
In tro duc tion

Li ke all li ving or ga ni sms pa ra si tes in te ract with
the exter nal envi ron ment and are sub ject to its in flu -
en ces thro ugh cli ma tic fac tors that af fect the de ve -
lop ment and su rvi val of free -li ving trans mis sion sta -
ges [1–3]. Li ke wi se, they en co un ter and in te ract
with other li ving or ga ni sms, in c lu ding the host wi -
thin which they li ve. Ho we ver, ho sts are not uni -
form and host fac tors (in trin sic fac tors such as age,
sex, diet, ge ne tic sta tus, so cial po si tion, li fe hi sto ry
stra te gy) play im por tant ro les in re gu la ting su scep ti -
bi li ty to in fec tion [4–6]. Wi thin ho sts, pa ra si tes in -
te ract with mem bers of the ir own spe cies and with
other pa ra si tes explo iting the sa me host, and it is the
lat ter, the extent to which a gi ven pa ra si te spe cies
in flu en ces the abun dan ce of other spe cies pa ra si ti -
zing the sa me host, that forms the cen tral is sue in
pa ra si te com mu ni ty eco lo gy. In te rac tions be twe en
spe cies are the hall mark of com mu ni ty eco lo gy,

and a de fi ning fe atu re of ani mal com mu ni ties, di -
stin gu ishing them from lo ose as sem bla ges of ani -
mals that show no in te rac tions, exi sting on ly be cau -
se of a ran ge of co -in ci den tal exter nal fac tors that
re sult in the ir co -oc cur ren ce in a gi ven lo ca tion or
host [7,8].

The ore ti cal ly, and ba sed on expe ri men tal stu dies,
in te rac tions be twe en spe cies com pri se a spec trum
from the ba se li ne of sim ple co -oc cur ren ce of spe cies
in the sa me host, thro ugh to po tent in te rac tions in
which one spe cies in flu en ces the envi ron ment wi thin
the host in a man ner that be ne fits or im pa irs the su -
rvi val of other spe cies. In this pa per, I ho pe to show
that pat terns of co -oc cur ren ce, that are com pa ti ble
with po si ti ve, or sy ner gi stic, in te rac tions be twe en
spe cies can be de tec ted in cross -sec tio nal field da ta,
but that the ir de tec tion re qu ires a de ta iled know led ge
of the struc tu re, sta bi li ty and com po si tion of hel minth
com mu ni ties, and that this know led ge has to be fac -
to red in to re le vant ana ly ti cal pro ce du res.

De tec ting in te rac tions be twe en pa ra si tes in cross -sec tio nal
stu dies of wild ro dent po pu la tion s1

Je rzy M. Behn ke

Scho ol of Bio lo gy, Uni ver si ty of Not tin gham, Uni ver si ty Park, Not tin gham NG7 2RD, U. K.; 
E -ma il: je rzy.behn ke@not tin gham.ac.uk

ABS TRACT. The re is exten si ve and co nvin cing evi den ce from expe ri men tal stu dies that in te rac tions exist be twe en
hel min ths of dif fe rent spe cies du ring con cur rent in fec tions in la bo ra to ry ro dents. Among the stron gest in te rac tions are
tho se that ari se from im mu ne re spon ses of the ho sts. Ho we ver, de tec ting com pa ra ble re la tion ships in da ta acqu ired from
wild ro dent po pu la tions has not be en easy. In ge ne ral, hel minth in fec tions in na tu ral ly oc cur ring ro dent po pu la tions
show hi gh ly pre dic ta ble trends; se aso nal, host age -de pen dent and spa tial va ria tion in the abun dan ce of co re spe cies and
in hel minth spe cies rich ness are re gu lar ly re por ted aspects of the se host -pa ra si te com mu ni ties. Con trol ling for the se
strong ef fects is the re fo re extre me ly im por tant, if in te rac tions be twe en spe cies are to be de tec ted. One such in te rac tion,
the po si ti ve re la tion ship be twe en He lig mo so mo ides po ly gy rus and spe cies rich ness of other hel min ths in Eu ro pe an wo -
od mi ce, Apo de mus sy lva ti cus, has be en fo und in fo ur to tal ly in de pen dent da ta -sets, three drawn from the U. K. and one
from Por tu gal. The se ana ly ses pro vi de strong evi den ce that at the le vel of spe cies rich ness a hi gh ly pre dic ta ble ele ment
of co -in fec tions in wo od mi ce has now be en de fi ned. 

Key words: ro dents, bank vo les, wo od mi ce, hel min ths, ne ma to des, in te rac tions, as so cia tions, co -in fec tions, im mu ni ty

Wiadomoœci Parazytologiczne 2009, 55(4), 305–313 Copyright© 2009 Polskie Towarzystwo Parazytologiczne 

1 Pra ca pre zen to wa na w trak cie XVIII Wro cław skiej Kon fe ren cji Pa ra zy to lo gicz nej „Ró żno rod ność od dzia ły wa nia ukła dów pa so żyt -
-ży wi ciel w śro do wi sku”; Wro cław -Kar pacz, 21–23 ma ja 2009 r. 



Co -oc cur ren ce of hel min ths in ho sts

The co -oc cur ren ce of pa ra si tes is well known in
the me di cal li te ra tu re whe re it has often be en re fer -
red to as po ly pa ra si tism [9–11]. Li ke wi se, ma ny pa -
pers exist in the ve te ri na ry [12] and zoo lo gi cal li te -
ra tu res in di ca ting that it is the nor mal sta te in na tu -
re for a host to car ry mo re than just one spe cies of
pa ra si te at any po int in ti me [9,13–21].

Da ta exist to show that so me of the se co -oc cur -
ring spe cies are mo re often en co un te red to ge ther
than by chan ce and that he avy in fec tions with one
spe cies pre di spo se to he avy in fec tions with the
other. One exam ple among hu man pa ra si tes is the
well do cu men ted co -oc cur ren ce of Asca ris lum bri -
co ides with Tri chu ris tri chiu ra [22–24]. To gi ve just
one exam ple, a hi gh ly si gni fi cant po si ti ve re la tion -
ship be twe en the abun dan ce of the se two spe cies
was re por ted by Tchu em Tchu enté et al. [25]. This
re la tion ship re ma ined si gni fi cant, al tho ugh it was
we aker in di ca ting so me de gree of cor re la ted expo -
su re, when the au thors con trol led for dif fe ren ces be -
twe en the fi ve scho ols and twe lve age clas ses of the
chil dren in the su rvey. The se two spe cies are known
to ha ve well -pro tec ted, to ugh eggs, and they are
both trans mit ted by the fa ecal oral ro ute. The re fo re,
chil dren who prac ti ced po or stan dards of hy gie ne
are li ke ly to ha ve be en mo re fre qu en tly expo sed
than tho se with hi gher stan dards of cle an li ness to
both spe cies. In this ca se the co -abun dan ce of
A. lum bri co ides and T. tri chiu ra is not so much a re -
flec tion of in te rac tions be twe en the se spe cies, but
ra ther of the ir com mon trans mis sion stra te gies. The -
re was no qu an ti ta ti ve as ses sment of the de gree of
cor re la ted expo su re in this stu dy but if ap pro pria te
da ta had be en col lec ted and if this ad di tio nal con trol
had be en fac to red in to the ana ly sis, it is hi gh ly li ke -
ly that the qu an ti ta ti ve re la tion ship be twe en the in -
ten si ty of in fec tion with A. lum bri co ides and T. tri -
chiu ra will ha ve lar ge ly di sap pe ared. 

Evi den ce for in te rac tions from la bo ra to ry
stu dies

The li te ra tu re con ta ins a lar ge ran ge of la bo ra to -
ry expe ri ments in which in te rac tions be twe en hel -
min ths in ro dent host sys tems ha ve be en in ve sti ga -
ted at a va rie ty of dif fe rent le vels [26,27]. Among
the pio ne ers of this ap pro ach, wi de ly re gar ded as the
fa ther of the field of qu an ti ta ti ve hel minth com mu -
ni ty eco lo gy [28,29] was John Hol mes [30–32] wor -
king with Hy me no le pis di mi nu ta and Mo ni li for mis
mo ni li for mis, two hel min ths that oc cu py the an te rior
re gion of the gut of rats. His conc lu sion that M. mo -
ni li for mis holds its own, whi le H. di mi nu ta re tre ats
to the non -opti mal di stal re gions of the small in te sti -
ne, was one of the clas sic fin dings in this field. Hol -
mes went on to pro vi de an evo lu tio na ry fra me work
for the se ty pes of in te rac tions [33]. Ano ther ear ly
con tri bu tor was Ger ry Schad [34] wor king on the
pin worms of Gre ek tor to ises. His se mi nal work in
this field es ta bli shed the con cept of ni che se gre ga -
tion and spe cia li sa tion among clo se ly re la ted hel -
min ths sha ring over lap ping gut lo ca tions. This hy -
po the sis has be en de ba ted and te sted wi de ly ever
sin ce and so me ha ve ar gu ed that in ho sts such as
fish the re are ma ny va cant ni ches and that the evo -
lu tio na ry pres su re for ni che se gre ga tion stems from
the ne ed to re in for ce re pro duc ti ve bar riers and ma -
xi mum uti li sa tion of fo od re so ur ces [28,29,35,36]. 

Ma ny pa ra si tes, in c lu ding hel min ths, sti mu la te
po tent im mu ne re spon ses in the ir ho sts, and in te rac -
tions be twe en spe cies ha ve be en shown to ari se in
so me ca ses thro ugh the host re spon se, ra ther than
stem ming from di rect in te rac tions be twe en the spe -
cies con cer ned. Bro adly spe aking, fi ve ca te go ries of
such in te rac tions ha ve be en de scri bed. Three of the -
se ge ne ra te ne ga ti ve in te rac tions, whe re the pre sen -
ce of one spe cies is de tri men tal to others. The se are
in te rac ti ve expul sion whe re the non -spe ci fic ef fec -
tor ele ments of an im mu ne re spon se sti mu la ted by
one spe cies ha ve de tri men tal con se qu en ce for ano -
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Table 1. Examples of synergistic interactions between intestinal helminths. In these examples the first species is
Heligmosomoides bakeri, a species that depresses the immune response to other co-infecting species, prolonging
survival of the latter (modified from the original in [43]).

Inducing parasite Affected parasite Reference

H. bakeri Rodentolepis microstoma [44]
H. bakeri Nippostrongylus brasiliensis [45,46]
H. bakeri Trichuris muris [47,48]
H. bakeri Trichinella spiralis [49,50]
H. bakeri Hymenolepis diminuta [51]
H. bakeri Hymenolepis citelli [52]



ther spe cies that is pre sent in the gut at the sa me
[37–40]. Ano ther is cross im mu ni ty be twe en spe cies
[41] and the third is up -re gu la tion of the host’s ca -
pa ci ty to mo unt Th2 re spon ses by re in for ce ment of
the Th2 pa th way.

Al ter na ti ve ly, in te rac tions can be po si ti ve or sy -
ner gi stic, with one spe cies en han cing the su rvi val of
a se cond. Thus, the pre sen ce of so me spe cies of pa -
ra si tes can be ne fit other co -re si ding spe cies thro ugh
the host’s we ake ned im mu ne de fen ces, the se ari sing
from a de pres sed im mu ne ca pa ci ty in du ced by the
first spe cies as part of its su rvi val stra te gy, and
a clas sic exam ple of this is He lig mo so mo ides ba ke -
ri. When mi ce are in fec ted with H. ba ke ri they su -
sta in lon ger and he avier in fec tions with a wi de ran -
ge of other spe cies that ha ve be en ad mi ni ste red con -
cur ren tly (Ta ble 1). It is al so po ssi ble that by in i tia -
ting the Th2 pa th way hel min ths may in cre ase the
su scep ti bi li ty of ho sts to spe cies that are bet ter con -
trol led by Th1 re spon ses [42], al tho ugh in prac ti ce
most hel min ths suc cumb to Th2 ra ther than Th1 me -
dia ted host re spon ses. 

De ri ving evi den ce of in te rac tions from field
da ta

Col lec ti ve ly the la bo ra to ry stu dies on H. ba ke ri
pro vi de strong evi den ce that this spe cies is im mu no -
de pres si ve. We mi ght expect, the re fo re, that H. ba -
ke ri and its clo se re la ti ves in wild ro dent po pu la -
tions sho uld pre di spo se the host to in fec tion with
other hel min ths. My col le agu es, col la bo ra tors and
I ha ve lo oked spe ci fi cal ly for da ta to test this idea,
na me ly that in Eu ro pe an wo od mi ce the clo se re la ti -
ve of H. ba ke ri, He lig mo so mo ides po ly gy rus en han -
ces the su scep ti bi li ty of wo od mi ce to in fec tion with
other spe cies of hel min ths. 

The usu al ap pro ach to such stu dies is to cull ro -
dents from ap pro pria te stu dy si tes in bat ches, ge ne -
ra ting cross -sec tio nal da ta at a po int in ti me or over
a set pe riod. Ana ly sis is usu al ly then by te sts ba sed
on cor re la tions. The ma in pro blem with this ap pro -
ach, ho we ver, is that cor re la tio nal te sts can ne ver
unra vel cau se and ef fect, be cau se si gni fi cant cor re -
la tions can ari se from in di rect re la tion ships. Such
te sts on raw da ta can gi ve spu rio us re sults be cau se
worm bur dens of both can di da te spe cies may be ag -
gre ga ted in par ti cu lar sub sets of ani mals, gi ving an
im pres sion of cor re la tion which is ac tu al ly mi sle -
ading. 

In ge ne ral, hel minth in fec tions in na tu ral ly oc cur -
ring ro dent po pu la tions show hi gh ly pre dic ta ble

trends; se aso nal, host age -de pen dent and spa tial va -
ria tion in the abun dan ce of co re spe cies and in hel -
minth spe cies rich ness are re gu lar ly re por ted aspects
of the se host -pa ra si te com mu ni ties [53–57] and the -
se can be me asu red and fac to red in to ana ly ses. 

The re fo re, with the se pro vi sos in mind and hy po -
the si sing that in te rac ti ve re la tion ships exist, we can
ma ke re le vant pre dic tions abo ut the na tu re of re la -
tion ships be twe en co -in fec ting hel min ths, and ta -
king in to ac co unt qu an ti fied fac tors that may be re -
spon si ble for ag gre ga ting pa ra si tes in so me da ta
sub sets, test for the ir si gni fi can ce. If the sa me re la -
tion ships can be de mon stra ted in dif fe rent gro ups of
ani mals sam pled from eco lo gi cal ly con tra sting si tes
in dif fe rent cli ma tic zo nes, it wo uld be dif fi cult to
di smiss this as me re co in ci den ce.

An obvio us pre dic tion to ma ke then, ba sed on
the la bo ra to ry stu dies, mi ght be that ro dents car ry -
ing he avy po pu la tions with he lig mo so ma tids sho uld
be mo re li ke ly in fec ted with other spe cies, than ani -
mals that are not in fec ted with he lig mo so ma tids and
we mi ght expect al so so me qu an ti ta ti ve po si ti ve re -
la tion ship in abun dan ce. To test the se pre dic tions,
with col le agu es and col la bo ra tors, I ha ve explo red
three wo od mo use da ta sets from the UK and one da -
ta set from Por tu gal [58] in each of which H. po ly gy -
rus, was a do mi nant spe cies, and in each of which
a ran ge of po ssi ble con fo un ding fac tors was me asu -
red and re cor ded. Our re sults we re re por ted in
Behn ke et al. [59,60] and I sum ma ri se so me of the
key fin dings he re.

Stu dies on wo od mi ce in so uthern En gland

Ana ly sis of the da ta from our three si te stu dy in
SE En gland [4,5] re ve aled that in de ed so me re la -
tion ships we re si gni fi cant and ro bust. Fir stly, the
pre va len ce of the ce sto de Ca te no ta enia pu sil la was
hi gher among mi ce that al so har bo ured H. po ly gy -
rus. This was te sted in a mo del that in c lu ded other
fac tors known to af fect the pre va len ce of both spe -
cies in c lu ding se ason, age and sex, and the re fo re
con trol led for the po ssi ble con fo un ding ef fects of
the se fac tors. Ne ver the less, the fin ding was si gni fi -
cant; the co -oc cur ren ce of the se two spe cies (C. pu -
sil la and H. po ly gy rus) was not con fo un ded by other
fac tors and was evi dent in all three stu dy si tes
(Fig. 1).

We ana ly sed raw abun dan ce da ta al so, con fi ning
the ana ly sis on ly to tho se ani mals that har bo ured
both spe cies, and the in i tial ana ly sis sho wed bor der -
li ne si gni fi can ce (Fig. 2A; rs=0.24, n=68, P=0.054).
Ho we ver, next we con trol led for all po ssi ble con fo -
un ding fac tors that had be en qu an ti fied and that mi -
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ght ha ve con tri bu ted to the ag gre ga tion of both spe -
cies in so me sub sets of mi ce. This was do ne by fit -
ting the re si du als of mi ni mum suf fi cient GLM mo -
dels, and the con se qu en ce was that the cor re la tion
im pro ved qu ite mar ke dly (Fig. 2B; rs=0.32, n=68,
P=0.008; [59]).

Ano ther fin ding from the se ana ly ses was that
wo od mi ce that car ried mo re H. po ly gy rus for the ir
par ti cu lar sub set, al so car ried mo re other spe cies of
hel min ths. This is il lu stra ted in Fig. 3 which shows
the hi gh ly si gni fi cant po si ti ve re la tion ship that
emer ged after all other qu an ti fied fac tors, that may
ha ve ge ne ra ted cor re la ted expo su re, we re con trol led
for. The fi gu re shows the cor re la tion be twe en the re -
si du als of mi ni mum suf fi cient GLM mo dels of both
abun dan ce of H. po ly gy rus and spe cies rich ness
con fi ned to mi ce that we re in fec ted with H. po ly gy -
rus and at le ast one other spe cies of hel minth.

Stu dies on wo od mi ce in Por tu gal

After com ple tion and pu bli ca tion of this stu dy
[59] we lo oked for fur ther op por tu ni ties to test our
key fin dings on other in de pen dent da ta -sets. Even -
tu al ly we acqu ired three da ta -sets for this pur po se.
In col la bo ra tion with Ca ta ri na Eira and her col le -
agu es in Por tu gal and Spa in we re -exa mi ned her da -
ta set [58] on wo od mi ce that had be en sam pled
across fo ur se asons from six eco lo gi cal ly di stinct
ha bi tats on the Por tu gu ese co ast. The se par ti cu lar
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Fig. 1. The presence of H. polygyrus in wood mice in -
crea ses the likelihood of infection with Catenotaenia
pusilla, in each of three sites that were studied in SE
England. The full details of the methodology and
approach used for statistical analysis are given in [59].
The error bars are 95% confidence limits. Figure
modified from [59].

Fig. 2. Correlation between the intensity of infection with
H. polygyrus and C. pusilla in the raw data-set (a) and in
data adjusted for the role of other confounding factors
(b). In b, the axes show the residuals of GLMs in which
other factors have been taken into account. For full
explanation see the text and [59]. Figure modified from
[59].

Fig. 3. Wood mice that carry more H. polygyrus for their
subset, also have a higher species richness of other
helminths for their subset (rs=0.45, n=179, P<0.001).
See text and [59] for further details including full
statistical approach of these data. Figure modified from
[59].



po pu la tions we re not in fec ted with C. pu sil la and no
other ce sto de spe cies sho wed a suf fi cien tly high
eno ugh pre va len ce to ena ble us to re pe at exac tly the
sa me test as that car ried out on the mi ce from so -
uthern En gland. Ne ver the less, the mi ce car ried 12

spe cies of hel min ths and the re fo re we te sted the re -
la tion ship be twe en H. po ly gy rus and pre va len ce of
other spe cies, and al so with spe cies rich ness of other
hel min ths [See [60] for de ta ils of the full ana ly sis]. 
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Fig. 4. Prevalence of other species of helminths in wood
mice with or without H. polygyrus. a) Interaction with
season in the Portuguese dataset; b) Unaffected by other
factors in wood mice at Egham; c) Interaction with age in
the Malham dataset. For further details see text and for
full statistical analysis see [60]. Figure modified from
[60].

Fig. 5. Relationship between the intensity of H. po ly gy -
rus infection and number or prevalence of other species
of helminths harboured by wood mice. The abscissas
show the residuals of the H. polygyrus GLMs in
convenient class ranges. The data are from study sites in
Portugal (a), Egham Surrey U.K. (b) and Malham Tarn in
Yorkshire, U.K. (c). Further details see text and [60].
Figure modified from [60].



In this da ta set 52.5% of mi ce wi tho ut H. po ly gy -
rus we re in fec ted with other hel min ths, but the pre -
va len ce was al most 8% hi gher among mi ce with
H. po ly gy rus (60.5%). The re was no si gni fi cant dif -
fe ren ce be twe en the se xes in this re spect, both se xes
sho wing hi gher pre va len ce of other hel minth spe -
cies if they car ried H. po ly gy rus as well. As Fig. 4a
shows pre va len ce was hi gher in H. po ly gy rus-in fec -
ted ani mals in all fo ur se asons stu died. (L.R. 2

3=
=9.43, P=0.024).

As in the ear lier stu dy in S. En gland we de tec ted
al so a si gni fi cant po si ti ve re la tion ship (rp=0.161,
one -ta iled test, n=178, P=0.016) be twe en the num -
ber of other hel minth spe cies and the abun dan ce of
H. po ly gy rus, after con trol ling for all con fo un ding
fac tors (i. e., dif fe ren ces be twe en 6 ha bi tats, 4 se -
asons, 3 age clas ses and both se xes). This is il lu stra -
ted in Fig. 5a. The re fo re, as in the ear lier stu dy, wo -
od mi ce with high H. po ly gy rus in fec tions for the ir
par ti cu lar sub set, we re shown to be mo re li ke ly in -
fec ted with other spe cies of hel min ths, for the ir sub -
set.

Stu dies on wo od mi ce in Egham, Sur rey, U.K.

Ano ther op por tu ni ty to test the re la tion ship be -
twe en H. po ly gy rus and spe cies rich ness with other
hel min ths aro se thro ugh my col la bo ra tion with John
Le wis who had ac cu mu la ted da ta over 9 years of
trap ping in Egham, Sur rey in the U. K. This ti me the
po ssi ble con fo un ding fac tors we re 9 an nu al da ta -
sets, 3 age clas ses and both se xes, but all the ani mals
had be en trap ped at the sa me lo ca tion and du ring the
sa me se ason of each year, in la te Sep tem ber.

Ana ly sis of pre va len ce of other hel minth spe cies
in the se wo od mi ce re ve aled a lar ger di ver gen ce
than in the ear lier stu dies in pre va len ce with other
hel minth spe cies be twe en wo od mi ce in fec ted
(86.7%) and not in fec ted (53.9%) with H. po ly gy rus
(Fig. 4b) and this was hi gh ly si gni fi cant
(L.R.2

1=23.7, P<0.0001). The dif fe ren ce in pre va -
len ce was al so mar ked in both se xes. In ma le wo -
od mi ce wi tho ut H. po ly gy rus the pre va len ce of
other hel minth spe cies was 55.3% com pa red to
88.7% among tho se with H. po ly gy rus, and in fe ma -
les the va lu es we re ve ry si mi lar (50.0% ver sus
83.3%).

In the qu an ti ta ti ve ana ly sis, after con trol ling for
all the so ur ces of va ria tion in da ta that we re me asu -
red, we de mon stra te aga in that wo od mi ce he avi ly
in fec ted with H. po ly gy rus for the ir sub set, al so car -
ried mo re spe cies of other hel min ths for the ir sub set
([60]; Fig. 5b; rp=0.24, n=157, P=0.0015 one -ta iled
test). 

Stu dies on wo od mi ce at Mal ham Tarn in York -
shi re, in nor thern U. K.

Yet ano ther op por tu ni ty to test the re la tion ships
be twe en H. po ly gy rus and other hel min ths aro se
from col la bo ra tion with Mi ke Ro gan and his col le -
agu es at the Uni ver si ty of Sal ford. They had col lec -
ted da ta over a 12 year pe riod on the hel min ths of
wo od mi ce li ving in the wo odlands north of Mal -
ham Tarn in York shi re.

As in the other da ta sets, pre va len ce of other hel -
min ths was hi gher among mi ce car ry ing H. po ly gy -
rus (34.7%) com pa red with tho se wi tho ut H. po ly -
gy rus (21.3%), a dif fe ren ce that was evi dent in both
ma les (34.5% ver sus 24.3%) and fe ma les (35.1%
ver sus 18.6%). Ho we ver, age pro ved al so to be an
im por tant fac tor in the se ani mals, sin ce the dif fe ren -
ce was most ap pa rent in the ol dest co hort of wo -
od mi ce (Fig. 4c; L.R. 2

2=7.0, P=0.029). 
The qu an ti ta ti ve ana ly sis of the Mal ham da ta set

co uld not be un der ta ken in exac tly the sa me man ner
as the ear lier ana ly ses be cau se spe cies rich ness was
low, and on ly 31.1% of mi ce har bo ured hel min ths
other than H. po ly gy rus. The ma xi mum num ber of
other hel minth spe cies car ried by any of the mi ce
was two, and on ly se ven mi ce fell in to this ca te go -
ry. The re fo re, we ad op ted a sli gh tly dif fe rent ap pro -
ach in this ca se. First we sor ted the re si du als of the
H. po ly gy rus GLM in to three co nve nient abun dan ce
clas ses, and for ani mals that we re in fec ted with
H. po ly gy rus we cal cu la ted the pre va len ce of other
hel minth spe cies in each of the three clas ses. As can
be se en from Fig. 5c, after con trol ling for age, sex
and year and the ir in te rac tions, the pre va len ce of
other spe cies in cre ased as H. po ly gy rus abun dan ce
in cre ased (2

1=9.8, P=0.002).

Conc lu sions

As I expla ined ear lier, da ta show cle ar ly that in -
te rac tions exist be twe en in te sti nal hel min ths of ro -
dents in con trol led la bo ra to ry expe ri ments, and that
the stron gest ef fects are me dia ted thro ugh the im -
mu ne re spon ses of the ho sts [27]. Ho we ver, de tec -
ting evi den ce for the exi sten ce of the se re la tion ships
in na tu ral ly oc cur ring wild ro dent com mu ni ties has
be en frau ght with pro blems [16,59,61] and an im -
por tant do mi na ting ro le for such in te rac tions in
struc tu ring hel minth com mu ni ties in wild ro dents is
not sup por ted by ma ny pu bli shed stu dies
[16,62–64]. In this pa per I ha ve tried to show that by
un der stan ding the ro le play ed by extrin sic and in -
trin sic fac tors in cau sing va ria tion in pa ra si te bur -

310 J. M. Behnke



Detecting interactions between helminths in rodents 311

dens, in c lu ding spe cies rich ness, and by ta king this
in to ac co unt in sta ti sti cal ana ly ses, it is po ssi ble to
de tect evi den ce for in te rac tions. When qu an ti fied
extrin sic and in trin sic pat terns of va ria tion are con -
trol led for, pat terns of co -in fec tion com pa ti ble with
sy ner gi stic in te rac tions can be de mon stra ted be twe -
en in te sti nal hel min ths of wo od mi ce [16,59,60]. At
le ast one of the se, the po si ti ve re la tion ship be twe en
H. po ly gy rus and the spe cies rich ness of other hel -
min ths in wo od mi ce has be en de mon stra ted in fo ur
to tal ly in de pen dent da ta -sets, three drawn from the
U. K. and one from Por tu gal. It will be in te re sting
now to de ter mi ne whe ther si mi lar re la tion ships exist
for other he lig mo so ma tids in fec ting other ro dents in
Eu ro pe and in other re gions, and whe ther any other
in te sti nal hel min ths play a si mi lar ro le. Ho we ver, as
I po in ted out ear lier, cor re la tio nal re la tion ships,
such as tho se ge ne ra ted in the stu dies re vie wed in
this pa per, can ne ver es ta blish une qu ivo cal ly cau se
and ef fect, and the fi nal word must awa it the out co -
me of in te rven tion stu dies in which po pu la tions of
pa ra si tes in wild eco sys tems are ma ni pu la ted expe -
ri men tal ly (see for exam ple [65]). Cle ar ly, the fo ur
in de pen dent stu dies de scri bed in this pa per show
that the re la tion ships can be ob se rved re pe ate dly
and, after ap pro pria te ana ly sis, emer ge from da ta -
-sets col lec ted in qu ite con tra sting eco lo gi cal envi -
ron ments di stant from one ano ther and lo ca ted in
dif fe rent cli ma tic zo nes. They are the re fo re ro bust,
but even so the ir in flu en ce on the com mu ni ty struc -
tu re of hel min ths in the ir ho sts is still pro ba bly mo -
dest. Al tho ugh they may ha ve a ro le to play in the
mo re he avi ly in fec ted ani mals, it is unli ke ly that
other than in excep tio nal cir cum stan ces, they play
a de ci si ve ro le in struc tu ring hel minth com mu ni ties
in wo od mi ce in Eu ro pe. Ne ver the less, ta ken to ge -
ther the se fo ur stu dies pro vi de firm evi den ce that at
the le vel of spe cies rich ness, if not at the le vel of in -
di vi du al spe cies, a hi gh ly pre dic ta ble ele ment of co -
-in fec tions in wo od mi ce has now be en de fi ned: in -
fec tion with H. po ly gy rus has de tec ta ble con se qu en -
ce for the su scep ti bi li ty of wo od mi ce to other hel -
minth spe cies, par ti cu lar ly tho se as so cia ted with the
in te sti ne. 
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