such th a t the maximum distinctness w eight co 
attainable for any of the trees being com pared is set equal to 100
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logenetic  classification b ased  on clad istic  princip les 
exists (Lorenzen 1981, 1994) an d  for w h ich  a  re la tive ly  
com prehensive  in v en to ry  of species is ava ilab le  (Platt 
& W arw ick 1983, 1988, W arw ick e t al. 1998), T h e  to ta l 
n u m b er of rec o rd e d  species in  B ritain is 395, a n d  th e se  
have b e e n  classified  into genera , fam ilies, suborders, 
orders a n d  subclasses accord ing  to L orenzen  (1981, 
1994). T h e  d a ta  in c lu d e  14 loca tio n /h ab ita t com bina­
tions (Fig. 3). For 3 d iffe ren t hab ita ts  (sublittoral se d i­
m ents, in te rtid a l san d s an d  estuarine  m udflats) th e re  
a re  exam ples covering  a  ran g e  of levels an d  types of 
pollution:

Sublittoral offshore sedim ents. N (Fig. 3): th e  re la ­
tively p ristine  m u d  a n d  sandy  m ud  at 3 sta tions off th e  
N o rth u m b erlan d  co ast (W arw ick & B uchanan  1970); 
TY: th e  T yne se w a g e  s ludge  d u m ping  g round , a d is ­
persive  site  w h ere  env ironm en ta l im pact on  b o th  
m eioben thos an d  m acroben thos, in  com parison w ith  
ap p ro p ria te  contro l sites in  th a t reg ion , is re la tive ly  
sligh t (Som erfield  e t al. 1993); L: th e  heav ily  in d u stri­
alised  a n d  se w a g e-p o llu ted  L iverpool Bay (Som erfield 
e t al. 1995).

F O
C1
C 2

EM
FA TA E SSA

S S

Fig. 3. M ap of British Isles show ing approximate locations of 
the studies giving rise to th e  14 regional/habitat species lists. 
S: all Scillies; SA: Scillies algae; SS: Scillies sand; FA: Fai mud; 
TA: Tam ar m ud; E: all Exe; EM: Exe mud; ES: Exe sand; 
L: Liverpool Bay; TY: Tyne dum pground; N: N orthum berland 
offshore; FO: Forth sand; C l: Clyde sand (Lambshead study); 

and C2: C lyde sand  (Jayasree study)

Intertidal sa n d  beaches. SS: th e  p ristine  sandflats 
an d  b ea ch e s  of t h e  Isles of Scilly (W arw ick & Coles
1977) a n d  ES: t h e  m ou th  of the  Exe e s tu a ry  (W arw ick 
1971); th e  b e a c h e s  su b jec ted  to in d u stria l a n d  sew age 
po llu tion , in  th e  C ly d e  a t C l: E ttrick, Irv ine an d  Ayr 
B ays (L am b sh ead  1986) an d  C2: Irv ine  Bay (Jayasree 
1976), an d  a t FO : th e  F orth  (Jay asree  1976). E ttrick  Bay 
is n o n -po llu ted  a c c o rd in g  to L am bshead  (1986), b u t 
since w e  are  c o n s id e r in g  reg io n a l ra th e r  th a n  site-by- 
site  concepts, w e  h a v e  in c lu d ed  all species h e  rec o rd e d  
from  16 sam ples i n  the  3 bays.

Estuarine in tertid a l mudflats w ith  redu ced  salinity. 
EM : th e  re la tiv e ly  p ris tin e  Exe (W arw ick 1971); TA: the  
T am ar (A usten & W arw ick  1989) w ith  a  h istory  of m e t­
alliferous m in in g  in  the  ca tchm ent, ex tensive  naval 
dockyards, an d  th e  la rg e  conu rba tion  of Plym outh; 
FA: th e  Fai e s tu a ry  w h ere  th e  concen tra tions of heavy  
m e ta ls  in  th e  m u d  a re  th e  h ig h est in  th e  B ritish Isles 
as a  re su lt of a  lo n g  h isto ry  of tin -m in in g  (Som erfield  et 
al, 1994a,b).

W e h av e  also c o m p a re d  com bined  species lists for a 
ra n g e  of d iffe ren t h a b ita t types from  2 w ell-defined  
reg io n s  of Britain, n am e ly  th e  Isles of Scilly (S): beach  
sa n d s  w ith  d iffe ren t levels of exposure , in te r tid a l algae 
(also an a ly sed  se p a ra te ly , SA), k e lp  ho ldfasts, sub lit­
to ra l secondary  a n d  coarse substra ta ; a n d  the  Exe es tu ­
ary  (E): m udfla ts in  d iffe ren t sa lin ity  reg im es and  at 
d iffe ren t tidal le v e ls , san d  b ea ch e s  w ith  vary ing  
d e g re e s  of ex p o su re  an d  g rain  sizes, an d  coasta l su b ­
soil w a te r  from co a rse  sed im ents a t h ig h  w a te r  of 
sp rin g  tides. T he L iverpool Bay d a ta  also arguab ly  
com e in to  this m ix e d -h a b ita t ca tegory , since a  w ide 
ra n g e  of sed im en t ty p e s  w as stud ied , ran g in g  from  fine 
silts to  coarse g rav e ls  an d  stones.

SAMPLING PROPERTIES OF VarTD

A n im portan t ch arac teris tic  of a v e rag e  taxonom ic 
d istinctness is the  in d e p e n d e n c e  of its m e an  value 
from  sam pling  effort, in  s ta rk  con trast to  th e  estim ation  
of species richness. M ore precisely, consider a  random  
su b sam p le  of m  sp ec ie s  d raw n  from  th e  full species se t 
s  (= 395 in  th e  case of th e  British Isles m arine  nem ato d e  
list), a n d  d en o te  th e  AvTD sta tistic  for th a t su b se t by 
Am+. C lark e  & W arw ick  (1998) show  th a t th e  m e an  (in 
s ta tis tica l term inology, th e  ex p ec ted  value, E(Am+)) of 
this sta tistic  is alw ays A+, the  AvTD for th e  full se t of s 
species, irrespective  of m. T hey  also derive  a n  ex p re s ­
sion  for th e  sam pling  variance, var(Am+), as a ra the r 
sim ple function  of m, s, an d  2 v a ria n ce -re la te d  p ro p e r­
ties of th e  full tree  (see A ppend ix  A). A  sim ple signifi­
cance  te s t can  then  b e  construc ted  of th e  nu ll h y p o th e ­
sis th a t th e  species list from  a  p a rticu la r reg io n /h ab ita t 
h as  a  taxonom ic s tru c tu re  w hich is re p re se n ta tiv e  of
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Fig. 4. H istograms of expected distributions of (a) AvTD and (b) VarTD from 1000 simulations. F or each  simulation, a random  sub­
set of m  = 102 species is selected (without replacem ent) from the full list of s = 395 m arine nem atode  species recorded from the 
UK, and the average and variation in  taxonom ic distinctness (Am+ and Am+) com puted for th a t subset. Also indicated are the real 
values of AvTD and VarTD calculated from the full Scilly Isles data (S), showing no departu re  from  expected A+ bu t g reater than

expected  unevenness in taxonomic structure (high A+)

th e  fu ll b iod iversity  of th e  UK list. This ho lds fixed  the  
ob se rv ed  n u m b e r (m ) of species in  th e  specific reg ional 
s tudy  (a sta tistic  w hich  is u n in fo rm ativ e  ab o u t th e  null 
hypo thesis  b ec au se  it re flec ts  sim ply  th e  differing  
d e g re e s  of sam pling  effort) a n d  sim ulates th e  d istribu ­
tion  of Am+ values expected  u n d e r  th e  nu ll hypothesis, 
by  m ak in g  1000 (say) ran d o m  selections, each  of m  
species, from  th e  full UK list. A s w ith  any  hypothesis 
test, th e  tru e  value  of A+ for th e  specific study  is then  
co m p ared  w ith  this nu ll d is trib u tio n  to  de te rm in e  if 
it lies above or below  th e  c ritica l values, ou tside of 
w h ich  5%  of th e  d istribu tion  falls. (N ote th a t C larke & 
W arw ick  1998 use th e  var(Am+) ex p ressio n  to define 
ap p ro x im ate  lim its from  a  n o rm a l distribution , a  less 
com pu ting -in tensive  op era tio n  b u t one w hich  is no t 
p articu la rly  convincing in  th e  ca se  of th e  Am+ d is trib u ­
tion, w ith  its ap p a ren t le ft-skew ness.) T he p rocedu re  
is illu stra ted  in  Fig. 4a for th e  co m b in ed  Scillies d a ta  
(m = 102 species), an d  th e  tru e  v a lu e  of A+ = 79.54 
is se en  to  fall w ith in  th e  m a in  b o d y  of th e  sim ulated  
d istribu tion , im ply ing  no d e p a r tu re  from  th e  nu ll h y ­
pothesis.

Similarly, one can  define  v a ria tio n  in  taxonom ic d is­
tin c tn ess  (VarTD) for a  ran d o m  su b sam p le  of m  s p e ­
cies, d en o ted  by  Am+, a n d  A p p e n d ix  A  dem onstra tes 
th a t its ex p ec ted  value  is

E(Am+) = A+ -  var(Am+) (5)

T hus, Am+ is no t exactly  u n b ia se d  for A+, the  VarTD 
for th e  full tre e  of s species. It is a n  u n d e re s tim a te  since 
the  second  te rm  is positive, b u t th e  s tru c tu re  of var(Am+) 
g iv en  in  A ppend ix  A su g g ests  th a t th is b ias te rm  will b e

very  sm all. This is b o rn e  o u t  for th e  British Isles n e m a ­
to d e  list u se d  to  co n stru c t F ig. 5b, w h ere  the  th in  co n ­
tinuous lin e  d en o tes  th e  th e o re tic a l m ean , E(Am+), as a 
function  of m. W hilst for v e ry  sm all m  th e re  is a  sm all 
bias, this qu ick ly  te n d s  to  ze ro  as m  increases. For e x ­
am ple, for m  = 10, E(Am+) = 468.1 co m p ared  w ith  A+ = 
490.2, g iv ing a  n eg a tiv e  b ia s  of ju st u n d e r  5 %, w h ereas  
for m  = 30 th e  b ia s  is only  ab o u t 1 %, for m  = 60 it is 
0.4%  an d  for m  = 100 it d ro p s  to ab o u t 0 .2% . In th e  con­
tex t of th e  g e n e ra te d  ra n g e  of Am+ values, for re p e a te d  
ran d o m  su b se ts  of m  spec ies , the  b ia s  is seen  to b e  e n ­
tire ly  n eg lig ib le  for all rea lis tic  values of m. For a  p a r ­
ticu lar v a lu e  of m  (= 102) th is  can  b e  se en  in  Fig. 4b, in 
re la tion  to  th e  'a ll Scillies’ data , w h e re  th e  sim ulated  
d istribu tion  u n d e r  th e  n u ll h y p o th esis  is clearly  cen tred  
aro u n d  th e  UK a v e ra g e  v a lu e  of A+ = 490.2, w ith  sim u­
la te d  v a lu es  ra n g in g  from  ab o u t 440 to 550. M ore g e n ­
erally, it is se en  from  th e  fu n n e l p lo t of Fig. 5b, w h ere  
th e  th ick  lin es  in d ic a te  th e  lim its w ith in  w hich  95 % of 
s im u la ted  v a lu es  lie, for a ra n g e  of m.

As w ith  AvTD, th e  VarTD sta tistic  is th e re fo re  seen  
to h av e  th e  very  d es irab le  sam p lin g  p ro p erty  of in se n ­
sitivity to sam p lin g  effort, re flec te d  in  th e  n u m b e r of 
species ac tua lly  observed . T h is p rov ides a  justifica tion  
for com paring  its v a lu e  for sp ec ie s  lists (from th e  sam e 
defin ed  fau n a l group) over d iffe ren t a reas  or tim es, 
w h ich  m ay  h av e  involved  co llection  an d  analysis by 
d iffe ren t w orkers , em ploying  d isp a ra te  sam ple sizes. It 
is im plicit th a t rev isions of n o m e n c la tu re  th ro u g h  tim e 
are  reconciled , also th a t th e  d iffe ren t w orkers do no t 
o pera te  to d iffe ren t s tan d ard s  of taxonom ic rigou r in  
iden tifica tions (or, if they  do, th e y  do not do so in  a  sys-
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Fig. 5. The 95% probability funnels (thick line and crosses) for (a) AvTD and (b) V arTD  from 1000 independen t simulations for 
each subset size (number of species, m -  10, 15, 20, .. .250) draw n randomly from the 395 UK nem atode species. For each specific m, 
2.5% of th e  simulations gave Am+ (Am+) values above the upper, and 2,5% below th e  lower limits of these funnels. Thin line 
denotes th e  theoretical m ean for such random  selections, indicating the exact unb iasedness of Am+ for A+ (AvTD for the full 395 
species), and the near unbiasedness of Am+ for A+, irrespective of m. Also shown are th e  ac tua l values of AvTD and VarTD for the 
14 regional/habitat species lists, plotted against the num ber of species in each list. Note th e  significantly below expectation A+ values 
for some degraded  locations and significantly above expectation A* values for all the Scilly Isles lists. A bbreviations as in Fig. 3

tem atic  w ay, in troducing  bias). In a  g en e ra l discussion 
of th e  u tility  of m easu res  b ased  on taxonom ic d is tinc t­
ness, C lark e  & W arw ick (1999) d e ta il such  caveats, 
in c lu d in g  th e  po ten tia l d an g e rs  of com paring  indices 
across v ery  d isp a ra te  fau n a l groups, for w h ich  the  
activ ities of 'lum pers ' on one side, an d  'sp litte rs ' on  the 
other, cou ld  m ake  th e  designations of taxonom ic levels 
non -com parab le . For this reason , the  p re se n t exam ple 
confines itself to a fairly co h eren tly -d efin ed  group, the  
m arin e  nem atodes.

As a n  aside, it shou ld  b e  n o ted  th a t u n b ia sed n e ss  is 
fa r  from  b e in g  a  u n iv e rsa l p ro p erty  of p o te n tia l b io ­
d iversity  m e asu res  b ased  on  th e  taxonom ic h ierarchy , 
For exam ple , F aith  (1992) defined  a ph y lo g en etic  d i­
versity  statistic, PD, w h ich  co rresponds in  th e  cu rren t 
con tex t to th e  to ta l b ran c h  le n g th  in  th e  taxonom ic tree  
(e.g. for Fig. 2b, PD = 400). T his is essen tia lly  a  richness 
m easu re , s ince  the  to ta l b ra n c h  le n g th  m u st in c rease  
ea ch  tim e a  n ew  species is ad d ed , a n d  p rac tica l p lots of 
PD a g a in s t n u m b er of species (s) te n d  to show  a  sim ple 
lin ea r re la tionsh ip  w ith  ra th e r  little sca tte r (e.g. Fig. 6a 
d isp lays a  nea r-lin ea r re la tio n sh ip  for th e  14 n em a to d e  
d a ta  sets). H ow ever, in  a  v e ry  n a tu ra l way, PD can  b e  
co n v e rted  to  a  m e an  sta tistic, w h ich  para lle ls  A+, by  
defin ing  av e rag e  phy lo g en etic  diversity  (AvPD) as:

0 + = PD /  s (6)

This ca n  b e  th o u g h t of as th e  av e rag e  am oun t of p h y ­
lo g en e tic  diversity  (b ranch  length) co n trib u ted  by  a

random ly  chosen  sp ec ie s  to  th e  to ta l PD, ta k in g  into 
accoun t how  m u c h  of th is con tribu tion  is novel and  
how  m uch  a lre a d y  co n trib u ted  by  o th er species (Faith 
describes how  to ac h ie v e  a  sim ple b re a k d o w n  of the  
to ta l PD in to  ac tu a l con tribu tions from  ea ch  species, as 
p a r t of th e  p ro ce ss  of defin ing  ta x a  w hich  should  
a ttrac t h igh  co n serv a tio n  status). O ne  m ig h t expect 0 + 
la rge ly  to  rem ove th e  d ep e n d en c e  (in m e an  value) on 
th e  n u m b er of sp e c ie s  s, s ince  the  add itio n  of each  n ew  
species could e i th e r  in c re ase  or d ec rease  th e  av erag e  
v a lue  <3>+, d e p e n d in g  on w h e th e r  th e  n e w  species was 
d istan tly  or closely re la ted , respectively , to th e  existing 
species set, This tu rn s  ou t n o t to b e  the  case, as illus­
tra te d  in  Fig. 6b. U n d e r  th e  sam e ran d o m  subsam pling  
m odel as app lied  to  A+ (and A+), species subse ts  of fixed 
size m  can  b e  d raw n  from  a  m aste r list, for w h ich  AvPD 
for th e  su b se t is d e n o te d  by  Om+ a n d  for th e  m aste r list 
by  <E>+. A g en e ra l ex p ress io n  for E(<E>m+) is n o t m a th e ­
m atically  trac tab le , b u t a  n eg a tiv e  b ias in  estim ating  

is im plica ted  and , u n lik e  A+ estim ation, it is no t n e g ­
lig ib le. Fig. 6b show s th e  s im u la ted  m e a n  (thin line) 
from  1000 su b sam p les  of ea ch  size, m  = 10, 15, 20, ..., 
for th e  British Isles n e m a to d e  m aste r list of 395 species, 
a n d  adds th e  ac tua l v a lu es of $ + co m p u ted  for th e  14 
reg ional d a ta  sets. In  sharp  con trast w ith  Fig. 5, the  
d ep e n d en c e  of av e rag e  ph y lo g en etic  d iversity  (AvPD) 
on  th e  sam ple size is clear, an d  it could b e  h igh ly  m is­
le ad in g  sim ply to co m p are  2 values of ®+ b ased  on 
d iffe ren t stud ies w ith  d iffering  d eg re es  of sam pling
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Fig. 6. (a) The (total) phylogenetic diversity (PD), as defined by Faith  (1992), c o m p u te d  h e re  a s  th e  tot 
onomic (rather than  phylogenetic) trees for each of the 14 reg ional/hab itat s p e c i e s  lists of U K  m arin e  
values are plotted against the num ber of species in each list, dem onstrating  a  n ea r-lin ea r r e l a t i o n s h ip  
dependence by dividing PD by the num ber of species in the list gives (b) a v e r a g e  p h y lo g e n e t ic  d iv e  
data sets. A strong (negative) dependence on list size rem ains, as is c lear a ls o  from  the m e a n  (th in  line: 
simulations of species subsets of size m  (= 10, 15, ...250), draw n from  th e  full l i s t  of 395 UK n e m a t o d e s  
stark and shows the difficulty of comparing AvPD values betw een studies w ith , differing s a m p l i n g  effor~

effort. W hilst one could  a tte m p t to com pensate for this 
bias w h en  w ork ing  w ith  a w ell-defined  species pool 
(e.g. in  Fig. 6b by re la tin g  th e  d>+ value for each  d a ta  
set to its ca lcu la ted  ex p ec ta tio n  u n d e r  the  random  su b ­
sam pling  m echanism ) th is  n ow  d ep en d s  heav ily  on 
ap p ro p ria te  defin ition  of th a t u nderly ing  species pool, 
w h ich  is n o t th e  case a t all for th e  A+ and  A4- statistics. 
For AvTD an d  VarTD, th e  la c k  of d ep e n d en c e  (in m e a n  
value) on sam p ling  effort ca n  b e  seen  as validating  
d irec t com parison  of ca lc u la ted  values, irrespective  of 
th e  ex is ten ce  or defin ition  of a 'm aste r list'.

RELATIONSHIP OF VarTD TO AvTD

R etu rn ing  to  A+ an d  A+, w ith  th e ir  desirab le  la ck  of 
d ep e n d en c e  on sam p ling  effort, th e  n ex t p rac tica l 
ques tion  concerns the  e x te n t to w hich  th e y  en c a p su ­
la te  in d e p e n d e n t in fo rm ation  ab o u t th e  taxonom ic 
hierarchy . A t one ex trem e, if th e y  a re  determ inistically  
linked, th e  ca lcu la tion  of V arTD  in  add ition  to AvTD 
w ould  ad d  no  usefu l in form ation ; a t the  o ther ex trem e, 
th e y  m ay re flec t en tire ly  u n re la te d  aspec ts of the  ta x o ­
nom ic s truc tu re . T he re a lity  w ill b e  w ith in  these  ex ­
trem es, b u t w ill d e p e n d  on  th e  p a rticu la r context; few  
g en e ra l resu lts  can  b e  a n tic ip a te d  here . In s tan d ard  
sta tistica l com putations th e re  is a n  orthogonality  b e ­
tw ee n  v arian ce  an d  m e a n  calcu lations, b u t such  m o d ­
els do no t ca rry  over to th e  c u rre n t situation  w h ere  the

w e ig h ts  {co¿;} for th e  o b s e rv e  
i n d e p e n d e n t  of ea ch  o t h e r .

O n e  th e o r e t i c a l  r e s u l t  th a t c  
fo r th e  s i m p l e  case w t i e r e  th e r  
h ie r a r c h y :  sp e c ie s  w it t u n  g e n e r  
U n d e r t h e  u su a l s t a n d  u r d i s a t i o r  
b e tw e e n  s p e c ie s  in  t t i e  sam e 
b e tw e e n  sp e c ie s  in  d i f f e r e n t  
m o n s t r a t e d  in  A p p e n d i x  B t h a t  
d e p e n d e n t :

A+ = C 1 0 0  -  A+)

T his is  a  q u a d ra tic  r e l a t i o n s h  
th e  2 e x t r e m e  cases o f  a l l  sp e c !  
all s p e c i e s  in  s e p a r a t e  g e n e r a  
th o u g h , f o r  a  c o m p r e s s e d  tree  v- 
w ill b e  m u l t i p l e  g e n e r a  w ith  se"v 
th e m , a n d  A4- w ill t a k e  v a lu e s  3 
th a n  th e  l o w e r  p a r t of t h i s  r a n g t  
to  A+ w i l l  th e re fo re  t > e  a p p ro - 
n e g a tiv e  c o r re la t io n  c l o s e  to - 1

S uch  s im p le  d e p e n d e n c e  w* 
fo r a  m o r e  rea listic , r i c h e r  h ie ra  
b e r  of l e v e l s .  A ny m e c T ia n is tic  d  
a n d  A+ i n  a  specific c o n t e x t ,  e .c f— 
m a s te r  l i s t  of British I s le s  n e r  
e x p lo re d  b y  s e le c tin g  ra n d o m  
fro m  th e  f u l l  se t of s s p  e c ie s .  U ti 
tio n s as u n d e r l i e  th e  f u n n e l  p i a
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Fig. 6. (a) The (total) phylogenetic diversity (PD), as defined by Faith (1992), com puted h ere  as th e  total branch lengths of the tax­
onomic (rather th an  phylogenetic) trees for each of th e  14 regional/habitat species lists of UK m arine nem atodes. These total PD 
values are plotted against the num ber of species in each  list, dem onstrating a near-linear relationship. A ttem pting to rem ove this 
dependence by dividing PD by the num ber of species in the list gives (b) average phy logenetic  diversity, <E>+, for each of the 14 
d a ta  sets. A strong (negative) dependence on list size rem ains, as is clear also from the m ean (th in  line) from sets of 1000 random  
simulations of species subsets of size m  (= 10, 15, ...250), draw n from the full list of 395 UK nem atodes, T he contrast w ith Fig. 5 is 
stark  and shows the difficulty of comparing AvPD values betw een studies w ith differing sam pling effort. Abbreviations as in Fig. 3

effort. W hilst o n e  could a ttem p t to  co m p en sa te  fo r this 
b ia s  w hen  w o rk in g  w ith  a w ell-defined  sp e c ie s  pool 
(e.g, in  Fig. 6b  b y  re la ting  the  ®+ value for e a c h  data 
s e t  to  its ca lcu la ted  expectation  u n d e r  the ra n d o m  sub ­
sam p lin g  m echanism ) this n o w  dep en d s h ea v ily  on 
ap p ro p ria te  defin ition  of th a t u n d erly in g  sp ec ie s  pool, 
w h ic h  is not th e  case a t all for th e  A+ an d  A+ statistics. 
For AvTD and  V arTD, th e  lack  of d ep e n d en c e  (in m ean  
v a lue) on sam p ling  effort can  b e  seen  as v a lid a tin g  
d ire c t com parison of ca lcu la ted  values, irre sp e c tiv e  of 
th e  ex istence or defin ition  of a  'm as te r  list'.

RELATIONSHIP OF VarTD TO AvTD

R etu rn ing  to  A+ and  A+, w ith  th e ir  d es irab le  lack  of 
d e p e n d e n c e  o n  sam pling effort, the  n ex t p rac tica l 
q u es tio n  concerns the  ex ten t to w hich they  e n c a p su ­
la te  in d e p e n d e n t inform ation ab o u t th e  taxonom ic 
h ie ra rchy . At o n e  ex trem e, if th e y  a re  determ in is tically  
lin k e d , the  calcu lation  of V arTD in  add ition  to  AvTD 
w o u ld  ad d  no u se fu l inform ation; a t  the o th er ex trem e, 
th e y  m ay reflect en tire ly  u n re la te d  aspects of th e  ta x o ­
n o m ic  structu re . T he reality  w ill b e  w ith in  th e se  ex ­
trem es, b u t will d e p e n d  on th e  p articu la r con tex t: few 
g e n e ra l results ca n  be an tic ip a ted  here. In s ta n d a rd  
s ta tis tica l com putations th e re  is a n  o rthogonality  b e ­
tw e e n  variance a n d  m ean  calculations, b u t su c h  m o d ­
e ls  do not carry o v er to th e  cu rre n t situation w h e re  the

w eigh ts  {coi;} for th e  o b se rv e d  species p a irs  a re  no t 
in d e p e n d e n t of e a c h  o ther.

O ne th e o re tic a l re su lt th a t ca n  b e  d em o n stra ted  is 
for th e  sim ple case  w h e re  the re  a re  only 3 levels in  the 
h ierarchy: sp ec ie s  w ith in  g e n e ra  w ith in  a  sing le family. 
U nder th e  u su a l s tan d ard isa tio n , in  w hich p a th  leng th s 
b e tw e en  sp ec ie s  in  th e  sam e g en u s  are  se t to 50 and  
b e tw e en  sp ec ie s  in  d iffe ren t g e n e ra  to  100, it is d e ­
m o n stra ted  in  A p p en d ix  B tha t A+ a n d  A+ a re  perfectly  
dep en d en t:

A+ = (100 -  A+)(A+- 50) (7)

This is a  q u a d ra tic  re la tio n sh ip  w h ich  goes to zero  in  
the 2 ex tre m e  cases  of all species in  1 gen u s (A+ = 50) or 
all sp ec ie s  in  s e p a ra te  g e n e ra  (A+ = 100). In p rac tice  
though , for a  co m p re sse d  tree  w ith  only 3 levels, th e re  
will b e  m u ltip le  g e n e ra  w ith  several species in  m an y  of 
them , a n d  A+ w ill ta k e  v a lu es m u ch  n e a re r  th e  u p p e r 
than  th e  low er p a r t  of th is  range . T h e  re la tionsh ip  of A+ 
to A+ w ill th e re fo re  b e  app rox im ate ly  linear, w ith  a 
n ega tive  co rre la tio n  c lose  to  - 1.

Such s im ple  d e p e n d e n c e  will qu ick ly  b re a k  dow n 
for a m ore  rea listic , r ic h e r  h ierarchy , at a  g re a te r  n u m ­
ber of levels. A ny m ech an is tic  d e p e n d e n c e  b e tw e en  A+ 
and A+ in a  specific con tex t, e.g. for th e  7 levels  of the 
m aster list of B ritish Isles nem atodes, can  aga in  be 
exp lo red  b y  se lec tin g  ran d o m  su b se ts  of fixed size m  
from th e  full se t of s  sp ec ie s . U tilising the  sam e sim ula­
tions as u n d e r lie  th e  fu n n e l plots in  Fig. 5, a  se ries of
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Fig. 7. Scatter plot of VarTD against AvTD values from 1000 
simulations (only 500 are plotted, for clarity) of m  = 100 spe­
cies drawn randomly from the full list of 395 UK nematodes, 
showing that the 2 statistics will provide practically indepen­
dent summaries of the taxonomic structure in this case. Also 
shown (B) are the actual AvTD, VarTD pairs for the Clyde 1 
(Cl), Liverpool Bay (L) and 'all Scillies' (S) data sets, which 
contain approximately 100 species (exact number in paren­
theses) and whose values are seen to fall outside the range 
of any realistically constructed envelope for the simulations

sca tte r p lo ts  can  b e  c re a te d  of sim u lated  Am+ ag a in s t 
Am+ v a lu es for each  specific m . Fig. 7 d isp lays ju s t one 
of th ese , for m  = 100; ea ch  po in t is th e  re su lt of a single 
ran d o m  d raw  (w ithout rep lacem ent) of 100 species 
from  th e  395 in  the  full n em ato d e  list. T h e  la ck  of a 
s izeab le  co rre la tion  b e tw e e n  Am+ an d  Am+ is im m ed i­
ately  a p p a re n t and  th e  sam e lack  of d e p e n d e n c e  is also 
found  for o th e r  values of m . T ab le 1 g ives th e  c o rre la ­
tion  coeffic ien ts b e tw e en  Am+ an d  Am+ for su b se ts  of 
size m  = 10, 15, 20, ... an d  th ese  a re  all s e e n  to  be 
sm alle r th a n  0.1. (Note th a t a lth o u g h  1000 s im u la ted  
values a re  g e n e ra te d  for ea ch  m , in  Fig. 7 th e se  a re  
p ru n e d  to d isp lay  only every  o th e r po in t a lo n g  th e  x  
axis, p u re ly  for reasons of clarity of th e  re su ltin g  plot, 
All com putations, how ever, such  as the  co rre la tions 
p re se n te d  in  Table 1 a n d  the  m odel fitting  of th e  la te r 
section, a re  ca lcu lated  on the  full sets of 1000 random  
sim ulations.)

T he im p lica tio n  in  th is case is th a t com putation  of 
VarTD (A+) is a d d in g  fresh  sum m ary  in form ation  about 
th e  taxonom ic re la tio n sh ip s  in  a  sam p le  to  th a t p ro ­
v id ed  by AvTD (A+), an d  th e  conclusions for the  14 
re g io n a l/h a b ita t n e m a to d e  lists a re  ex am ined  later. 
N ote, how ever, t h a t  th e re  is no  g u a ra n te e  th a t this 
app ro x im ate  in d e p e n d e n c e  of th e  2 m e a su re s  of taxo­
nom ic d is tin c tn ess  w ill carry  over to classification trees 
for o th e r fau n a l g ro u p s  or reg io n s  of th e  w orld. In fact, 
p re lim inary  in d ic a tio n s  a re  th a t th e se  in n a te  co rre la­
tions can  b e  e ith e r  su b stan tia lly  n eg a tiv e  or positive, as 
w ell as ap p ro x im a te ly  zero, in  o th e r contexts. This 
does no t in v a lid a te  th e  u se  of b o th  m easu res  of course 
(it is co m m o n p lace  to ca lcu la te  s ta n d a rd  suites of 
d iversity  indices, s u c h  as S hannon , P ielou 's evennness, 
S im pson etc., w h ic h  are  ce rta in ly  h igh ly  in te rd e p e n ­
dent) b u t it does su g g e s t th a t they  a re  b e s t v iew ed  in 
com bination , in  re la t io n  to  th e ir  jo in t d istribu tion , as 
sim u lated  in  p lo ts su c h  as th o se  of Fig. 7.

RESULTS AND DISCUSSION

Fig. 5a d isplays th e  95%  fu n n e l for th e  sim ulated  
d istribu tion  of a v e ra g e  taxonom ic d istinctness for ra n ­
dom  subse ts of f ix e d  size m  from  th e  UK m arine 
n em ato d e  list; th a t  is, 2 .5%  of th e  s im u la ted  values 
fall below  th e  lo w er lim it a n d  2.5%  above the  upper 
lim it for each  m. S u p erim p o se d  on  this a re  th e  tru e  
v a lu es  of AvTD (A+) ca lcu la ted  from  species lists for 
e a c h  of th e  14 re g io n /h a b ita t com binations described 
earlier (Fig, 3). W arw ick  & C lark e  (1998) po in t out the  
ten d en c y  for A+ to ta k e  low er th a n  ex p e c ted  values for 
th e  'p o llu ted ' sites, in  som e cases falling  below  the 
low er lim it of th e  funnel,

For th e  sam e d a ta  sets, Fig. 5b sim ilarly d isp lays the 
v a lu es  of th e  n ew  v a ria tio n  in  taxonom ic d istinctness 
index, an d  re la tes  th e se  to th e  95 % lim its for th e  sim u­
la te d  d istribu tion  of VarTD (A+) from  th e  ran d o m  su b ­
se ts  of th e  full UK species list. F rom  th e  p rev ious sec ­
tion, this can  b e  th o u g h t of as ad d in g  in d e p en d e n t 
in form ation  abou t th e  b iod iversity  s tru c tu re  of th ese  
sites, an d  it is im m ed ia te ly  c lea r th a t A+ se p ara te s  out 
th e  Scilly Isles d a ta  se ts  as distinctive, in  a  w ay  th a t is 
n o t a p p a re n t from  th e  A+ values. T hey  fall ab o v e  the

Table 1. Product-moment correlation coefficient, r, between paired values of variation in taxonomic distinctness (Am+) and aver­
age taxonomic distinctness (Ara+), calculated from 1000 random<subsets of size m, the species being drawn (without replacement)

from the full species list for British Isles marine nematodes

10 15 20 25 30 40
No. of species, m  

50 60 80 100 130 160 200 250 300

-0.092 0.044 -0.050 -0.034 -0.018 0.040 -0.003 0.053 -0.005 0.060 -0.059 0.002 0.076 -0.004 0.053
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u p p e r  lim it of th e  A+ funnel, ind ica ting  a h ig h e r than  
ex p e c ted  varia tion  in  d istinctness of species pairs. By 
an a lo g y  w ith  th e  sim ple construc tion  in  Fig. 2, a  possi­
b le  im plication  is th a t th e re  is w id esp re ad  re p re se n ta ­
tion  of h ig h e r ta x a  (for th e  lim ited  n u m b e r of species 
found  in  th e se  algal an d  san d y  sho re  d a ta  sets), an d  
th is m igh t h av e  b ee n  ex p e c ted  to  e lev a te  th e  AvTD 
values, b u t th is is co u n te rb a lan ced  by an  u n ev en n ess  ' 
in  rep rese n ta tio n  of low er taxa. For exam ple, som e 
g en e ra , fam ilies or su b -o rd e rs  m ay b e  re p re se n te d  
only by  single species w hilst o the rs a re  re la tive ly  s p e ­
cies-rich, T he n e t effect w ou ld  th e n  b e  approx im ate ly  
n eu tra l on th e  av e rag e  sta tistic  A+, b u t w ould  e lev a te  
th e  variance statistic A+.

T h e  m essag e  from  th e  com bination  of A+ an d  A+ s ta ­
tistics for the  14 re g io n a l/h a b ita t d a ta  sets can  b e  in i­
tially  seen  from  a sim ple sc a tte r  p lo t of th e  14 pairs  
(Fig. 8). The values a re  co m p arab le  in  this way, in  sp ite 
of th e  d iffering  sam pling  effort a n d  th e re fo re  u n eq u a l 
sizes of the  species pools in  e a c h  study, b ec au se  the  
'S am pling  p ro p e rtie s ’ section  es tab lishes the  alm ost 
com plete  in d e p e n d e n c e  of th e  m e an  values of A+ an d  
A+ from  th e  species num bers . (Of course the  p rec ision  
of th e  A+, A+ pairs  w ill b e  a  function  of m, as is clear 
from  the  funnel p lots of Fig. 5, a n d  th e  p lacing  of som e 
ind ication  of th is p rec ision  onto  th e  sca tte r p lo t of Fig. 8 
is ad d re ssed  in  th e  n ex t section .) Fig. 8 reveals an  
in te restin g  characteristic  of th e se  d a ta  sets: in  sp ite of 
th e  v irtua l ab sen c e  of an  in n a te  (m echanistic) co rre la ­
tion b e tw e en  A+ an d  A+ (Table 1), th e  observed  values 
of A+ an d  A+ for th e se  14 sets a re  q u ite  strongly  linearly
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re la ted , w ith  a  p ro d u c t-m o m e n t correlation  coefficient 
of r  = 0.79 (p < 0.001). T h is  is  no t sim ply due to th e  3 
Scillies po in ts , w ith  th e ir  'n e a r  expecta tion ' A+ and  
m ark ed ly  e lev a ted  A+ v a lu e s , since on  rem oving  th ese  
po in ts a  sign ifican t re la tio n sh ip  rem ains ( r=  0.75, p < 
0 . 0 1 ) .

T h e a b se n c e  of any  m e c h a n is tic  correlation , arising  
from  the  construc tion  of th e  2 statistics from  th e  sam e 
d a ta  sets, a llow s eco lo g ica l in te rp re ta tio n  of the  
o b serv ed  positive  co rre la tio n . Low v a lu es of AvTD for 
the  'p o llu ted ' reg ions c o rre sp o n d  w ith  low values of 
VarTD. T h e  im plication  is t h a t  po llu tion  is associa ted  
w ith  a  loss b o th  of the  n o rm a l w ide sp rea d  of h ig h e r  
ta x a  and  th a t th e  h ig h e r  ta x a  lost a re  those  w ith  a  re la ­
tively sim ple  su b sid iary  s tru c tu re , w ith  few  b ranches, 
such  th a t th e  h ig h e r  tax o n  is  re p re se n te d  only b y  1 or 
2 species, g e n e ra  or fam ilies. This w ould  leave only a 
lim ited  ra n g e  of h ig h e r  ta x a , w hich  a re  all re la tive ly  
rich  in  a  sp re a d  of low er ta x a , w ith  a  resu lting  d e p re s ­
sion b o th  in  AvTD a n d  V arTD.

T his scenario  is en tire ly  co n s is te n t w ith  the  g en e ra l 
in te rp re ta tio n  to  b e  fo und  in  the  lite ra tu re  ab o u t th e  
c o n seq u e n ces  of po llu tion  o n  th e  m ak e-u p  of assem ­
b lages: th e  loss of h ig h e r  ta x a  th a t a re  re p re se n te d  by  
ra th e r  few  species in  com parison  w ith  th e  m ore sp e ­
c ies-rich  taxa. For exam ple , th e  re la tive  num bers of 
species in  th e  4 m ajo r ta x a  of m arine  m acroben thos 
g en e ra lly  follow  th e  se q u e n c e  po lychae tes > m olluscs 
> c ru s tacean s  > ech inoderm s, b u t it is the  ech inoderm s 
an d  c ru s ta ce an s  th a t a re  re d u c e d  first in  post-pollu tion  
or d is tu rb a n ce  situations, fo llow ed by  the  m olluscs, 
w ith  th e  p o ly ch ae tes  b e in g  th e  m ost resilien t (W arwick 
& C lark e  1993). G en e ra lly  th e re  is an  in c rease  in  o p ­
p o rtu n is t g ro u p s w ith  close taxonom ic affinities, w hich 
m ay e v e n  som etim es b e  sib ling  species or species com ­
plexes. For exam ple , ce rta in  ta x a  of ben th ic  m arine  
in v e rteb ra te s  a re  k n o w n  to in c re ase  dram atically  in  
a b u n d a n c e  w h e n  levels  of p a rticu la te  o rgan ic en ric h ­
m en t b eco m e ab n o rm ally  h ig h  (Pearson  & R osenberg
1978), a n d  h av e  beco m e know n  as 'po llu tion  ind icato r' 
species. T h e re  is a stro n g  co-inc idence b e tw e en  the  
taxa involved a n d  those  recogn ised  by  Knowlton (1993) 
as com prising sib ling  species (W arw ick & C larke 1995). 
S uch  ta x a  in c lu d e  th e  m acro faunal g e n e ra  Capitella  
(G rassle & G rassle  1976) and  O phryotrocha  (Â kesson 
1984), a n d  th e  m eio fau n al h arpactico id  copepod  gen u s 
Tisbe  (B ergm ans 1979, G ee e t al. 1985).

Sim ulation en velopes

Fig. 8. Scatter plot of VarTD against AvTD values for the real 
species lists from the 14 regional/habitat studies. There is a 
strong observed correlation (r = 0.79) which is not internally 
generated (see Figs. 5 & 7 and Table 1) and persists even on re­
moval of the 3 Scillies points at the top right of the plot (r = 0.75)

T h ere  a re  p o te n tia l ad v an tag es to  assessing  the  
d e p a r tu re s  of o b se rv ed  values of A+ a n d  A+ from  ex p e c­
ta tion  n o t by  separa te  re fe ren ce  to sim u lated  h isto ­
g ram s (such as in  Fig. 4), or th e  95%  fu n n e l p lots they
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g en e ra te  (Fig. 5), b u t by  com bined  re fe re n c e  to  a 
2-d im ensional 'envelope ' for th e  sim ulation  pairs  (Am+, 
Am+) for th e  re lev an t n u m b er of sp ec ie s  (m). O ne 
a d v a n ta g e  of a  b ivariate  ap p ro ach  is th a t  co m p en sa­
tion can  au tom atically  b e  m ade  for th e  re p e a te d  te s tin g  
in h e re n t in  se p ara te  re fe ren ce  to 2 u n iv a ria te  sim u­
la ted  d istributions. A second  a d v a n ta g e  is th a t the  
re jection  reg ion  in  a  2 -d im ensional (A+, A+) p lo t n ee d  
no t b e  rec tangu la r, b u t can  b e  m ou lded  to  acco u n t for 
any  m echan istic  correla tion  b e tw e en  Am+ an d  Am+. 
Thus, if random  selections from  a m aste r list show ed  
th a t Am+ a n d  Am+ w ere  expected  to b e  positively  co rre ­
la ted  (which, w hile  no t the  case for th e  UK m arine  
n em ato d e  data , could w ell b e  tru e  for o th e r  m aste r 
lists), th e n  re jec tion  could b e  in d ica ted  b y  m odera te ly  
low  AvTD com bined  w ith  m o dera te ly  h ig h  VarTD (or 
v ice versa), w h en  n e ith e r  value is low  or h ig h  en o u g h  
to im ply  re jection  in  the  sep ara te  tests,

S im ulations of (Am+, Am+) pairs  from  th e  n em a to d e  
m aste r list, v iew ed  as a  sca tte r plot, h av e  a lre ad y  b ee n  
se e n  for th e  case m  = 100 (Fig, 7). S u p erim p o sed  on 
Fig. 7 a re  th e  rea l d a ta  points for th e  Scillies (all h a b i­
tats), C lyde 1 and  L iverpool Bay, w h ich  all h av e  a p ­
p ro x im ate ly  100 species (102, 112 an d  97 respectively). 
In  th e ir  d iffe ren t w ays, all 3 clearly  lie  ou tside  th e  
'reg io n  of ex p e rien ce ' for th e  s im u la ted  values, This 
heu ris tic  com parison  can  b e  fom alised  by  fitting  a  b i­
v a ria te  d istribu tion  to  the  sim u lated  v a lu es  a n d  d e fin ­
in g  a  con tou r of th a t density  function  enc lo sing  95 % of 
the  probability . The null hypo thesis— th a t the  observed  
(A+, A+) p a ir  has taxonom ic s tru c tu re  re p re se n ta tiv e  
of a  ran d o m  sam ple from  the  m a s te r  lis t— is re je c te d  
(on a  5 % lev e l test) if this p o in t falls ou tside th e  95 % 
envelope .

A lthough  th e  d istribution  of Am+ in  Fig. 4b  does no t 
a p p e a r  to  b e  skew ed , th e re  is c learly  som e asym m etry  
in  th e  Am+ d istribu tion  of Fig. 4a. L ooking across the  
sim ulations for a  full ran g e  of m  (= 10, 15, 20 ,..., 250) 
th e  sam e fea tu re s  a re  ev iden t: w hilst Am+ ap p e a rs  to  b e  
no t too fa r from  norm ality , Am+ can  b e  m ark ed ly  left- 
skew ed , especially  for th e  sm alle r values of m . A  
p o w er transfo rm ation  com bined  w ith  a  location  shift 
a n d  reversa l:

Y* = (a -  Y )b (8)

can  be u se d  to  transfo rm  th e  m a rg in a l d istribu tion  of 
Y  = h m+ (and  Am+) to  ap p ro x im ate  sym m etry. S e p a ­
ra te ly  for each  m, th is optim ises over th e  p a ra m e te rs  a 
an d  b, w h e re  a is only p e rm itted  to ta k e  positive values 
g re a te r  th a n  th e  m axim um  sim u lated  Y b u t b  c a n  b e  
an y  positive num ber, g rea te r  or less th a n  1 co rre ­
sp o n d in g  to corrections for, respectively , righ t or le ft­
sk ew n ess in  th e  orig inal d istribu tion  of Y. V alues of a 
a n d  b a re  chosen  to m in im ise the  s ta n d a rd ise d  th ird  
m om ent, |V(M-2)3/2 (K endall & S tu art 1963). A b iv a ria te

norm al d is trib u tio n , inc lud ing  a co rre la tion  term , is 
th e n  fitted  to th e  2  transfo rm ed  (Am+, Am+) variables, 
sim ply by  e q u a t in g  th e  sam ple  m eans, variances and 
correlation for th e  tran sfo rm ed  v ariab les w ith  the ir pop­
u la tion  eq u iv a le n ts . C ontours enclosing  specific p ro b a ­
bilities (e.g. 95, 90 , 75, 50% ) a re  b ack -transfo rm ed  to 
th e  orig inal sc a le s  a n d  v iew ed  superim posed  on the 
orig inal sca tte r p lo t  of s im u lated  values. This is seen  in  
Fig. 9, for th e  c a s e  of m  = 100 species, a n d  th e  fit is 
clearly  excellen t f o r  p rac tica l purposes: 26 of th e  500 
sim ulations (5.2% ) fa ll ou tside th e  95%  contour, and 
53 (10.6% ) fall o u ts id e  the  90%  contour, w ith  these 
v a lu es  b e in g  fa irly  ev en ly  sp rea d  aro u n d  th e  (back- 
transform ed) e llip se s . A lthough  n o t show n, the  fits are 
also perfec tly  a d e q u a te  for o th er values of m . As an ti­
cipated , for fitting  th e  AvTD m a rg in a l d istribution, 
optim um  values of th e  transfo rm ation  p o w er b  ran g e  
from  as severe  as 0 .1  or ev en  0.05 to a  m ilder 0.4, ind i­
ca tin g  substan tia l le ft-sk e w n ess  for all values of m. By 
contrast, th e  fits fo r VarTD re q u ire  pow ers n o t m uch  
d iffe ren t th a n  1 (at m o s t 2), im ply ing  only m ild r ig h t­
skew ness, if any  a t a ll.

A lthough  co m p u ta tio n ally  s tra ig h tfo rw ard  to  au to ­
m ate  robustly , th e  f ittin g  p ro ce d u re  is a n  a d  hoc one: 
lack  of skew ness in  th e  2 m arg in a l d istribu tions does 
no t in  g en e ra l im p ly  u n iv a ria te  no rm ality  le t a lone b i­
v a ria te  norm ality  of th e  2 variab les in  com bination . A
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Fig. 9. Scatter plot of simulated VarTD, AvTD pairs, as in Fig. 7 
(i.e. for m  = 100 species selected from the full UK list), but with 
superimposed probability contours. For example, 95 % of sim­
ulated values would be expected to fall within the outer enve­
lope, 90% inside the second outermost, etc. (94.8 and 89.4% 
do so, respectively, in this case). Contours are back-trans­
formed from bivariate normal ellipses fitted on a location- 
shifted (reversed) power transform scale (text Eq. 8), selected 
separately for each axis to minimise skewness of the simu­

lated values

m = l 0 0 P r o b a b i l i t y  
c o n t o u r s  

a 95%
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Fig. 10. Fitted 95% probability contours of the joint VarTD, AvTD distributions, 
from 1000 simulations, as given in Fig. 9 but for a range of values of m, the num ber 
of species. For g reater clarity, these are  separated  into 4 plots (a-d ; m  = 40, 50; 
60, 80; 100, 115; and 120, 160, respectively), to allow the real A+, A+ pairs for the 
14 regional/habitat data sets (■, size of species list in parentheses) to be  super­
im posed on a contour plot for appropriate values of m. D ata points outside the 
relevant 95 % contour imply statistical evidence of ‘departure from expectation' 
for those studies. The decreasing area, but stable location, of these contours as m  
increases is the equivalent for this joint distribution of the separate probability 
funnel plots of Fig. 5 (the 'm arginal' distributions of A+ and A+). A bbreviations as

in  Fig. 3

p ro p e r statistical tre a tm e n t v ia  transform ations, w hich 
w ould  po ten tia lly  also ca te r  for ku rto sis  effects, w ould 
b e  g iven  by th e  m ax im um  like lihood  ap p ro a ch  of Box 
& Cox (1964), b u t th e  ex tra  soph is tica tion  a n d  poten tia l 
com plications of this form al a p p ro a c h  seem  u n w ar­
ra n te d  here , g iv en  th e  p ra g m a tic  ad eq u acy  of the  
envelopes g en e ra te d  by  m inim ising th e  m arg inal skew ­
n ess  term s.

Finally  th en , Fig, 10 d isp lays th e  ou tcom e of con­
structing  the  95 % p robab ility  enve lopes for subsam ples 
from  th e  m aste r list of B ritish Isles m arine  nem atode 
species, for in c reasin g  v a lu es of th e  n u m b e r of species, 
m . T hese  could  b e  d isp lay ed  on  a  sing le (A+, A+) plot, 
b u t to im prove clarity  th e y  h a v e  b e e n  d iv ided  into 4 
com ponen t p lo ts  show ing  cases: m  = 40 and  50 
(Fig. 10a); m -  60 an d  80 (Fig. 10b); m  = 100 and  115 
(Fig. 10c); an d  m -  120 a n d  160 (Fig. lOd). T hese  m v a l­
u es  a re  chosen  to cover th e  ra n g e  of sizes of th e  14 r e ­
g io n a l/h ab ita t lists, w hose o b se rv e d  (A+, A+) values a re  
superim posed  on  th e  ap p ro p r ia te  com ponen t p lo t (the 
size of the ir lists a re  also in d ic a ted , in  p a re n th ese s  in

Fig. 10). E a c h  observed  va lue  should  
b e  c o m p a re d  w ith  its re le v a n t e n v e ­
lope, or th e  in te rpo la tion  of th e  co n ­
tours from  t h e  2 b rack etin g  values of m. 
This, th e re fo re ,  facilita tes a  sim ple a s­
sessm en t o f th e  status of th e se  sam ples, 

T he N o rth u m b e rla n d  (N), T am ar 
(TA), Tyne (TY) an d  all th e  Exe (E, ES, 
EM) lists g iv e  av e rag e  a n d  v aria tion  in 
taxonom ic d is tin c tn ess  values w hich 
fall w ith in  th e i r  resp ec tiv e  envelopes, 
ind ica ting  n o  sign ifican t d iffe rence in  
taxonom ic s tru c tu re  from  th a t for the  
B ritish Isles lis t  as a  w hole. T h e  sam e is 
tru e  of the  d a ta  from  th e  F orth  (FO), 
a lth o u g h  b e c a u s e  of th e  low  n u m b e r of 
species r e c o rd e d  (m  = 27) th e  te s t will 
h av e  lim ited  s ta tistica l p o w er to  d e tec t 
a  d ec rease  in  AvTD an d /o r  VarTD, 
b o th  of w h ic h  a p p e a r  so m ew h at d e ­
p re sse d  in  th is  case. T he d a ta  from  th e  
C lyde (C2, J a y a s re e  study) an d  th e  Fai 
(FA) a re  b o th  on  the  b o rd erlin e  of s ig ­
nificance, a g a in  in  the  d irec tion  of 
d ec re a se d  A+ a n d  A+, an d  the  re m a in ­
in g  stud ies a ll show  clearly  significant 
d e p a r tu re  f ro m  the  nu ll hypothesis. 
For th e  C lyde (C l, L am bshead  study) 
a n d  L iverpool Bay, this is p rim arily  in  
th e  d irec tion  of d ec reased  AvTD, a l­
th o u g h  also w ith  a su g g estio n  of low  
VarTD for th e  L iverpool data.

F or all 3 Scillies da ta  sets (S, SA, SS), 
th e  p a tte rn  is qu ite  d ifferent, w ith  a 

p ro n o u n ce d  in c re ase  in  VarTD, th o u g h  a n  'ex p ec ted ' 
lev e l of AvTD. T h e  d istinctively  h ig h  values of VarTD 
for th e  Scillies m ay  re su lt fro m  th e  red u c ed  h ab ita t 
diversity. O ne  m ajo r n em ato d e  hab ita t, fine silty sed i­
m en ts, is ab sen t. T h ere  a re  no  rivers or estuaries, 
w h ich  a re  so u rces of fine sed im en t in  m a in lan d  coasta l 
w aters. T h e  se a  is excep tionally  c lear here; k e lp  (Lam ­
inaria ochroleuca), for exam ple , occurs a t dep th s of 
30 m, th e  d e e p e s t in  the  UK. T his m eans th a t th e re  is 
no fine se d im e n t associa ted  w ith  secondary  h ab ita ts  
such  as se a w e e d s  a n d  the ir holdfasts. T he p roportions 
of th e  3 m a in  n em a to d e  groups, enoplids:chrom a- 
d orids:m onhysterids, is 43 .1 :36 .3 :20 .6 , com pared  w ith  
a v e ra g e  v a lu es  for th e  com plete British fau n a  of 
26 .5 :46 .2 :27 .3 . E noplids favour clean  hab ita ts , an d  
a re  n o t a t all characteristic  of sed im en tary  hab ita ts  
(W arw ick e t al. 1998), w hereas m onhysterid s a re  m ore 
ch arac teris tic  of fine sedim ents. T he re la tiv e  over­
re p re se n ta tio n  of th e  form er a n d  u n d e r-re p re sen ta tio n  
of th e  la tte r  is th u s  com m ensura te  w ith  th e  ab sen ce  
of fine se d im e n ta ry  hab itats.
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C oncluding remarks

This p a p e r  h as p re se n ted  a  sim pler a n d  m o re  e leg an t 
w ay of eliciting  u n ev en n ess  in  th e  s tru c tu re  a t d iffe ren t 
levels of a  taxonom ic or phy lo g en etic  tr e e  th a n  the  
m ethod  of C larke & W arw ick (1999), w h ich  recalcu la ted  
AvTD w h ils t successively com pressing  th e  h ig h e r  taxo ­
nom ic levels . Note, though , th a t th e  la tte r  m e th o d  also 
rev e a le d  th e  distinctive n a tu re  of th e  Scillies data . O ne 
can  sp e cu la te  tha t th is com bination  of a n  e x p e c te d  A+ 
value w ith  a  g rea te r th a n  expected  A+ m ay  b e  ch a rac ­
teristic of an  island  fauna, if our ea rlier su rm ise  is correct 
an d  th e  e lev a ted  VarTD is d u e  to a  red u c tio n  in  h ab ita t 
diversity. T heories of is lan d  b io g eo g rap h y  h av e  la rge ly  
b ee n  deve loped  from d a ta  on species th a t a re  easily  cen- 
sused  a n d  for w hich  com plete inven to ries ca n  b e  p ro ­
d u ced  in  re la tio n  to island  size, such  as b irds, rep tiles  
and  certain  groups of insects (M acArthur & W ilson 1967). 
For g roups such  as free-liv ing nem atodes, or o th e r sm all 
cryptic taxa, a  com plete census is rare ly  possib le, except 
for very  sm all areas, an d  the  list for th e  Scillies a rc h ip e l­
ago is certain ly  no t com plete— increased  sam pling  effort 
w ould undou b ted ly  revea l m ore. AvTD an d  VarTD, w ith  
th e ir  a p p e a lin g  sam pling p ro p erties , th e re fo re  offer a 
usefu l a lte rna tive , an d  m ig h t also h e lp  to  ad d re ss  lo n g ­
s ta n d in g  questions concern ing  island  b iogeography  th a t 
canno t b e  reso lved  by a coun t of th e  n u m b e r of species 
alone: for exam ple  w h e th e r  in c re as in g  n u m b e rs  of sp e ­
cies a re  a  function  of in c reasin g  island  size p e r s e ,  or are 
re la te d  to  th e  la rg e r n u m b e r of h ab itats.

B ecause of th e  im p ra c tic a lity  of ro u tin e ly  a ttem pting  
com prehensive  su rv e y s , su rro g acy  m ethods will 
c learly  becom e t h e  no rm  in  b iod iversity  estim ation 
(H arper & H a w k sw o r th  1994), a n d  th e  sea rch  for 
ap p ro p ria te  in d ic a to rs  of m arin e  a n d  coasta l b iod iver­
sity has becom e a n  im portan t re se a rc h  goal (Feral 
1999). S u rrogates m ig h t  ta k e  th e  form  of a  subse t of 
easily  cen su sed  s p e c ie s  from  the  to ta l biota, b u t the 
crucial issue th e n  c o n c e rn s  how  valid  a  m easu re  this 
su rro g a te  p ro v id es  of the  tru e  to ta l biodiversity. The 
species richness o f  th e  su rro g a te  could  n ev e r  be 
e x p e c ted  to  b e  re p re s e n ta t iv e  and , h e re  again , AvTd 
a n d  V arTD could p la y  a  u se fu l role. O n a  regional 
ra th e r  th a n  a s in g le  h a b i ta t basis, a  census of all living 
species from  th e  w h o le  sp ec tru m  of h ab ita t types 
w ould  b e  very  tim e-co n su m in g  an d  costly. T he concept 
of sam pling  a s in g le  spa tia lly  av e ra g e d  su b se t of sp e ­
cies su ch  as a d e a th  a s se m b la g e  (e.g. of m olluscs), as a 
su rro g a te  for r e g io n a l biodiversity, is th e re fo re  a p p e a l­
ing; b u t th is w ou ld  b e  d ep e n d e n t on th a t assem b lage 
b e in g  re p re se n ta tiv e  of the  full biodiversity , a n d  AvTD 
a n d  VarTD could p ro v id e  ap p ro p ria te  m e asu res  of this 
rep resen ta tiv en ess . S u c h  id e as  w ill b e  p u rsu ed  in  a 
su b se q u e n t paper.
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Appendix A. G eneral expression for m ean of VarTD

For a  subset of m  species draw n a t random  from the  full 
set of s species, the AvTD statistic is defined as

Am+ = [XI*, cd„ Y¡Y¡] /  [m(m -  1)] (AÍ)

w here th e  double sum mation is over all i,j = 1 ,...s  species 
(tej) and  Y, is an indicator random  variable determ ining 
w hether the ith  species is selected (Y¡ = 1) or no t (Yj = 0). 
C larke & W arwick (1998) show that

E(Am+) = A+ (A2)
the AvTD value for the full set of s species, and

var(Am+) = [(2(s- m))/{m(m  -  l ) ( s -  2 )( s-  3)}] (A3)
X [(s -  m  -  l ) a M2 + 2(s -  l)(m -  2)ol]

w here
oM2 = [(XX,*, co„2)/{s(s -  1)}] -  Ö52 = A+ (A4)

a |  = [(X, 55,2)/s] -  œ2 (A5)

55, = (I,*,, cù,,)/(s -  1) (A6)

55 = (X,55,)/s = [XX*,C0 j , ] / [ s ( s - l ) ]  s  A+ (A7)

For the sam e subset of m  species, the VarTD statistic and 
its expectation are, respectively:

Am+ = [{XX*, <  Y,Yj) /  (m(m -  1))] -  (Am+)2 (A8)

E(Am+) = [{XX*, <  E( Y,Y,)} /  {m(m -  1))] -  E{(Am+)2} (A9)

and  using the relationships

E (YjY,-) = Pr{Y=l, Y j = \ \ ~  [m(m -  1)] /  [s (s -  1)] (A10)

E{(Ara+)2} = var(Am+) + [E(Am+)]2 (All)
it follows from Eq. (A2), and  Eqs. (3) & (4) of the m ain text, 
that

E(Am+) = [{XX,*, co,,2 ) /  {s(s-  1))] -  [var(Am+) + (A+)2] , 91
= A+ -  var(Am*)

Since var(Am+) > 0, the bias in estim ation of A'1' from a ran­
dom  subsam ple will alw ays be negative bu t Eq. (A3) shows 
tha t it will generally b e  very small. For example, from 
Eq. (A4) it is clear that th e  coefficient of (s A+) in (A3) is 
roughly 2 /m 2, w hen s is la rge  and m  is modest (the typical 
situation), This therefore contributes a percentage bias of 
approxim ately 200/m2, w hich  is already minor (2 %) for m  as 
small as 10, and becom es entirely negligible for m  much 
larger than  this, It is h arder to generalise about the other 
bias term  (in a (|) , since it is not directly proportional to A+, 
but Eq, (A5) shows that it reflects the level of asym metry in 
the complete tree  (a fully sym metric tree would give o l  = 0). 
In practice, it appears tha t this second bias term  can be the 
larger of the two, but is still essentially negligible. For the 
British Isles nem atode list of 395 species, the 2 bias terms 
constitute only approxim ately a 1 % underestim ation of A+ 
for a subsam ple size m of 27 (the lowest value of m  for any of 
the 14 regionally/habitat-defined data sets).
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Appendix B. Special case of only 3 h ierarchical levels

In the case w here there  are only 2 steps (3 levels) in  the 
hierarchical classification, say species within genera w ithin 
a  single family, let g  denote the num ber of distinct genera
and {st; k = l,. . .g ]  the  num ber of species in each genus
(Xfc sk = s). In the general case w here the path  lengths are 
denoted  by coj (species in the sam e genus) and co2 (species in 
different genera), there  are

A = XfcSjt(Sjc-  l)/2  (BÍ)

path  lengths of (Oi, w ith  the rem ainder of the

B = s ( s -  l) /2  (B2)

paths being of leng th  co2. From Eq. (1) of the m ain text, 
AvTD is therefore

A+ = [cOiA + cû2(B -  A)]/B  (B3)

and, from Eqs. (3) & (4) of the m ain text, VarTD is

A+ = {[œ^A + (022(B -  A )\/B) -  (A+)2 (B4)

Rearranging Eqs. (B3) & (B4) as, respectively

(CÜ2 -  coj) (A /B ) = cù2 -  A+ (B5)

A+ = [w22 -  (CÛ2 + 000(0)2 -  CÙi)(A/B)j -  (A+)2 (B6)

one can substitute Eq. (B5) in to  (B6) to yield A+ as a qua­
dratic in  A+:

A+ = -  (ÙJ0Û2 + (cOj +  co2)A+ -  (A+)2
= (cû2 -A +) (A --0 )!) (B7)

Eq. (7) of the m ain text c ite s  this equation in the standard  
case of equal step lengths, ©! =  50, co2 = 100, but (B7) shows 
that, for any path  length w eig h ts  in a 3-level hierarchy, VarTD 
will alw ays be a simple q u ad ra tic  in AvTD. The approxim ate 
independence of Am+ and Am+, observed for subsamples drawn 
from th e  7-level hierarchy o f British m arine nem atodes is, 
therefore, not a generalisable resu lt. C learly there are  simple 
situations in  w hich VarTD g iv e s  no additional information to 
tha t provided by AvTD, a lth o u g h  it seem s a  plausible hy­
pothesis th a t the richer the p ro b lem  is (i.e. the m ore highly 
structured the list in terms of n u m b er of levels), the greater the 
likelihood that it will be inform ative to examine both statistics.
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