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and as many as 10 000 replications. We used two null

algorithms for each comparison:

Fixed–fixed (ff)

In this algorithm, both the row and column sums of the

original matrix are ®xed, so that differences in the frequency

of occurrence of each parasite species (row sums) and

differences in the number of parasite species per host

(column sums) are preserved (Connor & Simberloff 1979).

We created null matrices with a sequential swap algorithm

by repeatedly swapping randomly selected submatrices of

the form 01/10 (Stone & Roberts 1990; Manly 1995). Each

swap generates a new matrix, but preserves the row and

column totals of the matrix. For each analysis, we used

30 000 initial random transpositions, then retained each

matrix created by the next 5000 transpositions. Gotelli

(2000) compared the results of the sequential swap

algorithm to other algorithms and found that this null

model had good statistical properties. It was not prone to

Type I errors (falsely rejecting the null hypothesis), but had

good power for detecting nonrandomness. Sanderson et al.

(1998) criticized some aspects of this algorithm, but a

careful re-analysis con®rms that it is statistically well

behaved (Gotelli & Entsminger, in press).

Fixed–equiprobable (fe)

In this algorithm, the elements in each row of the matrix are

reshuf¯ed, with no constraints on the column totals. The

occurrences of each parasite species are randomly distributed

among hosts, and there are no limits to the number of parasite

species that can be supported by a single host. This null model

assumes that all hosts are equivalent, whereas the ®xed±®xed

model preserved differences among hosts in the number of

parasites species they contained. Like the ®xed±®xed algo-

rithm, the ®xed-equiprobable model also has good statistical

properties (Haukisalmi & Henttonen 1998; Gotelli 2000).

Once each set of null communities was created, we

measured the co-occurrence index for each of the 5000 null





presence±absence matrices for some host species do show

strong patterns of nonrandomness (in both positive and

negative directions; Table 1), the null hypothesis cannot be

rejected for the majority of host species tested.

The one strong pattern that emerged with both null

models is that there are fewer parasite species combinations

represented in these data than expected by chance (Fig. 3).

Diamond (1975) argued that such a pattern re¯ects

competitive structuring, although Pielou & Pielou (1968)

cautioned that a similar pattern can arise if there are

differences in the suitability of sites (� hosts) for colonizing

species. Because it is dif®cult to distinguish between these

alternative hypotheses, we cannot determine the extent to

which this negative association is due to competitive

interactions among species or to isolation of parasite

species. Bot isolation and intensi®cation of parasites among

hosts are possible since it is highly unlikely that all hosts will

have identical patterns of feeding or habitat use, thus

ensuring infection with exactly the same parasites.

Overall, our results reinforce other evidence that parasites

of marine ®shes live in assemblages largely unstructured by

interspeci®c competition: prevalence and intensity of

infections are low (Rohde 1979); many species are unaffected

by the presence (Rohde 1991) or morphology (Rohde &

Hobbs 1986; Rohde 1989) of other potentially competing

species; interspeci®c aggregation is reduced relative to

intraspeci®c aggregation (Morand et al. 1999); there is little

evidence for nestedness (Worthen & Rohde 1996; Rohde

et al. 1998); positive species associations are much more

frequent than negative associations (Rohde et al. 1995);

hyperparasitism is rare (Rohde 1989); and these assemblages

do not conform to the community ``packing rules'' of

Ritchie & Olff (1999; Rohde 2001). The conclusions are well

supported by various methods for marine ectoparasites,

although some authors have interpreted ®ndings on other

parasite groups differently (references in Holmes & Price

1986).

Null model and randomization tests have revealed

patterns of species association in other parasite assemblages

(Lotz & Font 1985; Moore & Simberloff 1990; Sousa 1992,

1993; Lafferty et al. 1994; Haukisalmi & Henttonen 1998).

Larval trematode parasites of marine snails exhibit strong

evidence of species segregation (Sousa 1993; Lafferty et al.

1994), and multiple infections are usually less frequent than

expected by chance (Kuris & Lafferty 1994). Intestinal

Figure 2 Histogram of SES of C-score. (a) Fixed±®xed null model

algorithm; (b) ®xed±equiprobable null model algorithm. See Fig. 1

legend for details.

Figure 3 Histogram of SES of number of species combinations.

(a) Fixed±®xed null model algorithm; (b) ®xed±equiprobable null

model algorithm. See Fig. 1 legend for details.
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helminths of bobwhite quail show evidence of both positive

and negative species associations, but do not conform

entirely to existing models of parasite community structure

(Moore & Simberloff 1990). However, both the larval

trematode and the intestinal helminth assemblages are

characterized by much higher infection intensities and

prevalences than are marine ectoparasites of ®shes; our

analyses using the SES give equal weight to high- and

low-prevalence assemblages.

Using statistical methods similar to those in this study,

Gotelli & McCabe (in press) analysed 96 published presence±

absence matrices for free-living organisms and compared

deviations from randomness among different taxonomic

groups. Strong positive deviations characterized presence±

absence matrices of birds and mammals, but weak (nonsig-

ni®cant) positive deviations characterized presence±absence

matrices of herps. The C-score SES for this large set of ®sh

parasite presence±absence matrices is relatively small, closer

to that of herps than to those of mammals and birds (Table 3).

Compared with birds and mammals, marine ®sh

ectoparasites (and herps) have relatively small body size

and poor vagility. As a consequence of these life history

characteristics, ecological niches are not saturated and

population densities are chronically low, so that interspec-

i®c interactions are weak and do not have much in¯uence

on community structure (Rohde 1980, 1991). Although

interspeci®c competition is important in some parasite

assemblages (Sousa 1992, 1993; Lafferty et al. 1994), our

null model analyses reinforce other evidence that assem-

blages of marine ®sh parasites are largely unstructured by

species interactions (Rohde 1979, 2001; Morand et al.

1999).
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