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Parasite richness/Sampling effort/Host range: 
The Fancy Three-piece Jigsaw Puzzle 

J-F. Gu~gan and C.R. Kennedy 
II1 this article, Jean-Francois Gudgan and Clive Kennedy 
propose an alternative explanation for the confounding 
effects of host geographical range and sanlpling effort o:1 
parasite species richness using pathway analysis pro- 
cedure. They suggest that much of the species richness 
revealed by sanlpling effort is also a reflection of host range. 
Thus, the total contribution of host range logically incorpo- 
rates a contribution from sampling effort. The implications 
of indirect effects of host range on riclmess estimates have 
not previously been discussed, and the authors here 
attempt to redress the balance. The contribution of host 
range to richness, as derived from control oF sampling 
effort on richne ;s esthnates, therefore, is a mathematical 
expression that :loes not take into account the cause-and- 
effect nature of t~lings. 

The question of parasite ,;pecies richness among taxa 
being confounded by uneven sampling effort has 
recently been addressedW. Several contributions have 
assessed the relationship between regional parasite 
species number and host geographical -~mge -~-5 (larger 
area sampled = more species found), but in reality very 
few have attempted to control for the perverse influ- 
ence exerted by uneven sampling effort on richness 
estimates. Despite the fact that, without cloubt, some 
sampling artefacts may considerably affect parasite 
richness estimates, we wish to discuss a different way 
of thinking about uneven sampling bias control in 
parasite community analyses. Usually, two possibilities 
have been considered to explain the correlation of 
host geographical area with parasite species richnessl: 
(1) that there is a positive direct relationship between 
the two variables; a~d (2) that the relationship obser,.,ed 
is a consequence of a co-varying factor, ie. that parasite 
species richness may arise because larger areas have 
been more intensively sampled. 

Helminth species richness in British freshwater fish 
The number of helminth parasite species found 

among species of British freshwater fish is highly cor- 
related with the number of parasite surveys made per 
host species 1-~ (Fig. 1). When plotting the host geo- 
graphical range versus parasite richness values 4 on 
the scatter diagram of the sampling effort versus rich- 
ness relationship s, we observe a strong similarity 
between the two curves. High correlations observed 
between species richness, sampling effort and area 
must  result from strong connections among these 
three variables. In addition, we have used Monte Carlo 
simulations 6,7 to estimate the probability of the ob- 
served p~rasite a semblage per host species under the 
null hypothesis . f random assortment of parasites. 
They show that the species-area cur~'e pattern does 
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not fit a nested species design |nestedness index (N1) 
= 1110, RANOOM1,100 simulations, p = 0.670, RAN~M1, 
1000 sirlu!ations, p = 0.625]. If specialists were ex- 
cluded, then the distribution of parasites yielded 
similar results (NI = 756, RAN~)M1, 100 simulations, 
p = 0.100, RANOOM1,1000 simulations, p = 0.090). Para- 
site composition among British freshwater fish shows 
a random distribution of species that differed from a 
nested species subset pattern (Fig. 2). The use of 
Wilcoxon's statistics 9 for tes~[ng the conformity of 
observed distribution to a perfect theoretical nested- 
ness gave similar results (Izo~l = 4.704, p<0.0001 
with all parasites, and I zob s I = 4.625, p<0.0001 when 
specialists were withdrawn) (NB z is a parameter of 
Wilcoxon's'; RANDOlVll is the Monte Carlo simulation 
program used to test for randomness). Clearly, this 
positive host geographic area--parasite species rela- 
tionship 4 does not hold within the context of the 
island biogeographic theory l° for which the equilib- 
riurl  number is the result of a balance between the 
rate of immigration and the rate of extinction v,. Thus, 
when regarding these fish host species as 'islands', 
we bias the results because each host species may be 
considered as a separate 'province' (slope coefficient 
of the relationship = 0.51, when species-area data are 
fitted to the power function) (see Refs 9,10) with basic 
distinct parasite evolutionary histories and assemblages 
even if one can find some generalist parasites that 
inhabit more than one 'province'. 

To date, contributions have considered indepen- 
dently that sampling effort may affect parasite rich- 
ness estimates regardless of the methodology used, 
and that area may encompass the ranges of parasite 
species 1.2. Thus, the possibility that sampling bias 
may confound the relationship between parasites and 
host range has been assessed using residual values 
derived from regressions. We have illustrated causal 
links between variables conventionally used (Fig. 3a). 
The subject of the three-way relationship between 
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area, sampling effort and species 
number has remained unexplored in 
parasite community ecology, and 
we propose a different model to 
establish the relationship among 
the three distinct variables. Interest- 
ingly, both host range and sam- 
pling effort contribute to the vari- 
ation in parasite species number 
in a multiple regression procedure 
(species richness = -0.70 + 0.21 × 
host range + 0.55 × number of sur- 
veys, R2~dju~tcd = 0.77, F test = 54.51, 
p<0.0001, all terms logarithmically 
scaled; untransformed data yielded 
similar results) (R is the proportion 
of the species variation due to both 
the host range and the number of 
surveys done; for definition of F 
test, see Ref. 12). 

Caveat 
We must he cautious in inter- 

preting results generated from 
multiple regression techniques due 
possibly to multi-colinearity among 
predictor variables, and because 
they provide an estimate of only 
the direct effect of correlations. 
We thus used path analysis pro- 
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Fig. I. Plots of helminth species rich- 
ness in British freshwater fish as a 
function of number of surveys (a) and 
of host range (b) for 32 host species 
examined. Data show that the two 
curves are parallel (p<0.05). As host 
range (in km squares) increases, so 
proportionately does the number of 
surveys leading, in both cases, to 
higher sr acies richness. The two axes 
are seal :d logarithmically. No transfor- 
mation of axes yields similar result. 
Data are from Ref. 4, and J-F. Gu~gan, 
unpublished. Redrawn, with permis- 
sion, from Ref. 4. 

cedures ]2 to assess both direct and indirect effects of 
causal variables, assuming that variables measured 
early it, the procedure may have causal effects on fea- 
tures characterized later; an assumption that cannot 
be handled by multiple regression techniques (see 
Fig. 3). The usefulness of the method in distinguishing 
the role of intercorrelated variables on a response vari- 
able can be seen in many contributions 13-17. The pro- 
posed causal relationships among the three variables 
are illustrated in Fig. 3b. 

a Host species b Host species 
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Path analysis reveals significant 
direct and indirect effects of both 
host range and sampling effort pre- 
dictor variables on richness esti- 
mates (Table 1). In the two models 
we generated, the host range vari- 
able had little direct effect on 
richness, influencing instead the 
sampling effort variable, which sub- 
sequently affects richness estimates. 
Direct effects of host range were 
more than half :he value of direct 
effects of sampling effort, but host 
range had a greater total (direct and 
indirect) effect. The implications of 
such indirect effects of host range, 
producing a larger total causal 
effect on richness estimates, have 
not previously been addressed. 

Although parasite species rich- 
ness varies strongly across different 
sampling efforts, we show here that 
host range exerts more than half 
(0.451 in Model 1, 0.584 in Model 2) 
(Table I) its overall effect (0.762 in 
Model 1, 0.864 in Model 2) on rich- 
ness through a powerful effect on 
sampling effort. We suggest that 
much of the contribution to parasite 
richness per host species made by 

sampling effort is therefore a reflection of host range, 
and the total contribution of host range logically 
incorporates a contribution from sampling effort. 

The conventional approach and the one we pro- 
pose here are conceptually different in that the former 
F.re-judges the major importance of sampling effort on 
richness compared to any lesser predictor variables, 
whereas the latter incorporates sampling effort into a 
pathway model without any pre-assumption on its 
role and its importance on the response variable. In 

our study, host range and sampling 
effort correlate so closely, that it is 
only one source variable that is func- 
tionally useful: the effort to sample 
an area is simply a substitute. 
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Fig. 2. Schematic representation of presence/absence of parasite species across host 
species. Generally, free-living island communities in an archipelago show a nested 
subset pattern (see Ref. 6). A completely parasite nested design (a) means that a para- 
site species found on one host with n parasites will be found on all host species with 
n + I ~pecies (see Ref. 8 for a parasitological illustration). When such a hierarchical 
organizadon is not found, then the parasite composition deviates from a nested 
stoJcture (b). The deviation is greater when such absences are higher. The Monte 
Carlo simulation RANDOMI is based on the occurrence of species in the parasite pool, 
and thus it does not consider differences in probability distributions in hosts between 
specialists and generalists (see Ref, 7), The use of Wilcoxon's 3tatistica which com- 
pare the observed distribution of parasite richness across host ranges (ranked from 
I ~ e r  to higher values), to an hypothetical nested distribution produced similar 
r~ul ts  (see Ref. 9). 
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O p e n  q u e s t i o n s  
Parasite richness among separate 

host species seems to arise not 
because larger host geographical 
ranges have been more intensively 
sampled, but just because some 
areas are larger and so require more 
surveys. Can path analysis pro- 
cedure be applied to other measures 
of sampling effort, ie. the time spent 
searching, the number or size of 
localities visited, the number of 
microhabitats, the number of collect- 
ing trips, the number of individuals 
examined? What can happen to the 
total effect of host range when the 
slope of the species richness-sam- 
piing effort relationship is different 
from that of the species richness-area 
relationship? Since more surveys are 
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needed  to census  la rger  areas,  more  
s a m p l e s  are  t aken  to represent  
la rger  surveys .  W h a t  can the intro- 
duc t ion  of a n e w  source  var iable ,  
ie. n u m b e r  of i n d i v i d u a l s  collected, 
into the p a t h  d i a g r a m  p roduce  on  
r e s u | ~ ?  Does the u n e v e n  s a m p l i n g  
b ias  control  m a d e  on  r ichness  
es t imates  cor respond  to an  extra un-  
necessary  control  tha t  se rves  first to 
control  the sampl ing  effort surrogate  
var iable  agains t  paras i te  ~ichness, 
a n d  then  to correlate  r ichness  res id-  
ua l s  ob ta ined  f rom these regress ions  
aga ins t  the hos t  r ange  p r i m a r y  
source  var iable?  More  genera l ly ,  
do  w e  regre t tab ly  h a v e  to refute  
I s land  B iogeography  theory  and  
a n y  o ther  spec ies -a rea  curves ,  for 
the s imp le  reason  tha t  s a m p l i n g  
effort has  p robab ly  b iased  al l  s tud ies  
m a d e  on  it? On  the o ther  hand ,  do  
w e  h a v e  to cons ider  tha t  s u r v e y s  
m a d e  on  l a rger  r anges  impl ic i t ly  
need p ropor t iona l ly  m o r e  h a n d s  
for col lect ing species,  b u t  that  
this  co l labora t ion  b e t w e e n  m a n y  
researchers  of different  inst i tut ions 
and  countr ies  over  decades  and  cen- 
tur ies  is abso lu te ly  usefu l  to census  
al l  the  b iod ive r s i ty  on  Earth,  a n d  
thus  m u s t  be  cons ide red  as  a s ingle  
meta-socia l  work?  

We  open  the debate ,  b u t  w e  th ink  
tha t  a d i scuss ion  of the different  
conclusions from the var ious  methods  
wi l l  be  in te res t ing  a n d  valuable .  
Undoubted ly ,  to solve this three-piece 
j igsaw puzzle,  there is an  absolute  
r e q u i r e m e n t  for m o r e  p u b l i s h e d  
data !  
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Fig. 3. T w o  distinct models showing the effect of  sampling ef fo~ on richness esti- 
mates. Host range and sampling effort act separately on richness (a). ~,nd sampling 
effort is considered, a pr/0ri, strongly to influence richness (illustrated wi th a bold 
arrow). Host range contribution to richness is then analyzed using residual values 
derived f rom control o f  sampling effort on richness as advocated in Refs I and 2. 
A path diagram is built wi th arrows (b) ind io  "ing the direction of  causal connection 
f rom predictor (ie. host range, sampling eff~ ' .o response (ie. richness) variables, 
ordered in time, as illustrated in the t e x t  Path analysis procedure provides a means 
of  separating the correlation between any two  variables into components represent- 
ing both direct and indirect contributions (see Table I). See Refs 12-17 for  further" 
details on path analysis techniques. 

Table I. Path coefficients and effect coefficients fo r  the path diagram illustrated in Fig. 3b 

H o d e l  I Mode l  2 
Pa th  coeff icientsX: 

HR effect on SE (direct) = a I = 0.702 r 0.765 y 
SE effect on RSR (direct) = b I = 0.642 v 0.703 r 
HR effect on RSR (direct) = b z = 0.311 ~ 0.280 ~ 
HR effect on RSR (indirect) = a~ × bj = 0.451 0.584 

Effect coefficients: 
HR effect on RSR (total) c, = b 2 + (a m X bl) = 0.762 0.864 
SE effect on RSR (total) c 2= b z = 0.642 0.703 

~AII estimates are given in standardized form. Indirect causal effects on the response richness vari- 
able are calculated from the early pathway host range predictor variable via the sampling effort 
subsequent variable. Total causal influence sums all direct and indirect pathway~ As path analysis 
arsumes linear relations among variables, all three variables were I o g - t r ~  (Model I) and 
kept untransformed (Model 2) for comparisol, which yields similar results. HR, host species range; 
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