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Abstract.—A new method, ParaFit, has been developed to test the significance of a global hypothesis
of coevolution between parasites and their hosts. Individual host-parasite association links can also
be tested. The test statistics are functions of the host and parasite phylogenetic trees and of the set of
host—parasite association links. Numerical simulations are used to show that the method has correct
rate of type I error and good power except under extreme error conditions. An application to real data
(pocket gophers and chewing lice) is presented. [Coevolution; fourth-corner statistic; host-parasite;
permutation test; phylogenetic analysis; power analysis; simulations; statistical test.]

Parasites generally form tight ecological
associations with their hosts. Biologists have
long assumed that the evolution of para-
sites is highly dependent on that of their
hosts (Barrett, 1986; Klassen, 1992). This has
led to the establishment of several “rules,”
such as Farenholz’s Rule (1913)—"parasite
phylogeny mirrors host phylogeny”—and
Szidat’s Rule (1940)—“primitive hosts har-
bour primitive parasites.” Klassen (1992)
summarized the history of host-parasite
(H-P) coevolution studies through 1991.
The term “coevolution” was introduced by
Ehrlich and Raven (1964) in a study on but-
terflies and their plant hosts. In the present
paper, coevolution is defined as the extent
to which the host and parasite phylogenetic
trees are congruent, where congruence refers
to the degree to which parasites and their
hosts occupy corresponding positions in the
phylogenetic trees. Perfect congruence is a
good indicator of host and parasite cospeci-
ation; a total absence of congruence, on the
other hand, indicates random associations in
their evolutionary history. This definition
corresponds to that of Brooks (1979, 1985)
and Klassen (1992), which refers to the
macroevolutionary context.

Until the work of Brooks (1977, 1981) at
the end of the 1970s, no rigorous analytical
method had been developed to study H-P
coevolution. Since then, several methods for
doing so have been developed: Brooks parsi-
mony analysis (BPA; Brooks and McLennan,
1991), component analysis (Component;
Page, 1993a), a method based on recon-
ciled phylogenetic trees (TreeMap; Page,
1994), event-based methods (e.g., TreeFitter
[Ronquist, 1995, 1997]; Jungles [Charleston,

1998]), and a maximum likelihood-based test
(Huelsenbeck et al., 1997). This more rig-
orous framework led to the publication of
several studies about host—parasite coevolu-
tion (e.g., Brooks and Glen, 1982; Hafner and
Nadler, 1988, 1990; Klassen and Beverley-
Burton, 1988; Demastes and Hafner, 1993;
Page, 1993b; Paterson et al., 1993; Hafner
et al., 1994; Page and Hafner, 1996; Boeger
and Kritsky, 1997; Roy, 2001). This topic has
gained considerable importance in evolu-
tionary biology (Futuyma and Slatkin, 1983;
Brooks and McLennan, 1991; Thompson,
1994; Page and Holmes, 1998).

The above-mentioned methods treat dif-
ferently the different kinds of evolutionary
events occurring in a host-parasite associa-
tion (Ronquist, 1997; Page and Charleston,
1998). Consequently, they can produce dif-
ferent results. The simultaneous evolution
of hosts and parasites can exhibit four
main different kinds of events (Ronquist,
1997; Charleston, 1998; Page and Charleston,
1998): cospeciation (simultaneous speciation
of a host and its parasite), duplication (in-
dependent parasite speciation), lineage sort-
ing (disappearance of a parasite lineage on a
host lineage), and host switching (coloniza-
tion of a new host by a parasite). A draw-
back common to all the above-mentioned
methods is that they are ideally designed
for the one host-one parasite case; as the
numbers of hosts and parasites increases,
the problem becomes highly computer-
intensive, making optimal solutions hard to
find. These methods aim at reconstructing a
putative history of the host—parasite associa-
tion by adequately mixing the types of events
and trying to minimize the overall cost of
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the estimated evolutionary scenario. They at-
tempt to answer the question, What is the
most probable coevolutionary history of the
host—parasite association, given the costs of
the different events?

PRINCIPLE OF THE TEST

In the present paper, we want to know if
the data agree with a model of coevolution
of the hosts and parasites. The correspond-
ing null hypothesis (Hp) is that the evolution
of the two groups, as revealed by the two
phylogenetic trees and the set of H-P associa-
tion links, has been independent, which is the
same as saying that one is random with re-
spect to the other. Strict coevolution requires
two conditions to be fulfilled:

1. Ideally, the “true phylogenies” of the hosts
and parasites should be the same. In ec-
toparasites, for instance, the similarity
may be attributable to the geographic sep-
aration of the host lineages, which leads
to allopatric speciation of the hosts and
parasites (e.g., Barker, 1994; Hafner et al.,
1994). These phylogenies are known, how-
ever, only by the estimates that have been
worked out by researchers; these estimates
may be imperfect.

2. The hosts and parasites located in cor-
responding positions of their respective
trees must be associated (linked).

Ideally, there should be a one-to-one re-
lationship between the hosts and parasites,
but the existence of several parasites per host
or several hosts per parasite does not rule
out a strict pattern of coevolution generated,
for example, by parasite intrahost speciation,
or by host speciation not followed by para-
site speciation (called “parasite inertia” by
Paterson and Banks, 2001). In all cases, each
H-P link must be assessed separately forits fit
to the coevolution hypothesis, given the un-
certainties of the estimates of the two phylo-
genetic trees and the H-P association matrix.

Coevolution can be tested by the method
we describe here, focusing on the structure of
the two trees and the matrix of host-parasite
links. The global null hypothesis is that evo-
lution of the hosts and parasites has been in-
dependent. One can also consider hypothe-
ses about individual H-P links to estimate
the contribution of each link to the overall
relationship.

DESCRIPTION OF THE PARAFIT TEST
STATISTICS

ParaFit Statistic for the Global Test
of Host—Parasite Coevolution

Statistically assessing a hypothesis of H-P
coevolution requires combining three types
of information that are jointly necessary to
describe the situation: the phylogeny of the
parasites, the phylogeny of the hosts, and the
observed H-P associations (Fig. 1). A phy-
logeny canbe described by a matrix of patris-
tic distances among the species along the tree
(Lapointe and Legendre, 1992). These in turn
can be transformed into a matrix of principal
coordinates (Gower, 1966; principal coordi-
nate analysis is also described in textbooks
of biological multivariate statistics, e.g.,
Legendre and Legendre, 1998) having n rows
and at most n — 1 columns. If only the tree
topology is to be used, without consideration
of the differences in branch lengths, one may
code the tree with branch lengths of 1 before
computing the patristic distance matrix. Ma-
trices B and C in Figure 1 were so obtained
and respectively represent the phylogeny of
the parasites and that of the hosts. Matrix
A represents the H-P associations: With the

Host-parasite
associations

Parasite
tfree

Matrix B Matrizx A Matrix €
deseribing

parasite tree

Host-parasiie
associations

describing
hiost tree

FIGURE1. The three elements of the H-P coevolution
problem can be translated into rectangular data matrices
A, B, and C. See text.
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parasites in rows and the hosts in columns,
a 1 is written where a parasite has been em-
pirically found to be associated to a host and
0’s are used elsewhere.

If the reconstructed phylogeny for either
the hosts or the parasites, or both, is un-
certain (e.g., poorly resolved phylogeny or
uncertainty among several almost equiva-
lent trees), one can use, instead of patris-
tic distances, a matrix of phylogenetic dis-
tances computed directly from the raw data
(morphology, DNA sequences, and so forth).
Matrix B or C can be derived from that matrix
by using principal coordinate analysis. Be-
cause distances do not necessarily obey the
four-point condition (Buneman, 1974), they
are more remote from the “true tree” than an
estimated phylogeny would be and thus may
be considered to represent a more noisy form
of information; however, this does not inval-
idate the use of the corresponding principal
coordinates for testing a hypothesis of H-P
coevolution.

Matrices A, B, and C can be combined
in a meaningful way if they are positioned
as in Figure 2. Note that matrix C is trans-
posed (principal coordinates are now use for
the rows of C) to ensure that its columns
correspond to the hosts, as in the columns
of A. Figure 2 suggests that the H-P as-
sociation can be described by a matrix D,
which crosses B and C and depicts the H-P

Hosts Princ. coordinates
Matrix A Matrix B
= . Z incipal coo
2 | Presence/absence of b P;mc‘pal C”ﬁﬁd‘
& hos = {columns)
& ost-parasite & describing
associations CsCriong
‘("1—0 data) the parasite
/ phylogenetic tree
Parasite tree
Hosts princ. coordinates
. 153 | .
2! Matrix C L2 | Matrix D
ppeed =
hs) 2R
= inicsd =% o
s Principal i =@ Fourth-corner
3| coordinates (rows) 28 arameters
. oworibi \ b ’ paramefers
o | describing the host T to'he estimated
b ; o L DS 2 | iobe estimated
B phylogenetic tree g
O (2%

FIGURE 2. Given the information in matrices A, B,
and C, the problem is to estimate the parameters in the
fourth-corner matrix D that crosses the principal coor-
dinates of the hosts with those of the parasites.

association between the two phyloge-
nies. D can be obtained by the matrix
operation

D = CA'B 1)

described by Legendre et al. (1997; see also
Legendre and Legendre, 1998: Section 10.6),
who coined the expression “fourth-corner
statistics” to describe the individual values
in matrix D, as well as some global statistic
synthesizing the information in D. Those au-
thors showed that when the variables in the
columns of B and the rows of C are quantita-
tive, theindividual parametersin D are cross-
products weighted by the presence—absence
(1-0) values found in A.

Trying to interpret the individual parame-
ter estimates found in D is pointless because
those estimates cross principal coordinates
not meant to be individually interpretable in
the present context. Instead, we will derive a
global H-P statistic to test the hypothesis of
coevolution. For this global statistic we will
use the sum of squares of the values d;; found
in matrix D:

ParaFitGlobal = trace(D'D) = Z (di;%)

@)
This is analogous to a trace statistic com-
puted on the matrix of sum of squares and
cross products (SSCP) among either the rows
or the columns of D—except for the center-
ing, either by rows or by columns, that would
be required to obtain a real SSCP matrix and
its trace. In the present case, we have no pref-
erence between the SSCP matrix among the
rows of D (which would require centering by
rows) or that among the columns of D (which
would require centering by columns), so we
use no centering at all. For justification, we
provide numerical simulations showing that
the global ParaFitGlobal statistic has correct
type I error.

ParaFit Statistics for Tests of Individual
Host—Parasite Association Links

The procedure described below will al-
low us to test the individual links written in
matrix A, which represent observed H-P as-
sociations. Two statistics are developed to
do that. They are based on the idea that the
global statistic should decrease in value if we
remove from A a link that represents an im-
portant contribution to the H-P relationship.
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For the test, consider the H-P link k from
matrix A. If we replace the value 1 that rep-
resents this link in matrix A with a 0 (no
link), we obtain a new matrix A(k). We now
compute

trace(k) = Z (i) 3)

where the d; j values now are those result-
ing from the productD = C A(k)'B. Using the
trace statistic from Eq. 2, that we call “trace,”
we obtain with the following equation a first
test statistic for an individual link k:

ParaFitLink1(k) = trace — trace(k) (4)

This formula measures the contribution of
link k to the global trace statistic.

The second statistic is constructed similar
toa partial F -statistic (see, for instance, Sokal
and Rohlf, 1995: Eq. 16.14) that would have
lost its degrees of freedom in the numera-
tor and denominator. This loss is of no con-
sequence in permutation testing because the
reference and permuted values of the statis-
tic are affected in the same way by a con-
stant multiplicative term, so that the ordering
of the reference and permuted values (>, =,
or <) is not changed by eliminating the de-
grees of freedom. The numerator of the statis-
tic is [trace — trace(k)] from Eq. 4. The de-
nominator is analogous to a residual sum of
squares. To construct the denominator, we
need a measure of the maximum trace value
that can occur in D. The maximum possi-
ble value occurs when the hosts and parasite
phylogenetic trees are fully congruent—arel-
evant reference situation to test a hypothesis
of coevolution. In that case, it can be shown
that the trace of D is equal to the sum of
squares of the eigenvalues of the principal
coordinates found in matrix B or matrix C.
In principal coordinate analysis, the eigen-
values measure the variances of the princi-
pal coordinates (Gower, 1966; Legendre and
Legendre, 1998). In most empirical situa-
tions, the estimates of the two phylogenetic
trees will not be exactly alike, so we will
actually use:

TraceMax
= max(sum of squared eigenvalues of B,

sum of squared eigenvalues of C) (5)

as our estimate of maximum trace value.

The second test statistic that we are propos-
ing for an individual link k is thus:

ParaFitLink2(k) = (trace — trace(k))/
(TraceMax — trace) (6)

This statistic cannot be used when the host
and parasite phylogenetic trees are identical
because, in that situation, the denominator of
Eq. 6 is 0. This situation may happen in sim-
ulation work but should rarely occur when
analyzing empirical data.

On occasions, trace(k) may happen to be
slightly larger than trace. This is of no conse-
quence because it indicates a situation where
the H-P relationship is stronger without
link k than with it. In other words, link k does
not increase the global H-P relationship and
thus is notindicative of H-P coevolution. The
test of significance (next section) will never
find such a link significant—which is the
correct answer.

TESTING PROCEDURES

Novel statistics, such as described in
Egs. 2,4, and 6, may be tested for significance
by using the method of permutations, also
called randomization, which is now widely
used in biological work. The method is de-
scribed in several texts (e.g., Sokal and Rohlf,
1995; Manly, 1997; Legendre and Legendre,
1998).

Global Test of Host—Parasite Coevolution

Consider matrices A, B, and C described
above. The two phylogenetic trees are given
as fixed because they have been formed
through evolutionary time; we are not di-
rectly interested in testing their similarity.
The random component is clearly the set of
association links found in matrix A, which,
under the null hypothesis, may change
through ecological time. Siddall (1996) pro-
vides other arguments in favor of randomiz-
ing the H-P associations. The test will involve
random permutations of the hosts associ-
ated with each parasite because the parasites
parasitize the hosts, not the opposite. Ac-
cordingly, if there is no coevolutionary H-P
association, each parasite species should par-
asitize hosts selected at random on the host
phylogenetic tree. This is the null hypothesis
of the test (Hp). The alternative hypothesis
(H;) is that the positions of the individual
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H-P links are not random but associate cor-
responding branches of the two evolution-
ary trees; in that sense, they are critical
to the overall H-P association. The testing
procedure is as follows:

1. Compute matrix D by using Eq. 1. Com-
pute statistic ParaFitGlobal by using Eq.
2, which provides the reference value
(ParaFitGlobal,ef) for the test. Save this
value as trace, for use with the tests of
individual H-P links, described below.

2. To obtain a realization of the null hy-
pothesis, permute at random the values
within each row of matrix A, and do this
independently from row to row. Recom-
pute matrix D by Eq. 1 and the statis-
tic ParaFitGlobal by Eq. 2. This provides
a value (ParaFitGlobal*) of the statistic
under permutation. Save each value as
trace* = ParaFitGlobal* for use with the
tests of individual H-P links (below).

3. Repeat step 2 a large number of times to
obtain an estimate of the distribution of
the statistic under permutation. Add the
reference value ParaFitGlobal, to the dis-
tribution, following Hope (1968).

4. Calculate the one-tailed probability
(P-value) of the data under the null hy-
pothesis as the proportion of values in the
ParaFitGlobal* distribution that are larger
than or equal to ParaFitGlobal,s. The
test indicates that the data are unlikely
to correspond to the null hypothesis if
ParaFitGlobal,es is larger than or equal
to most (say, 95% for o = 0.05) of the
ParaFitGlobal* values obtained under
permutation.

Tests of Individual Host—Parasite
Association Links

Tests of individual H-P association links
can also be computed to determine the prob-
ability that individual H-P links conform to
the null hypothesis. This is done as follows:

1. Compute TraceMax from matrices B and
C by using Eq. 5.

2. Choose a H-P link k and remove it from
matrix A.

3. Compute matrix D for the modified
matrix A by using Eq. 1. Compute
trace(k) by Eq. 3. Calculate the wval-
ues of the two reference statistics for
the tests, ParaFitLink1(k).s (Eq. 4) and

ParaFitLink2(k),.s (Eq. 6), by using the
value trace,.f saved from the global test of
coevolution.

4. Permute at random the values within each
row of matrix A, independently from row
to row, using the same sequence of ran-
dom permutations as were used during
the global test of H-P coevolution (above).
Recompute matrix D by using Eq. 1 and
trace(k)* by Eq. 3, and then recompute
the values of the two statistics under
permutation: ParaFitLink1(k)* (Eq. 4) and
ParaFitLink2(k)* (Eq. 6), using the value
trace* saved from the global test of coevo-
lution.

5. Repeat step 2 a large number of times to
obtain an estimate of the distribution of
the two statistics under permutation. Add
the reference values ParaFitLink1 (k),s and
ParaFitLink2(k),ef to the distributions, fol-
lowing Hope (1968).

6. Calculate the one-tailed probabilities
(P-values) of the data under the null hy-
pothesis as the proportions of values in
the ParaFitLink1(k)* and ParaFitLink2(k)*
distributions that are larger than or equal
to ParaFitLink1 (k). or ParaFitLink2 (k)yef,
respectively. The tests indicate that link k
is unlikely to be random with re-
spect to the coevolutionary structure if
ParaFitLink1(k).e or ParaFitLink2 (k)¢ is
larger than or equal to most (say, 95%
for « = 0.05) of the ParaFitLink1(k)* or
ParaFitLink2(k)* values, respectively, ob-
tained under permutation.

NUMERICAL SIMULATIONS
Type I Error

Simulations have been performed to check
the type I error and power of the test of H-P
coevolution. Type I error occurs when the
null hypothesis is rejected although the data
conform to Hy. To be valid, a test of signif-
icance should have a rate of rejection of the
null hypothesis no larger than the nominal
(o) significance level of the test when Hy is
true (Edgington, 1995).

To study type I error, we used simulated
data from random phylogenetic trees for the
hosts and parasites and a matrix A contain-
ing links sampled at random (without repli-
cation) from among all possible H-P links.
Unrooted random additive (i.e., phyloge-
netic) trees were generated according to the
method of Pruzansky et al. (1982). The two
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random trees were transformed into matri-
ces B (for the parasites) and C (for the hosts)
by using principal coordinate analysis. The
statistics for the global test and for the indi-
vidual H-P links were calculated and tested
by using random permutations.

A simulation study can never explore all
parameter combinations. The simulation ef-
fortreported here for type Ierror involves the
following parameter combinations, which
we considered represented commonly en-
countered situations in H-P studies:

e 10 hosts, 10 parasites. Number of
random H-P links: {5, 10, 15, 20, 25}.

e 10 hosts, 15 parasites. Number of ran-
dom H-P links: {5, 10, 15, 20, 25}.

e 15 hosts, 10 parasites. Number of
random H-P links: {5, 10, 15, 20, 25}.

For each combination of parameters,
10,000 random simulations were produced;
99 random permutations were used in each
test of significance. The statistic of interest
is the rate of rejection of the null hypothesis,
the type L error rate, which was computed for
various significance levels, « = {0.01, 0.02,
0.03, 0.04, 0.05}, together with 95% confi-
dence intervals based on the results of the
10,000 independent simulations. Optimally,
the rate of rejection of the null hypothesis
will be approximately equal to «, the value of
which should lie within the 95% confidence
interval of the rejection rate.

Power

A test of significance should be able to
reject the null hypothesis in most instances
when Hj is false. The ability to reject Hy
in these circumstances is referred to as the
power of the test. In the present study, power
is defined as the rate of rejection of the null
hypothesis when Hj is false by construct.
Power was studied by using the same type of
simulations as described above, except that
this time the alternative hypothesis (H;) was
made to be true. Three types of simulations
were done:

1. A random additive tree was generated,
as described above, for each simulation,
but here the same tree was used for the
parasites (matrix B) and the hosts (matrix
C); this is a condition for coevolution. A
H-P link was created between each host
and the parasite that was found in the

corresponding position on the tree. Next,
a certain percentage of randomly located
links were added to matrix A (without
replication of existing links) by the same
procedure as in the type I error study. The
simulation parameters were as follows:
10 hosts, 10 parasites, 10 basic H-P links.
The number of random H-P links added
to the basic links was {0%, 10%, 20%, ...,
100%}, or {0, 1, 2,..., 10} supplementary
random links, for a total of {10, 11, 12,...,
20} links.

2. In the second series of power simulations,
a random additive tree was generated for
each simulation, and the same tree was
used for the parasites (matrix B) and hosts
(matrix C). H-P links were created be-
tween each host and the parasite in the cor-
responding position on the common tree.
Next, a certain percentage of randomly-
located links were removed from the list
and replaced (without replication of ex-
isting links) with randomly located links.
The simulation parameters were as fol-
lows: 10 hosts, 10 parasites, 10 basic H-P
links. The number of random H-P links re-
placing basic links was {0%, 10%, 20%, ...,
100%}, or {0, 1, 2, ..., 10} links.

3. In the third type of power simulations, the
host and parasite phylogenetic trees were
made to have a common portion, whereas
the remainder of each tree was ran-
dom. The number of coevolving species
was the main parameter in these simu-
lations. (In the previous types of simula-
tions, the trees were the same, but some of
the links were random. In the present sim-
ulations, the two trees were only partially
similar; coevolutionary links were created
only in the similar portions of the trees,
and the remaining links were random.)
The simulation parameters were as fol-
lows: 10 hosts, 10 parasites, 10 H-P links.
The number of species that shared the
same tree (coevolving species) was: {0, 1,
2,3,4,5,6,7, 8, 9}; hence the number
of independent species (not coevolving)
was {10,9,8,7,6,5,4,3,2,1}.

In all power simulations, there were 10,000
independent simulations per combination of
parameters, and 99 permutations per test.

Power was computed for various sig-
nificance levels o« = {0.01, 0.02, 0.03, 0.04,
0.05}. The 95% confidence intervals were
not plotted because they would have made
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the graphs difficult to read. We want to
identify the simulated situations in which
power was low, medium, or high, to provide
guidance for interpretation of real-case
studies. We also want to see if one of the
statistics (ParaFitLink1l and ParaFitLink2)
created for the tests of individual H-P links
had higher power than the other, at least in
some situations.

All the simulations described above
were repeated with random rooted ul-
trametric trees instead of unrooted addi-
tive trees. The generation of random ul-
trametric trees for n species involved two
steps, described by Lapointe and Legendre
(1991):

1. Random node positions were obtained by
drawing n — 1 numbers at random from
a uniform (0, 1] distribution and placing
these values in the subdiagonal ofann x n
matrix. The remainder of the matrix was
filled by using the procedure FillMat of
Lapointe and Legendre (1991).

2. The species (1 to n) were attributed at ran-
dom to the leaves of the tree.

This procedure yields a random ultrametric
tree, which is a special type of phylogenetic
tree. The simulation results were very sim-
ilar to those obtained when using random
unrooted additive trees. Only the latter are
discussed in detail below.

SIMULATION RESULTS
Global Test of Host—Parasite Coevolution

Type I error was correct in all cases, so
we can conclude that the global test is valid.
Figure 3a shows the results for random and
independent phylogenies for the hosts and
the parasites, for equal numbers of hosts (10)
and parasites (10) and various numbers (5
to 25) of random H-P links; the significance
level used in the permutation tests (o = 0.01,
0.02, 0.03, 0.04, 0.05) was always within the
95% confidence interval of the type I error
rate. Repeating the simulations for type I
error but using unequal numbers of hosts
and parasites (10, 15 and 15, 10) gave results
similar to those presented in Figure 3a: The
significance levels of the permutation tests
were always within the confidence intervals
of the type I error rates computed from the
10,000 simulations. Similar results were ob-
tained again when the two phylogenies were

the same but the H-P links were positioned
at random.

The power study is based on simulations
in which the null hypothesis is false by
construct; we are thus certain that the
data used in these simulations represent
simulated cases of coevolution. When the
data exactly conformed the hypothesis of
coevolution, power was maximum, the null
hypothesis being rejected in nearly all cases
(Figs. 3b and 3c: number of random links
or supplementary random links = 0). Power
decreased as the number of supplementary
random links added to the coevolutionary
structure increased (Fig. 3b). For o« = 0.05,
power was ~55% when there were as
many supplementary random links (10) as
coevolutionary links (10).

Power also decreased as coevolutionary
links were replaced by random links (Fig. 3c).
When all coevolutionary links were replaced
by random links (10 random links in Fig. 3c),
the rejection level, which measures type I er-
ror in that case, was equal to the « signifi-
cance level of the test. This is not a surprising
result; it simply indicates that the simulation
method used to generate replacement links
was correct.

When the host and parasite phylogenetic
trees contained a common portion, the re-
mainder of each tree being random, power
was affected by the proportion of coevolving
species (Fig. 3d): With no coevolving species
(left side of the graph), we are in a situa-
tion where Hy is true, and the simulation
results are identical to those of Figure 3a.
Power increased with the number of coe-
volving species, to reach a maximum when
all species were coevolving; the rejection
rate was then 100% or very nearly so, as in
Figures 3b and 3c (left sides). As the number
of coevolving species increased, the global
test was more likely to identify as signifi-
cant the coevolutionary relationship present
in portions of the trees, but power was low
when <70% of the species were coevolving.
The effect on the global test is the same as
when the host and parasite trees were the
same but some of the coevolutionary links
had been replaced by random links (Fig. 3c,
abscissa reversed). We conclude that coevo-
lution may not be detected by the global test
when a good portion of the hosts and para-
sites are not coevolving.

The third series of power simulations was
repeated with larger numbers of hosts and
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parasites and more links. The power of the
global test increased with host and parasite
sample sizes, for given proportions of coevo-
lutionary links.

Tests of Individual Host—Parasite
Association Links

In tests of individual H-P association links,
type L error was always correct for both statis-
tics, ParaFitLink1 and ParaFitLink2, whether
the numbers of hosts and parasites were
equal (10, 10) or unequal (15, 10 or 10,
15). Therefore, the two statistics provide
valid tests of significance. As an example,
Figures 4a and 4b present the type I error
rates obtained for the first H-P link of each
simulation, in a 10,000-simulation run in-
volving 10 hosts and 10 parasites.

For pure coevolutionary structures, the
test of an individual link using statistic
ParaFitLinkl had good power, but not as
good as that of the global test: Compare
Figure 3b with Figure 5a (left, where the num-
ber of supplementary links is 0), Figure 3c
with Figure 6a (left, where the number of ran-
dom links is 0), and Figure 3d with Figure 7a
(right, where all 10 species were coevolv-
ing). Tests using ParaFitLink2 also have fairly
good power, but this cannot be shown for
pure coevolutionary structures for reasons
given above. The power of individual tests
increases with the number of hosts and para-
sites for given proportions of coevolutionary
links (simulation results not shown in detail).

In the presence of supplementary random
links (supplementary to a saturated coevo-
lutionary model containing a coevolution-
ary link for every H-P pair), the statistic
ParaFitLinkl generally had greater power
than ParaFitLink2 for detecting the links
that significantly contributed to H-P coevo-
lution (Fig. 5). As noted above, statistic
ParaFitLink2 cannot be computed for a per-
fect coevolutionary structure in the absence
of random links—which is why no rejection
rate is reported for the situation of no sup-
plementary link (Fig. 5b).

The power of the test of individual co-
evolutionary H-P links decreased as the
proportion of supplementary random links
increased. For ParaFitLinkl, for instance
(Fig. 5a), the presence of as many sup-
plementary links (10) as coevolutionary
links (10) reduced power by about half,
compared with the power for simulations

without supplementary random links. With
ParaFitLink1, the probability of correctly
detecting a coevolutionary link (Fig. 5a)
was 1.5 to 2.5 times greater than that of
wrongly declaring a random link significant
(Fig. 5¢). The difference is not as great for
statistic ParaFitLink2 (compare Figs. 5b and
5d). Accordingly, the ParaFitLink1 statistic is
preferable in this situation. (In Fig. 5d, a sin-
gle supplementary link added to a perfect
coevolutionary structure cannotbe tested be-
cause the test of significance requires that
the added link be removed, which brings
us back to the perfect coevolutionary case,
where the ParaFitLink2 statistic cannot be
computed.) Figures 5c and 5d also show that
in the presence of coevolutionary links, type
I error for the tests of the random links was
greater than o; as a consequence, test re-
sults in this situation have to be interpreted
conservatively.

When coevolutionary links were replaced
by random links, the coevolutionary model
was no longer saturated, meaning that it did
not contain a coevolutionary link for each
H-P pair. In that case, statistic ParaFitLink2
had greater power than ParaFitLinkl for
detecting the links that significantly con-
tributed to H-P coevolution (Figs. 6a, 6b).
With both statistics, the probability of cor-
rectly detecting a coevolutionary link (Figs.
6a, 6b) was 1.5 to 2 times greater than that of
wrongly declaring a random link significant
(Figs. 6¢, 6d) in the presence of 20% random
links. Note that the graphs in Figures 6c and
6d converge towards the alpha significance
level when all 10 coevolutionary links have
been replaced by random links. Figures 6c¢
and 6d also show that in the presence of co-
evolutionary links, the type I error on the ran-
dom links exceeded «; consequently, test re-
sults in this situation have to be interpreted
conservatively.

When the host and parasite phylogenetic
trees contained a common portion and the
remainder of each tree was random, both
power and type I error were affected by the
proportion of coevolving species (Fig. 7). The
power to detect significant coevolutionary
links increased with the proportion of co-
evolving species (Figs. 7a, 7b) in the same
way as the global test of significance did
(Fig. 3d). On the other hand, type I error
for the test of the random links increased
well above the « significance level when the
number of coevolutionary species reached
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about one-half the total number of species;
the effect on statistic ParaFitLink1 was less
important than on statistic ParaFitLink2
(Figs. 7c, 7d), making ParaFitLinkl seem
preferable. The probability of correctly de-
tecting a coevolutionary link was greater
than that of wrongly declaring a random
link significant by about the same factor with
both statistics (compare Figs. 7a with 7c and
Figs. 7b with 7d); that is, the two statis-
tics are equivalent from that point of view.
Considering the smaller degree of inflation
of type I error displayed by ParaFitLink1,
compared with ParaFitLink2, ParaFitLink1
seems preferable in this situation. Inany case,
test results in this situation have to be inter-
preted cautiously.

Further simulations conducted with larger
numbers of hosts and parasites and more
links showed that power of the ParaFitLink1
and ParaFitLink2 tests increased with in-
creasing host and parasite sample sizes
for given proportions of coevolutionary
links.

INTERPRETATION OF THE TEST RESULTS

The null hypothesis of the global test of sig-
nificance for H-P coevolution is that the evo-
lution of the two groups, as revealed by the
two phylogenetic trees and the set of H-P as-
sociation links, has occurred independently.
Test results are interpreted as follows:

o A significant global test result indicates
that the test has detected a significant
H-P association, with a probability of
type I error equal to «.

e A nonsignificant global test result indi-
cates either that there is no H-P asso-
ciation, or that the H-P association is
masked by supplementary random H-P
links (see the results of the first series of
power simulations in which randomly
located links were added to matrix A), or
the structure is a mixed one with parts of
the two trees coevolving whereas other
portions are not coevolving (see the re-
sults of the second and third series of
power simulations). The test has good
power only when most of the host and
parasite species are coevolving and the
number of random links is not too great.
Tests of individual H-P links are still pos-
sible but results must be interpreted con-
servatively, as discussed below.

In the tests of individual H-P association
links, the null hypothesis is that the link be-
ing tested is random. Results of tests of indi-
vidual links are interpreted as follows:

e When results of the global test and the
test of an individual link are both signif-
icant, the test has detected a significant
H-P link, with a probability of type I er-
ror equal to a.

e When the global test gives a significant
result and the test of an individual link
does not, the data do not support the
hypothesis that the link represents a co-
evolutionary link. Because the test of in-
dividual links has less power than the
global test, the test of a H-P link based on
a small number of hosts, parasites, and
coevolutionary links may turn out not to
be significant because of lack of power.

e When the result of the global test is not
significant but that of the test of an in-
dividual link is, then presumably we are
dealing with a mixed structure contain-
ing perhaps a coevolutionary structure
with some random links added (as in
the first series of power simulations), or
perhaps the structure has a coevolution-
ary portion and a random one (as in the
second and third series of power simu-
lations). Only links that are very highly
significant should be considered, to com-
pensate for the fact that the tests of indi-
vidual links have inflated type I error in
this situation.

e When neither the global test nor the test
of an individual link gives significant re-
sults, the link is unlikely to represent a
coevolutionary H-P association.

In summary, the ParaFitLink1 statistic gen-
erally behaved better in simulations and
should be preferred to ParaFitLink2.

APPLICATION OF THE TEST: GOPHERS
AND LICE

We tested our method by using phylo-
genetic trees for pocket gophers and their
chewing lice (Hafner and Nadler, 1988, 1990;
Hafner et al., 1994) reconstructed from the
mtDNA cytochrome oxidase I sequences
used in Hafner et al. (1994). This data set has
become a test case for coevolutionary stud-
ies and has been reexamined several times
with various new methods (e.g., Ronquist,
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FIGURE 8. Pocket gophers and chewing lice phylogenetic trees and H-P links. Significant H-P links are
represented by full lines, nonsignificant links by dashed lines.

1995; Page, 1996; Charleston, 1998). We
used Hasegawa—-Kishino-Yano (HKY85)
corrected distances because of an observed
heterogeneity of nucleotide frequencies and
the occurrence of a transition bias. Trees were
reconstructed using the neighbor-joining
method (Saitou and Nei, 1987) available
in the program PAUP* (Swofford, 2001).
We used this method to quickly obtain an
estimate of the phylogeny of the hosts and
parasites; however, this should not be taken
as an endorsement of neighbor-joining as
the best method for exploring tree space.
The trees that we obtained differ slightly
from those published by Hafner et al. (1994)
because we used distances corrected under a
different evolutionary model. This produced
a topology slightly different from that pub-
lished in Hafner et al. (1994). The exact tree
topology, however, is of little importance for
illustrating our method in the present study.

Coevolution was first tested by using the
global ParaFit statistic (Ho: evolution of the
hosts and parasites has occurred indepen-
dently). The result, that the null hypothesis
must be rejected (permutational P = 0.001
after 999 permutations), supports the alterna-
tive hypothesis (H;) of coevolution, revealed
by the similarity of the two phylogenetic
trees and the matrix of H-P association links.

This result is in agreement with previous
studies on this H-P model, which suggest an
important amount of cospeciation between
pocket gophers and their chewing lice. When
we assessed the significance of each H-P
association, using the ParaFitLink1 statistic
(tested at o = 0.05), we found that 7 of the
17 H-P links were not significant (Fig. 8).

The significant links display extensive co-
evolution between the hosts and parasites.
The discrepancies between the two phylo-
genies are associated with the nonsignificant
H-P links. If we remove those from Figure 8§,
and remove also the species that have no
significant H-P link, the result is two identi-
cal phylogenetic trees displaying perfect co-
evolution for a subset of the gophers and lice
(Fig. 9).

The ParaFit method does not intend
to infer an evolutionary scenario explain-
ing the observed historical association be-
tween gophers and their lice—in contrast
to the TreeMap method, for example. It
did allow us, however, to identify (1) the
hosts and parasites that have probably un-
dergone cospeciation and (2) the species
most likely to have been subjected to host-
switching or sorting events (parasite extinc-
tion, or primary absence on daughter host
lineage)
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FIGURE9. Pruned trees: The trees are now identical and display perfect coevolution for a subset of the animals.

DISCUSSION

We have described anew method designed
toanswer thebiological question: Do the par-
asites tend to use hosts that occupy corre-
sponding positions in the phylogenetic tree?
The ParaFit method allows one to perform
a statistical test of this particular global hy-
pothesis of coevolution and also to test the
significance of each H-P link contributing to
the relationship, thereby leading to the iden-
tification of the species involved in cospe-
ciation. Through this process, the incongru-
ent H-P links are also identified—links that
are often worth examining. Previously de-
scribed methods either did not provide sta-
tistical tests (such as BPA), tested only a
global fit (such as TreeMap), or tested the
contributions of different kinds of events to
the overall relationship (such as TreeFitter).
ParaFit permits one to deal with any kind of
H-P association in a reasonable amount of
computing time.

Johnson et al. (2001) have recently pro-
posed a method, involving several calcula-
tion steps, whose objective is very similar to
that of ParaFit: to identify the incongruencies
in the list of H-P links so as to produce a joint
scenario of the cospeciation and incongruent
events. They used cospeciation as the null
model for statistical testing, and the test ad-
mittedly overestimated the number of con-
gruent (i.e., cospeciation) events. In ParaFit,
in contrast, the null model is the indepen-
dence of the H-P associations. In hypothesis
testing, identifying cospeciation events by re-
jecting a null hypothesis with a known (and
small) type I error is better than failing to
reject a null hypothesis of cospeciation with

an unknown (and usually large, especially
with a small sample size) type II error. The
Johnson et al. method certainly takes much
longer to compute than ParaFit and would
be difficult to compute for moderate to large
data sets.

Another advantage of ParaFit is that if, for
some reason, one or the other phylogenetic
tree is not available, phylogenetic distances
can be used instead of trees. This is a use-
ful feature because distances can be directly
computed from raw data (morphology, se-
quences, and so on), without having to re-
construct a tree. The distance matrix is trans-
formed into a rectangular matrix by principal
coordinate analysis before being used in the
ParaFit program. This can be interesting in
the case of poorly resolved phylogenies or
multiple trees, which often present a prob-
lem in this kind of studies, or if one does
not want or need to estimate the phylogeny.
On the other hand, when phylogenetic trees
are available, they can be expressed as dis-
tance matrices by calculating patristic dis-
tances among the species (i.e., the leaves
of the tree). The patristic distance matrices,
transformed by principal coordinate analy-
sis, are then used in the ParaFit tests.

The statistics ParaFitLinkl and Para-
FitLink2 both have their usefulness.
ParaFitLink1 has greater power for correctly
detecting coevolutionary links in saturated
coevolutionary models that contain addi-
tional random links, whereas ParaFitLink?2
has greater power for correctly detecting
coevolutionary links in unsaturated coevo-
lutionary models, in which only a fraction
of the links are coevolutionary and the other
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links are random. ParaFitLink2 cannot be
used in perfect coevolutionary situations
because its denominator is then zero.

A FORTRAN program (PARAFIT: source
code, compiled versions for Macintosh and
DOS, and program documentation) to carry
out the H-P coevolution test described in this
paper is available on the website <http://
www.fas.umontreal.ca/biol/legendre/> as
well as the site of the Society for Systematic
Biologists <http://www.systbiol.org>. The
user’s manual contains matrices A, B, and
C used to compute the gopher-lice example
discussed in this paper, as well as the patristic
distance matrices that led to B and C.
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