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Figure 5. Mosaic plot showing the frequency of the three possible outcomes of the cophylogenetic analyses (c, congruent; i, in-
congruent; ic, both) when using a specific method category for the analyses and for three different association types (par, para-
sitic; mut, mutualistic; herb, herbivory).

Figure 6. Mosaic plot showing the frequency of the three possible outcomes of the cophylogenetic analyses (c, congruent; i, in-
congruent; ic, both) when using a specific method category for the analyses and for three different association types (par, para-
sitic; mut, mutualistic; herb, herbivory).
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Table 5. Summary statistics of coefficients of five candidate models analyzed with a binomial GLMM with outcome of cophylogenetic 
analyses (incongruent, congruent) as a function of three factors (Method, Association, and Ecosystem), depending on the model. 
Coefficient estimates are on logit (log-odds) scale. Levels for Method: event-based and global-fit; Association: com (commensal), 
mixed, mut (mutualistic), par (parasitic), pol (pollination), herb (herbivory); Ecosystem: terrestrial and acquatic. The following levels 
are included in the intercept of each model: global-fit, herb, and acquatic. Models 1, 2, and 3 failed to converge.

Model 1 (AIC = 515.8)	Estimate	 Std. Error	 z value    	Pr(>|z|)

(Intercept)	 –2.19	 2.90	 –0.75	 0.4514
Event-based	 –16.53	 33737.50	 0.00	 0.9996
com	 22.48214	 6036.06	 0.004	 0.9970
mixed	 26.56	 2871.04	 0.009	 0.9926
mut	 2.04	 3.67	 0.557	 0.5774
par	 5.93	 2.53	 2.336	 0.0195*
pol	 1.93	 2.99	 0.646	 0.5186
terrestrial	 –2.08	 1.52	 –1.369	 0.1710
Event-based : com	 1.42	 34273.21	 0.000	 1.0000
Event-based : mixed	 8.07	 33737.50	 0.000	 0.9998
Event-based : mut	 16.53	 33737.50	 0.000	 0.9996
Event-based : par	 14.87	 33737.50	 0.000	 0.9996
Event-based : pol	 18.31	 33737.50	 0.001	 0.9996
Event-based : terrestrial	 –0.04	 1.34	 –0.036	 0.9711
mixed : terrestrial	 –17.84	 2871.03	 –0.006	 0.9950
mut : terrestrial	 6.11	 2.83	 2.156	 0.0311*
Event-based:mut:terrestrial	 –0.57	 3.17	 –0.182	 0.8559

Model 2 (AIC = 511.2)	Estimate	 Std. Error	 z value	     Pr(>|z|)

(Intercept)	 –2.00	 1.80	 –1.11	 0.26529
Event-based	 –1.30	 0.42	 –3.06	 0.00216**
com	 8.09	 3.20	 2.52	 0.01165*
mixed	 18.16	 323.82	 0.05	 0.95525
mut	 2.50	 2.52	 0.98	 0.32245
par	 5.00	 1.84	 2.70	 0.00676**
pol	 2.76	 2.02	 1.36	 0.17176
terrestrial	 –1.71	 1.13	 –1.50	 0.13216
mixed : terrestrial	 –13.17	 323.82	 –0.04	 0.96754
mut : terrestrial	 4.76	 2.44	 1.95	 0.05109

Model 3 (AIC = 515.8)	Estimate	 Std. Error	 z value	     Pr(>|z|)

(Intercept)	 –3.45	 2.66	 –1.29	 0.1956
Event-based	 –15.64	 21165.82	 –0.00	 0.9994
com	 20.82	 2635.33	 0.00	 0.9937
mixed	 8.90	 4.13	 2.15	 0.0312*
mut	 7.82	 2.58	 3.02	 0.0025**
par	 6.15	 2.53	 2.42	 0.0152*
pol	 1.93	 3.00	 0.64	 0.5191
terrestrial	 –0.81	 0.99	 –0.82	 0.4122
Event-based : com	 2.15	 21329.25	 0.00	 0.9999
Event-based : mixed	 8.45	 21165.82	 0.00	 0.9997
Event-based : mut	 15.05	 21165.82	 0.00	 0.9994
Event-based : par	 13.96	 21165.82	 0.00	 0.9995
Event-based : pol	 17.38	 21165.82	 0.00	 0.9993

Model 4 (AIC = 515.6)	Estimate	 Std. Error	 z value	     Pr(>|z|)

(Intercept)	 –3.28	 1.94	 –1.68	 0.09172
Event-based	 –1.13	 0.95	 –1.18	 0.23572
terrestrial	 –0.51	 1.07	 –0.48	 0.63132
com	 8.27	 3.28	 2.51	 0.01184*
mixed	 5.69	 2.61	 2.17	 0.02962*
mut	 7.12	 2.31	 3.07	 0.00211**
par	 5.31	 1.93	 2.74	 0.00600**
pol	 2.79	 2.06	 1.35	 0.17515
Event-based : terrestrial	 –0.18	 1.05	 –0.17	 0.86009

Model 5 (AIC = 513.6)	Estimate	 Std. Error	 z value	     Pr(>|z|)

(Intercept)	 –3.17	 1.82	 –1.73	 0.08275
Event-based	 –1.28	 0.42	 –3.03	 0.00238**
com	 8.21	 3.25	 2.52	 0.01154*
mixed	 5.66	 2.59	 2.18	 0.02915*
mut	 7.07	 2.28	 3.09	 0.00196**
par	 5.27	 1.91	 2.76	 0.00576**
pol	 2.78	 2.05	 1.35	 0.17529
terrestrial	 –0.61	 0.91	 –0.67	 0.49940

Note: * < 0.05; ** < 0.01
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and 1 using the inverse logit, where 1 is the probability of 
obtaining a congruent outcome.

Overall, we found a slightly higher probability of global-
fit methods to yield congruent results compared to event-
based independently of type of association under study. 
The associations with the highest probability of a congruent 
outcome were commensal (com) and mutualistic (mut). On 
the other hand, the probability of obtaining incongruence 
between phylogenies is higher for plant-pollinator associ-
ations (pol) than plant-herbivore associations (herb) (Fig-
ure 7).

Discussion

A previous attempt to review studies reporting cophyloge-
netic analyses was provided by de Vienne et al. (2013). In 
this study, the authors reviewed 103 published papers re-
trieved from the ISI Web of Knowledge with the main aim 
to evaluate convincing cases of cospeciation by attribut-
ing a qualitative score (1–5) that summarized their evalu-
ation varying from convincing case of cospeciation (1) to 
unclear results (5). Their conclusion is that cases of “true” 
cospeciation are rare (7%) and that cophylogenetic meth-
ods overestimate the occurrence of such events. Although 
we strongly agree with these authors regarding the differ-
ent biases introduced by available statistical approaches 
and by overused assumptions, in our review we wanted to 
provide a systematic meta-analysis of the main results in 
order to quantify the outcomes and provide a more objec-
tive evaluation.

To our knowledge, this is the first systematic review of 
cophylogenetic studies using four different search data-
bases and the first quantitative meta-analysis to test the 
most popular assumption in the literature (usually used as 

H0, congruence between phylogenies) against alternatives 
(H1, incongruences).

Our systematic search confirmed that Scopus pro-
vides about 84% more coverage than PubMed, ScienceDi-
rect, and Web of Science, which is a percentage four times 
higher than that reported in another revisionary study on 
biomedical sciences (Falagas et al., 2008). This discrepancy 
is possibly due to the multidisciplinary nature of our re-
search topic and the keywords used, as pointed out by Al-
Ryalat et al. (2019).

An interesting result emerging from our systematic re-
view of cophylogenetic analyses of interacting lineages is 
that only about one-fifth of the reviewed published papers 
attempted to disentangle the processes driving codiversi-
fication statistically, regardless of the strategy or algorithm 
used. Most of the published papers (~80%) focused on a 
specific lineage and discussed the potential role of biotic 
interactions driving the diversification of each single taxa, 
with no attempt to compare phylogenies. From a review 
of previous summary studies on this topic (e.g., Brooks, 
1979; Janzen, 1980; Page, 2003; Poisot, 2015; de Vienne et 
al., 2013; Charleston, 2016; Martínez-Aquino, 2016), it be-
came evident that the concepts used as keywords in our 
search (such as codiversification and coevolution) or related 
words (e.g., cospeciation) are defined differently or used in-
terchangeably as also pointed out earlier (Charleston and 
Perkins, 2006). This may create confusion and has hindered 
the implementation and validation of a unified statistical 
approach or the application of these methods of analysis 
to specific Association types (e.g., commensal associations).

Although they are becoming more popular, cophy-
logenetic studies of interacting lineages are proportion-
ally fewer than studies that do not compare phylogenies 
and merely mention concepts such as coevolution (Figure 
3A). In a similar synoptic study, Poisot (2015) showed that 

Table 6. Summary statistics of coefficients of fixed effects from a binomial generalized linear mixed model (GLMM) with outcome 
of cophylogenetic analyses (incongruent, congruent) as a function of method and association. Coefficient estimates are on logit 
(log-odds) scale.

Model 6	 Estimate	 Std. Error	 z value	 Pr(>|z|)

(Intercept)	 –3.79	 1.65	 –2.29	 0.022*
Method—Event-based	 –1.28	 0.42	 –3.03	 0.003**
Association—com	 8.23	 3.25	 2.53	 0.011*
Association—mixed	 5.72	 2.59	 2.20	 0.027*
Association—mut	 7.15	 2.29	 3.12	 0.002**
Association—par	 5.38	 1.91	 2.81	 0.005**
Association—pol	 2.78	 2.05	 1.35	 0.176

Note: * < 0.05; ** < 0.01
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between 1997 and 2012 the ratio between the number of 
studies addressing cophylogeny analyses and those men-
tioning coevolution was stable around 0.34. Our review ex-
tends this earlier analysis by adding 10 more years of data 
and shows an increase of the ratio by more than 5 times. 
This indicates an increasing tendency by researchers to use 
qualitative methods rather than phylogenetic or cophy-
logenetic analyses to infer/assume coevolution between/

among interacting lineages and to operate over short (eco-
logical), nonevolutionary timescales.

The likelihood of obtaining a specific outcome using 
available cophylogenetic analyses has been tested here by 
evaluating three main factors: two inherent to the biological 
system investigated (Association and Ecosystem types) and 
one pertaining to the statistical method applied. Overall, we 
retrieved only a few studies (seven published papers) that 

Figure 7. Predicted probabilities of congruent outcomes as a function of association and method.
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analyzed commensal associations to uncover the strength 
of the cophylogenetic associations. A previous review re-
ported that despite commensalism being frequently men-
tioned in the ecological literature, it has been little studied 
because of limited understanding of commensal associ-
ations (e.g., inconsistent and divergent definitions of the 
term leading to miscataloging of the associations and lack 
of empirical evidence) (Mathis and Bronstein, 2020). We 
speculate that the lack of cophylogenetic studies on com-
mensal associations may be due to the misleading assump-
tion that if no harm or benefit occurs between interacting 
lineages, then there will be no driving force for cospeciation 
to happen. On the other hand, we believe that expanding 
the analyses of cophylogeny to classical commensal study 
cases may allow explicit tests of the assumption that co-
speciation is the only process that leads to congruent phy-
logenies. This erroneous outcome, recently referred as “ap-
parent cospeciation” (Blasco-Costa et al., 2021), has been 
discussed extensively in other reviews (de Vienne et al., 
2013; Charleston, 2016). We also point out that the cophy-
logenetic structure and the reconstruction of the associa-
tions is largely affected by the possible change of the Asso-
ciation type over time, and none of the analytical methods 
formally take into account this aspect.

By calculating expected frequencies from contin-
gency tables, we provided evidence for the Outcome to 
be strongly dependent on the Method, and this result 
is driven by mutualistic and herbivory associations for 
global-fit methods and parasitic associations for event-
based methods. Our meta-analysis yielded a significant 
number of congruent outcomes among phylogenies of 
species in mutualistic associations supported by several 
authors in the reviewed literature (see hypotheses in the 
Introduction section). However, as suggested by de Vi-
enne et al. (2013), among others, obtaining congruent 
phylogenies among interacting lineages is not a defini-
tive indication for cospeciation. Indeed, our results also 
indicate that we cannot confidently expect that phyloge-
nies in mutualistic associations will be congruent when us-
ing event-based methods. For host-parasite systems, our 
analysis showed a confident association to incongruent 
outcomes especially when using event-based approaches, 
these results support alternative hypotheses that would 
have parasites not mirroring the host phylogeny. For par-
asitic association, the assumption known as Fahrenholz’s 
rule (Fahrenholz, 1913)—that is, the parasite’s phylogeny 
mirrors the host’s phylogeny—may have driven more than 
50 years of misleading analyses of cophylogeny. For this 
reason, we expect phylogenetic incongruency among lin-
eages to be much more common than those observed 
with the available methods.

We used a mixed-model approach, which provided ev-
idence for a non-nested structure of the explanatory fac-
tors that singularly affect the outcome of specific associ-
ations while using two different categories of methods to 
study cophylogeny. This analysis supported a higher prob-
ability for parasites, herbivores, and pollinators to provide 
incongruent results when compared to their hosts’ phylog-
enies. Although cospeciation is imposed as “Assumption 
0” in most of the methods, other processes, such as host 
switching, that may lead to incongruence between phylog-
enies, have been extensively discussed (Hoberg et al., 1997; 
Brooks and McLennan, 2003). Using a discovery-based ap-
proach (i.e., with no a priori assumption), implemented in 
algorithms such as secondary BPA (Brooks and McLennan, 
2003) and PACT (Wojcicki and Brooks, 2005), all processes 
are equally possible. These methods were applied to only 
a few parasitic associations—for example, the classic case 
of cospeciation between pocket gophers and lice, which 
has been reanalyzed using PACT, showing about half of the 
links between parasite and host are explained by specia-
tion of the parasite after a host switch rather than cospeci-
ation (Brooks et al., 2015).

To obtain a comprehensive understanding of the real 
effect of “Assumption 0” on the main outcome of cophylo-
genetic analyses, more datasets from different types of as-
sociations need to be tested using algorithms that do not 
assume one event to be more probable and costly than 
another or are not founded on the prevailing paradigm of 
maximum cospeciation.

An alternative paradigm, the Stockholm paradigm (SP), 
is formalized on the idea that symbionts do not have to 
evolve genetic novelties to be able to adapt to a new host, 
which means that mirroring the host’s phylogeny is not the 
only option (Brooks et al., 2019). Given the opportunity, a 
symbiont may colonize a new host successfully with no 
morphological or genetic changes required (according to 
ecological-fitting theory), eventually resulting in incongru-
ence between phylogenies. Reconstructing the cophyloge-
netic history of interacting lineages is not merely a reconcil-
iation problem, it is an estimation of the most parsimonious 
events inferred using a deductive rather than inductive ap-
proach (e.g., PACT). A software package for PACT is in prep-
aration (Trivellone, Panassiti, Boeger, and Brooks, in prep.) 
and will provide an easy-to-use tool to test more phylog-
enies of interacting lineages.

Moreover, uncovering the processes driving the inter-
actions between lineages also has a broader impact be-
yond the advancement of knowledge. The episodes of in-
congruence between phylogenies may be interpreted as 
extinction, duplication where the parasite speciates while 
the host does not, or host switching. The SP postulates that 
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many more incongruences than previously thought are ex-
pected due to host switching. Those incongruences define 
specific preexisting capacities of the symbiont to colonize 
a new host and are phylogenetically conserved. In partic-
ular for host-parasite associations, the SP also provides a 
policy extension (DAMA: Document, Assess, Monitor, Act) 
that is a workbench that translates the scientific outcomes 
in action (Brooks et al., 2021; Trivellone et al., 2022). Cophy-
logenetic analyses, using PACT or similar discovery-based 
approaches, represent the fundamental tool for the second 
step in DAMA (Assess). Once all the diversity has been rea-
sonably documented (DAMA—Document), it will inform the 
phylogenies of interacting lineages, and the cophylogenetic 
analysis will aid in predicting the extension of the potential 
host range within an evaluation known as phylogenetic tri-
age (i.e., uncover phylogenetically conservative traits that 
allow the parasite to colonize a new host). Another tool is 
available for this step in DAMA, a modeling platform that 
evaluates the dynamics of host switching through ecolog-
ical fitting (for a review see Souza et al., 2022).

To conclude, in our review we highlighted that the 
method selected may affect the outcome of cophyloge-
netic analyses, depending on the assumptions applied to a 
specific type of interacting species used as a study model. 
Knowing how new associations emerge between pathogens 
and their hosts is critical for informing a global strategy to 
anticipate the risk of future disease outbreaks and EIDs. Fu-
ture research should focus on evaluation of real raw meta-
data to establish whether deductive versus inductive meth-
ods affect the main outcome of the cophylogenetic analysis 
and the significance of congruence between phylogenies.
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