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A b s t r a c t  - -  In reconstructing the history of  host-parasite associations, it is necessary to 
consider several different processes, such as cospeciation and host switching, that may affect 
an association. A simple reconstruction method is to maximise the number  of  host-parasite 
cospeciations. However, maximum cospeciation reconstruction may require the postulation of  
a large number  of  o ther  kinds of  events, such as parasite ext lncdon or exclusion fi'om certain 
hosts. A more  sophisticated method  associates each kind of  event with a cost or  weight which 
is inversely related to the likelihood of  that kind of  event occurring. I present  a method  of  
the latter type that distinguishes between two different processes: host  tracking, o f  which 
cospeciation is a special case, and host switching. Given a relative weight for these two types 
of  events, it is possible to convert the host  phylogeny into a cost matrix, allowing for host  
switching, and use generalised-parsimony algorithms to fred minimum-cost reconstructions of  
the history of  the host-parasite association. Different relative switch weights give different 
minimum-cost reconstructions; the optimal switch weight can be found by maximising the fit  
between the tracking events and the parasite phylogeny, controlling for the number  of  
postulated switches. As an empirical application of  the method,  data on an association 
between pocket gophers  and their parasitic chewing lice were re-examined. Although these 
data have been extensively analysed previously, the generalised parsimony approach throws 
new light on the history of  the association. 
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Introduction 

Study of  macroevolutionary patterns is essential for a better understanding of  
the long-term processes involved in host-parasite coevolution. However, it requires 
a method for reconstructing the history of  host-parasite associations from data on 
extant species, because ancestral associations cannot be observed directly. A wide 
variety of  data could be used in the reconstruction. The host species utilised by the 
parasites in" nature can be determined, and the relative suitability of  different hosts 
is often amenable to testing under  laboratory conditions. The host and parasite 
phylogenies can be inferred from traits possessed by extant species, and, in some 
cases, it is also possible to date speciation events in the phylogenies. Data on the 
spatial and temporal distribution of  extant hosts and parasites could also throw 
light on the history of  the association, as could the historical biogeography of the 
areas in which the hosts and parasites occur, and the phylogenetic tracing of  
evolutionary change in hypothesized host-parasite coadaptations. 

A method for reconstructing the history of host-parasite associations should 
meet the following requirements: (1) It should result in specific reconstructions, 
postulating a series of evolutionary events that could have produced the present- 
day association pattern; (2) the fit between a particular reconstruction and the 
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data at hand should be measured in terms of  the number  of  postulated events, 
taking into account the likelihood of  different types of  events occurring; (3) the 
method should be able to make use of  all information available, and should 
converge onto the true history of the association as more and more data are 
included in the analysis. 

Most methods proposed so far, including Brooks Parsimony Analysis (Brooks, 
1990), component  analysis (Nelson and Platnick, 1981; Page, 1990a), and 
reconciliation of  host and parasite trees (Page, 1990a, 1994), assess the extent to 
which parasite and host phylogenies are parallel. The fit between the phylogenies 
is measured in terms of  "amount  of  homoplasy" or "items of  error". If there is 
perfect congruence between the phylogenies, the interpretation is straight- 
forward: there has been extensive cospeciation between the hosts and the 
parasites. However, when there is some degree o f  mismatch, interpretation 
becomes extremely complex. Each instance of  homoplasy or item of  error can 
usually be explained in several different ways, invoking different combinations of 
evolutionary events such as host switching, independent  parasite speciation and 
exclusion from certain hosts (Wiley, 1988; Page, 1990a; Ronquist and Nylin, 1990). 
Thus, these methods do not  provide specific reconstructions; such reconstructions 
can only be formulated through a posteriori interpretation of  the results (Wiley, 
1988; Page, 1990a; Ronquist and Nylin, 1990) or through ad hocprocedures (Page, 
1994). Furthermore, because the methods do not  measure the fit of a particular 
reconstruction in terms of  the number  of  specific evolutionary events, they give 
spurious results in some cases (Page, 1990a; Ronquist and Nylin, 1990; Ronquist, 
1994; but see Page, 1994a,b). 

The Event-Based Approach 

Ronquist and Nylin (1990) were the first to propose a reconstruction method 
that explicitly measured the fit between the data and a particular reconstruction in 
terms of  the number  of  specific evolutionary events that had to be postulated. A 
brief summary of their method will be given here. Ronquist and Nylin described 
host-parasite associations in terms of  association matrices. These are representations 
of  the set of  associations existing at a particular point in time (Table 1). They 
further defined a coevolutionary null model specifying the expected pattern when 
no change occurs in the traits defining an association. In the case of host or 
parasite speciation, the null model predicts a broadening of the association to 
include all descendant species. In other words, the expected result of speciation is 
that both descendants inherit  the association partner or partners of their ancestor. 
This pattern does not  need special explanation. 

Table 1 
An association matr ix  specifying a set o f  species associations existing at a part icular  po in t  in time. Each 

combina t ion  o f  associated host  and  parasite species is marked  with 'x '  in the matr ix  

Hosts  Parasites 
1 2 3 4 

a - -  x - -  - -  

b x - -  x - -  
C - -  - -  - -  X 
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Three  different types of  events or processes that could change the pattern 
expected under  the null model  were recognised. One process, for  which the term 
successive specialisation was adopted, is historically constrained. This is the process 
where descendants belonging to one  part of  the association successively track 
ancestor-descendant  lineages in the counterpar t  organisms. The historical 
constraint arises because future possibilities for species associations are limited by 
the set of  associations that existed in the past. Cospeciation is a special case of  
successive specialisation, in which an ancestral association is split into two 
descendant  associations by concomitant  host and parasite speciation followed by 
specialisation (without specialisation, the broadening of  the association expected 
under  the null model  would occur upon secondary contact between the 
descendant  host and parasite lineages). 

Two processes that are not  historically constrained were also identified, and 
these were termed colonization and exclusion. Colonization is the broadening of  an 
association to include more  members,  and exclusion is the narrowing of  an 
association to include fewer members. A host switch is a combination of  a 
colonization and an exclusion event, where a parasite colonizes a new host while 
disappearing from its old host. 

Ronquist and Nylin also proposed a set of  symbols to be used in illustrating a 
particular reconstruction of  the history of  an association. A slash was used for 
successive specialisation, an '©' for colonization and an 'x' for exclusion (Fig. 1). 
The reconstruction can be given either in terms of  the host phylogeny, with the 
events affecting the ancestral hosts' parasite load mapped onto the branches (Fig. 
lc) ,  or  in terms of  the parasite phylogeny, with the events affecting the ancestral 
parasites' host ranges mapped onto the branches (Fig. ld) .  Each event connects a 
branch in the host phylogeny with a branch in the parasite phylogeny; therefore, 
one form of  representat ion can easily be converted into the other. Furthermore,  a 
reconstruction of  the changes along the branches in the host phylogeny can be 
translated into inferred parasite loads of  ancestral host nodes by simply "pushing" 
the parasite events up to the nearest node  (Fig. le) .  Similarly, a reconstruction of  
the changes along the branches in the parasite phylogeny can be converted into 
inferred hosts of  the ancestral parasite nodes (Fig. lf).  

To choose between alternative reconstructions, all we need to do is specify a cost 
or weight for each type of  event, and then calculate a summary statistic 
determining the likelihood of  the reconstruction. The  cost or weight assigned to 
each type of  event should be inversely related to the likelihood of  that type of  
event occurring. The weighting is necessary because we are trying to assess the 
likelihood of  reconstructions combining different processes (cf. t ransit ion/ 
transversion weighting in molecular systematics). Ronquist and Nylin (1990) 
termed the technique "transformation weighting"; it appears to have been first 
proposed in a paper  by Sankoff (1975), in which cost matrices specifying the 
weight of  different state transformations were used in the reconstruction of  
phylogenetic trees from sequence data. Methods using cost matrices have recently 
become known as generalised parsimony methods (Swofford and Olsen, 1990; 
Maddison and Maddison, 1992; Swofford, 1993). For a maximum likelihood 
justification of  transformation weighting or generalised parsimony, see Felsenstein 
(1981; cf. also Farris, 1973). 

The method  outlined by Ronquist and Nylin is very flexible, but  this also makes 
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it difficult to provide an exact algorithm that will find the optimal reconstructions 
in the general case. However, Ronquist and Nylin suggested a simplification: 
assume that, at every point in time, each parasite is restricted to a single host 
species or a single major host. This assumption is perhaps less restrictive than it 
might first seem because phylogenetic patterns are most informative about 
associations which are tight enough to show considerable historical constraint, and 
such associations might be expected to be characterised by the parasite species 
having a narrow host range. 

Under  the one-host-per-parasite assumption, Ronquist and Nylin (1990) were 

c d e a b 
a b c d e 1 2 3 4 5 

~ ~ ~ ~ g  f a  ~i hosts ~ e  b 8 7 6 S 

a b c d e 1 2 3 4 5 

4 ~  1~2~7 6 a b 

a b c d e 1 2 3 4 5 

f e 

Fig. 1. Different representat ions of a specific reconstruction of  the history of  a host-parasite 
association: (a) host phylogeny; (b) parasite phylogeny with host associations of  terminal taxa specified; 
(c) a specific reconstruction of the history of the association, given as events affecting ancestral hosts'  
parasite load mapped  onto  the host phylogeny; (d) the same reconstruct ion with events mapped  onto 
the parasite phylogeny; (e) the same reconstruction given as inferred parasite loads of  ancestral hosts; 
(f) the same reconstrucdon given as inferred hosts of  ancestral parasites. Symbols: - - :  successive 
specialisation; O: colonization; x: exclusion. 
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able to formulate an exact algorithm, which amounted to an explicit enumeration 
of  all possible sequences of association matrices ending in the observed matrix. 
The method is guaranteed to find all optimal reconstructions, and only those that 
involve host switches between possibly contemporaneous hosts, given that the 
relative switch weight has been determined. However, it is extremely inefficient; 
the computational effort increases so rapidly with the number  of  taxa that 
problems with more than a few host and parasite species become intractable. 

In this paper I build on the framework provided by Ronquist and Nylin (1990). I 
show that under  the one-host-per-parasite assumption, and given a relative switch 
weight, it is possible to use efficient generalised parsimony algorithms, available in 
computer programs such as MacClade (Maddison and Maddison, 1992), to find 
minimum-cost reconstructions of  the history of host-parasite associations. I also 
show that it is possible to find the optimal switch weight by maximising the fit 
between the tracking events and the parasite phylogeny while controlling for the 
number  of postulated host switches. 

Host Tracking and Host Switching 

Under the one-host-per-parasite assumption, it is possible to restrict the number  
of different types of  events that need to be considered. First, colonization of a new 
host cannot  occur without exclusion from the old host; this amounts to host 
switching, and isolated colonization events need not  be considered. Isolated 
exclusion events can only occur when the host speciates, and the parasite becomes 
excluded from one of  the descendant hosts. However, successive specialisation on 
the other descendant host is a more parsimonious interpretation given no further 
information, since this process is historically constrained. Thus, under  the one- 
host-per-parasite assumption, we need only consider successive specialisation and 
host switching. 

The key to using generalised parsimony lies in focusing on the parasite 
phylogeny, and reconstructing the hosts of  the ancestral parasites. With this 
perspective on the association, successive specialisation becomes equivalent to host 
tracking. 

To find the minimum-cost reconstruction for a host-parasite association, it is 
necessary to specify the weight of switching events relative to tracking events. I will 
return to the problem of  determining the optimal switch weight later; for now, I 
will assume that the relative switch weight is given. In the examples illustrating the 
procedure of  obtaining minimum-cost reconstructions (Figs. 2--4), the relative 
switch weight is set to B. 

Finding the Minimum-Cost Reconstruction 

QUICK METHOD 

The quick method of  obtaining optimal reconstructions involves conversion of  
the host phylogeny into a cost matrix, allowing for both host tracking and host 
switching, followed by optimisation of  the ancestral states (hosts) on the parasite 
tree. 
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First, each branch in the host tree is labelled (Fig. 2a). Then  a step matrix is 
constructed specifying the minimum cost of  moving from any one  branch in the 
host phylogeny to any other  branch (Fig. 2b). In some cases, the shortest path 
between two host branches involves tracking; in o ther  cases, host switching is 
implied. Some transitions are impossible and these are assigned an infinite cost in 
the matrix. For instance, it is impossible to move from host branch 'a' to branch 'e' 
because 'e' went extinct before 'a' came into existence (Fig. 2). Some steps may 
require a combination of  a host switch and one  or more  tracking events, but  this is 
not  the case in the illustrated example. 

The  optimisation algorithm consists of  three steps (Fig. 3). First, a downpass is 
performed.  Proceeding from the terminals towards the root  of  the tree, each 
internal node is assigned an array specifying for each possible state at the node  the 
minimum number  of  steps (cost) required in the section of  the tree above the 
node  (Fig. 3a). Second, an uppass is per formed where each node  is assigned an 
array specifying for each state the number  of  steps required by the port ion of  the 
tree below and beside the node  (Fig. 3b). Third, the final array of  a node  is 
obtained by combining the downpass array of  the node with the uppass array of  its 
ancestral node (Fig. 3c). The  optimal states at a node  are the states in the final 
array associated with the minimum reconstruction cost. 

The  generalised parsimony algorithm described above is available in the 
computer  program MacClade (Maddison and Maddison, 1992). Unfortunately, it 
is not  possible to enter  step matrices with more than 26 different states in 
MacClade, although ordinary personal computers could optimise much larger 
matrices within reasonable time periods. Bacause the required size of  the matrix is 
equal to the number  of  branches in the host tree, analysis with MacClade is limited 
to host trees with up to 13 terminal taxa (for which the number  of  branches is 25). 
A convenient  option in MacClade is "Equivocal cycling", which allows one  to go 
through all different, equally parsimonious reconstructions (Maddison and 
Maddison, 1992). 

a b c a 
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3 1 1 0 ~o 

1 2 2 1 0 

Fig. 2. Converting the host phylogeny into a step matrix, allowing for host  switching. The relative 
switch weight is assumed to be 3. (a) Host phylogeny with all branches labelled; (b) corresponding step 
matrix. Each cell in the matrix gives the minimum cost o f  moving between two specified branches in 
the host  phylogeny. The minimum path might involve one host tracking event (e.g. from host branch 
'd '  to branch 'b'; cost 1), two host tracking events (e.g. from 'e '  to 'c'; cost 2), one host switching event 
(e.g. from 'a' to 'b ' ;  cost 3), or independent  parasite speciation (e.g. from 'a' to 'a'; cost 0). 
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state: a b c d e 
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Fig. 3. Optimising the host step matrix onto the parasite phylogeny using generalised parsimony. The 
hosts of the parasites are ihdicated above the terminals; the host phylogeny and step matrix are the 
same as in Figure 4. (a) Downpass. Proceeding down from the top, each internal node is assigned an 
array specifying for each possible state at the node the number of steps required in the section of the 
tree above the node; (b) uppass. Proceeding up from the root, each node is assigned an array 
specifying the required number of steps in the section of the tree below and beside the node; (c) final 
pass. The downpass array of a node is combined with the uppass array of its ancestral node to yield the 
final array of the node. The final array of the root node is the same as its downpass array. The optimal 
states at each node are those associated with the minimum reconstruction cost. 
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The reconstructions obtained with the quick method are guaranteed to be 
optimal, but they are not  guaranteed to be internally consistent. That is, in some 
cases they may postulate series or combinations of host switches that cannot  have 
occurred. Thus, if there are more than one postulated host switch, the host 
switches require a posteriori checking. If all of the optimal reconstructions found 
with the quick method are internally inconsistent, exact methods will be required. 

EXACT METHOD 

The reason that the quick method sometimes produces inconsistent results is 
illustrated in Figure 4a. The problem is that, according to the step matrix, it is 
possible to go from host branch 'b' to 'e' via 'a', whereas in reality, this sequence of 
host switching is impossible. This internal inconsistency causes the step matrix to 
violate the triangle inequality. The problem can be solved by dividing branch 'a' 
into two time segments (Fig. 4b), one existing before and the other one after the 
speciation event in the sister lineage. By assigning infinite cost to the step from 
the early to the late time segment, the internal inconsistency is removed and the 
extended step matrix now obeys the triangle inequality. Optimisation using this 
matrix will not  result in reconstructions postulating impossible combinations of 
host switches. 

a b c a b c 
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3 0 = oo 

1 1 0 3 oo 

3 3 3 0 ~o 
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Fig. 4. Segment coding, an improved method of  constructing host step matrices. (a) The simple step 
matrix constructed according to the procedure outlined in Figure 4 allows some impossible sequences 
of  host switching events. For instance, it is possible to go from 'b '  to 'a', and then from 'a' to 'd ' ;  (b) 
dividing branch 'a' into two time segments, 'a' and 'e ' ,  solves the problem; (c) the corresponding step 
matrix does not  allow a switch from 'b '  to 'd '  via 'a' because it is impossible to go from 'a' to 'd '  or 'e ' .  
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With segment  coding, the size of  the step matrix increases. The  n u m b e r  of  states 
necessary to convert  a host phylogeny with n taxa with segment  coding is 
n ( n + l ) / 2 ,  whereas it is only 2n-1 with the quick method.  The  computat ional  
effort  in the optimisation procedure  is roughly proport ional  to the square of  the 
matrix size, so the amoun t  of  calculations increases considerably for large host 
trees. 

Another  p rob lem is that the extended matrix resulting f rom segment  coding is 
dependen t  on the relative t iming of  speciations in the host phylogeny, as 
illustrated in Figure 5. Thus, to obtain an exact solution it is necessary to 
enumera te  all possible host speciation sequences, and construct an extended step 
matrix f rom each. The  n u m b e r  of  different, possible speciation sequences is 
strongly dependen t  on the symmetry of  the host tree: the more  symmetrical the 
tree is, the larger the n u m b e r  of  alternative sequences. An exact formula  
specifying the n u m b e r  of  different speciation sequences for a given phylogeny was 
given by Brown (1994). 

SHORTCUTS 

The amoun t  of  calculation needed  by the exact me thod  outl ined above can be 
decreased considerably by employing a branch-and-bound type shortcut. Once the 
length of  one possible reconstruction is known, this value can be used as an uppe r  
bound  on the length of  the optimal  reconstruction. In the downpass of  the 
opfimisafion procedure,  all states at a particular node  that yield reconstruction 
lengths longer than the bound  can be deleted f rom the array of  possible states at 
the node. A similar me thod  can be used in the uppass. The  initial bound  can be set 
to w(t-n), where w is the relative switch weight, t is the number  of  terminal 
branches  in the parasite tree and n is the n u m b e r  of  terminals in the parasite tree 
associated with the most  c o m m o n  host; the optimal  reconstruction cannot  be 
longer. Once the root  is reached in the downpass, the length of  the optimal  
reconstructions for that step matrix is known and can be used as the new bound.  
For the next  step matrix opfimisafion, the bound  can be set to the shortest 
reconstruct ion found in previous opfimisafions. If  it is found in the downpass that 
the new speciation sequence only produces longer reconstructions than found 
previously, the uppass and final pass can be skipped, and the calculations proceed  
with the next host speciafion sequence. 

a b c d a b c d 

Fig. 5. Different sequences of speciation events in the host phylogeny result in different segment 
coding and in different step matrices. 
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D e t e r m i n i n g  the  O p t i m a l  Swi tch  W e i g h t  

Depending on the relative switch weight, different reconstructions will emerge. 
If  the switch weight is set to a high value, the minimum-cost reconstruction will 
postulate tracking events only, whereas a low switch weight gives pure switching 
reconstructions. At intermediate switch weights there may be one  or  more  
minimum-cost reconstructions which combine switching and tracking events. How 
can the optimal switch weight be determined? 

Consider a pure  tracking reconstruction of  an association (e.g. Fig. 6c); this is 
the preferred reconstruction given a high switch weight. The  number  of  tracking 
events that are required depends on the fit between the parasite and host 
phylogenies. The worse the fit, the more tracking events are required. When the 
relative switch weight is decreased one or more alternative reconstructions 
emerge,  postulating one  or  more  host switches. Adding one switching event will 
always reduce the number  of  required tracking events by two. However, if the 
postulated switching event improves the fit between the remaining tracking events 
and the parasite phylogeny, the number  of  tracking events required will decrease 
by a larger number  than two. The better the increase in fit, the larger will be the reduction 
in the number of tracking events. 

The optimal switch weight can be de termined by finding the reconstruction with 
the largest reduction in the number  of  tracking events per  in t roduced host switch; 
if no reconstruction exceeds a reduction of  2 per  switch, then the pure tracking 
reconstruction is optimal. In formal notation, let g be the number  of  tracking 
events required by the pure tracking reconstruction, and t and s the number  of  
tracking events and switches required by a minimum-cost reconstruction in a 
particular switch weight interval. The switch weight interval is optimal if the 
minimum-cost reconstruction in that interval maximizes (g-t) /s .  

The procedure  is illustrated in Figure 6. For this host-parasite association, there 
are three alternative reconstructions which emerge at different relative switch 
weights. At switch weights above 4, a pure tracking reconstruction (ten tracking 
events) is optimal (Fig. 6c), whereas at switch weights below 3, a pure switching 
reconstruction is optimal (three switching events; Fig. 6e). Switch weights between 
3 and 4 give a reconstruction with one switch and six tracking events (Fig. 6d). The 
latter reconstruction is preferred over the others because the switching event 
reduces the number  of  tracking events by 4; the pure switching reconstruction has 
a corresponding value of  only 3.33 removed trackings per  switch (Table 2; Fig. 6f). 

Table 2 
Comparison of the three alternative reconstructions of the history of the association in Figure 6 

Reconstruction Condition for optimality Trackings Switches Fit (reduction in 
(w=switch weight) trackings per switch) 

Fig. 6c w>4 10 0 21 
Fig. 6d 3<w<4 6 1 4 
Fig. 6e w<3 0 3 3.33 

~The fit value is undefined for the pure tracking reconstruction, but this is the optimal reconstruction 
when no other reconstruction exceeds a value of 2. 
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R e f ' m e m e n t s  

A serious problem with reconstructing the history of  host-parasite associations 
from host and parasite phylogenies and the observed association matrix is that we 
are trying to estimate almost as many parameters as we are putting into the 
analysis. The problem is similar to the one encountered in tracing the evolution of  
single characters using parsimony (Maddison and Maddison, 1992). Alternative 

a b c d a 
1 2 3 4 5 

a ~ b  c d ~ ~ e  
a hosts s 

1 2 3 4 5 1 2 3 4 5 d e ~  ~ ~ a  

1 2 3 4 5 ~" 4-' \ \ 

~ l -  

u. 0 c d e 
f Reconstruction 

Fig. 6. Determining the optimal switch weight interval. (a) Host phylogeny; (b) parasite phylogeny 
with host associations specified; (c) pure tracking reconstruction obtained as the minimum-cost 
reconstruction when the relative switch weight is above 4; (d) combined switching and tracking 
reconstruction obtained at switch weights between 3 and 4; (e) pure switching reconstruction obtained 
at switch weights below 3; (f) the reconstruction in (d) is optimal because, compared to the pure 
tracking reconstruction, it maximises the reduction in the number of tracking events per introduced 
host switch (see Table 2). Symbols: - - :  host tracking; xO: host switching. 
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interpretations of  character  change im, olving only one  extra step always exist, and 
the difference in likelihood between .these and the most parsimonious inference 
may be insignificant. A l~Ossible solution to this di lemma in the reconstruction of  
the history of  species.associations is to include more  data in the analysis. Two 
sources of  addi t ional 'da ta  seem particularly interesting: the relative timing of  
speciation events and phylogenetic tracing of  coadapted host and parasite traits. 

RELATIW TXMING OF SPECtATmN EvEwrs 

Information on the relative timing of  speciation events can easily be 
incorporated as constraints into the exact method  oudined  above. First, data for 
the host speciation sequence is used to construct a single extended step matrix. 
Second, prior  to optimisation onto the parasite tree, the set of  possible states at 
each ancestral parasite node  is restricted to contemporaneous  hosts. This 
procedure  reduces the computational effort considerably, and ensures that only 
reconstructions consistent with the timing data are obtained. 

COADAVlXO HOST AND eAmsrI~ TreaTs 

When host and parasite traits are mapped onto their respective phylogenies, it 
may be possible to associate specific branches in the host and parasite trees, and 
this information c a n  be used to distinguish between alternative reconstructions. 
For instance, the most parsimonious reconstruction of  the pattern in Figure 7 
implies a shift f rom host 'a' to host 'b' (Fig. 7b). This reconstruction predicts that 
parasite traits coadapted with unique traits for host 'a' would map onto branch '7' 
o f  the parasite tree, but  such .traits could also occur on branches '1', '2', '3', '5', or  
'6'. However, if parasite traits coadapted with host traits originating in host 'c' 
mapped onto  branches ' 1 ' ,  '2', '5' or  '6' of  the parasite tree, the host switching 
reconstruction would have to be rejected in favour of  the alternative, cospeciation 
reconstruction (Fig. 7c). 

To incorporate information on coadapted traits into the exact or quick methods 
outl ined above, these steps should be followed prior to the optimisation: Assume 
that coadapted traits occur on host branch 'h '  and parasite branch 'p'. At the 

a 

hosts 
a b 

a a, a b a a a b 

1 2 3 4 1 2 3 4 

b e 

Fig. 7. Parasite-host coadaptadons may contribute to the reconstruction of an association. (a) Host 
phylogeny; (b) optimal reconstruction with no data on host-specific coadaptations; (c) alternative 
recons~uction that might be implied by some distributions of host-parasite coadaptations (see text). 
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ancestral node of branch 'p', and all nodes existing previous to that node, restrict 
the set of possible hosts to those that existed or could have existed prior to or 
simultaneous with host branch 'h'. At the descendant node of branch 'p', and all 
nodes existing later than that node, restrict the set of possible hosts to those that 
existed or could have existed simultaneous with or after host branch 'h'. After this, 
the optimisation proceeds as usual. 

Page's Maximum Cospeciafion Method 

Page (1994b) recently suggested an event-based method to reconstruct the 
history of host-parasite associations to maximise the number of cospeciations. The 
following section serves to compare Page's method with the generalised parsimony 
method conceived by Ronquist and Nylin (1990) and further developed in this 
paper. 

Page (1994b) recognised four different types of events: host switching, 
duplications, sorting events and cospeciation. Of these, sorting events most closely 
correspond to host tracking without cospeciation, cospeciation is host tracking 
with concomitant host and parasite speciation, and duplications represent the 
pattern expected under Ronquist and Nylin's null model. Thus, there is a close 
correspondence between the methods in the kinds of events considered. A further 
similarity is the one-host-per-parasite assumption, which is used by Page (1994b) as 
well as in this paper and (partly) by Ronquist and Nylin (1990). 

Page (1994b) proposed a reconstruction method which maximises the number 
of host-parasite cospeciations, without considering the number of other events 
that have to be postulated. The advantage with this approach is that it offers a way 
of developing optimisation algorithms without actually having to consider the 
relative likelihood of different types of events occurring. The disadvantage is that 
the maximum cospeciation reconstruction in some cases may require the 
postulation of a large number of other kinds of events, such as host switches or 
sorting events. In such cases, a reconstruction involving slightly fewer cospeciations 
but only a few host switches and/or  sorting events may be preferable. 

Another problem with focusing on cospeciations is that cospeciations are not 
always interesting in the context of host-parasite coevolution. Groups of organisms 
occurring in the same area and responding to the same dispersal barriers are 
subject to the same vicariance events and may thus show extensive "cospeciation". 
Coevolving associations are special only in that cospeciation may be followed by 
successive specialisation or host tracking. Only when such coadaptation between 
descendant host and parasite lineages occurs will the parallel pattern of 
cladogenesis persist upon secondary contact between the descendant lineages 
separated by the primary vicariance event. 

Page (1994b) presented an "exact algorithm" as well as a heuristic algorithm to 
find the maximum cospeciation reconstruction. The "exact algorithm" is similar to 
the quick method presented in this paper in that it will lind the optimal 
cospeciation reconstruction, but this reconstruction may postulate impossible 
combinations of host switches. The heuristic algorithm is not guaranteed to find 
the optimal reconstruction, and may also result in internally inconsistent 
reconstructions. 
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Page (1994b) did not discuss how information on the relative timing of 
speciation events or host-parasite coadaptation could be incorporated into the 
reconstruction procedure, although he pointed out that different reconstructions 
often imply different speciation sequences. A final problem with Page's method is 
that it assumes that host switches are always associated with speciation. This 
restriction is not necessary with the generalised parsimony approach. 

Pocket Gophers and their Parasitic Lice 

As an empirical example illustrating the potential of the generalised parsimony 
approach, I have re-analysed a data set on pocket gophers and their parasitic 
chewing lice (Hafner and Nadler, 1988). This data set is unusual in that both the 
host and parasite phylogenies are available, as well as estimates of the relative 
divergence times in the two groups based on genetic distances. The data set has 
been extensively analysed by Hafner and Nadler (1988, 1990) and Page (1990b, 
1994a,b). The gopher and louse phylogenies, the observed associations, and the 
genetic distance data are given in Figure 8a. 

Haf-ner and Nadler's (1988) original reconstruction is reproduced in Figure 8b. 
The reconstruction involves 13 host tracking events and 4 host switches. 
Employing a relative switch weight of 3, which is in the optimal switch weight 
interval (2.75--3.5), the total cost of the reconstruction is 25. 

Page (1990b) presented a slightly different reconstruction (Fig. 8c). In contrast 
to Hafner and Nadler, Page explained the host range of Geomydoecus setzeri 
(parasites '8A' and 'SB') by host tracking rather than host switching. Furthermore, 
he postulated cospeciation between gopher branch 'k' and louse branch '12', 
rather than between gopher branch 'k' and louse branch '13' as suggested by 
Hafner and Nadler (1988). Hafner and Nadler's distance data (Fig. 8a) actually fit 
Page's reconstruction better than their own. 

In re-analysing the problem with his maximum cospeciation method, Page 
(1994b) came up with six optimal reconstructions, one of which was identical to 
the one presented by him in 1990 (Page, 1990b). The length of these six 
reconstructions according to the genemlised parsimony method proposed in this 
paper range from 22 to 26, with Page's reconstruction from 1990 scoring 23. They 
all postulate six cospeciations (or seven if the one in G. setzeri is included), but 
imply different numbers of host switches, duplications and sorting events. The 
reconstruction scoring 22 is depicted in Figure 8d. 

The optimal reconstruction obtained with the generalised parsimony method, 
without considering the timing data, has a cost of 21 (Fig. 8e). This reconstruction 
includes a basal host shift from host branch 'n' to branch T that explains some of 
the incongruence between host and parasite trees that is not well explained in the 
reconstruction given in Figure 8d. The basal host shift is consistent with Hafner 
and Nadler's distance data. No matter what relative switch weight is applied, Page's 
reconstruction from 1990 (Fig. 8c) will always be longer than the reconstruction 
given in Figure 8e because both involve two host swi.'tching events. 

If we take full advantage of the genetic distance data provided by Hafner and 
Nadler (1988) to estimate the relative timing of speciation events, the picture 
changes. No reconstruction presented so far is entirely consistent with the timing 
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Fig. 8. Reconstruction of the history of the association between pocket gophers (genus Thomomys, 
Geomys, and Orthogeomys) and their chewing lice (genus Thomomydoecus and C, eomydoecus). (a) Host and 
parasite phylogenies with genetic distance data (from Hafner and Nadler, 1988), (b-f) alternative 
reconstructions of the history of the association. The occurrence of parasite 8 (Geomydoecus setzen) on 
two hosts has been reconciled with the one-host-per-parasite assumption by dividing the species into 
two subpopulations, 8A and 8B, with one host, respectively; (b) reconstruction presented by Hafner 
and Nadler (1988). 

data .  Ins tead ,  the  mos t  p a r s i m o n i o u s  r e c o n s t r u c t i o n  is the  o n e  p r e s e n t e d  in F igure  
8f; the  cost  is 25. 

Two i m p o r t a n t  lessons can  be  l e a rn t  f r om this exercise .  First,  even when  t h e r e  is 
a re la t ively h igh  d e g r e e  o f  fi t  be tween  paras i te  a n d  hos t  phy logen ies ,  t h e r e  a re  
m a n y  a l te rna t ive  r e c o n s t r u c t i o n s  tha t  may  be  pos tu la ted .  To  d i s t ingu ish  be tween  
t h e m  it  is necessary  to c o n s i d e r  all types o f  events  a n d  the i r  l ike l ihood ,  n o t  only  
o n e  type o f  event .  Second ,  da t a  on  the  relat ive t iming  o f  spec ia t ion  events  p rov ide  
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Fig. 8. Continued. Reconstruction of the history of the association between pocket gophers (genus 
Thomomys, Geomys, and Orthogeomys) and their chewing lice (genus Thomomydoeazs and Geomydoecus). (c) 
Reconstruction presented by Page (1990b); (d) alternative reconstruction presented by Page (1994b); 
(e) optimal reconstruction using the generalised pa.,Tsimony approach. Only data on the cladogenetic 
patterns in the hosts and parasites have been considered. (One of two equally parsimonious alternatives 
shown; the other one has 'n' as the ancestral host of parasites '4' and '5'); (f) most parsimonious 
reconstruction using generalised parsimony, and taking the estimates of divergence times provided by 
the genetic distance data into account. (One of two equally parsimonious alternatives shown; the other 
one has 'b' as the ancestral host for parasites '1' and '2'). Symbols as in Figure 6. 

crucial  in format ion  for  the recons t ruc t ion  o f  the history o f  associations (see also 
Page, 1990b; Ronquis t  and  Nylin, 1990). W h e n  there  is only mode ra t e  fit be tween 
the host  and  parasite trees, the mos t  pars imonious  recons t ruc t ion  o f  the history 
c a n n o t  be  expec ted  to be robus t  unless speciat ion events have b e e n  dated,  o r  
o the r  in fo rmat ion  in addi t ion to the host  and  parasite trees have been  inc luded  in 
the analysis. 

T h e  possibilities to fu r the r  elucidate the coevolut ionary  history o f  the 
g o p h e r - l o u s e  association have by no  means  b e e n  exhausted,  as, for  instance,  the 
historical b iogeography  o f  the areas in which the gophe r s  and  lice occur  has no t  
b e e n  considered.  It  would  also be interest ing to test whe the r  the pat terns  o f  
coadap ted  waits p red ic ted  by the mos t  pars imonious  recons t ruc t ion  can be f o u n d  
in the gophers  and  their  parasites. 
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