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Abstract
Cophylogenetic datasets consist of two rooted evolutionary trees together with a bipartite graph describing
associations between their leaves. From a combinatorial perspective, generators of such datasets can be viewed
as random models for structured objects, in the same spirit as classical random graph models. A natural question
is therefore which structural properties are induced by a given generative mechanism, and whether different
generators calibrated to comparable evolutionary regimes produce instances with comparable typical structure.
This question is particularly relevant because synthetic datasets are widely used as benchmarks for evaluating
computational methods, and generator-specific structural properties may therefore affect the instances on which
algorithms are tested. We study four representative cophylogenetic generators under cospeciation-dominated,
host-switch-dominated, and mixed regimes, comparing their outputs through event frequencies, tree-size and
tree-balance measures, and association-network descriptors. Our results show that substantial generator-specific
differences remain after calibration. Thus, different generators explore different structural regions of the instance
space, making the choice of generator crucial when generating synthetic data for algorithm evaluation.
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1. Introduction

Cophylogeny studies the evolutionary histories of two sets of interacting entities, typically hosts and
their symbionts. These histories are represented by two rooted trees: a host tree 𝐻 and a symbiont
tree 𝑆, whose leaves (denoted by 𝐿(𝐻) and 𝐿(𝑆), respectively) represent present-day species. A set
𝐴 ⊆ 𝐿(𝐻) × 𝐿(𝑆) records which present-day symbionts are associated with which hosts. A reconciliation
explains the symbiont tree relative to the host tree through four main events: cospeciation, when host
and symbiont speciate together; duplication, when the symbiont speciates independently of the host;
host switching, when a symbiont lineage moves to another host lineage; and loss, when a symbiont
lineage is absent from a descendant host lineage [2, 3, 4, 5, 6, 7]. Since real host-symbiont datasets are
limited in number and vary widely in size, sampling effort and biological context, synthetic data are
widely used to evaluate reconciliation algorithms and data-driven pipelines.

This creates a benchmarking problem. A synthetic cophylogenetic instance is not only a pair of trees
with associations. It is also the observable output of a particular generative model. Such models differ
in whether they simulate the host tree independently or jointly with the symbiont tree, whether they
use explicit time, how they implement switches, whether they allow multiple associations, and how
extant associations are obtained from latent evolutionary histories. These choices are algorithmically
relevant: they determine the size and shape of the generated trees, the degree distribution of the
bipartite association graph, and the part of the instance space that an algorithm actually sees during
evaluation.
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Table 1
Combinatorial and simulation choices that affect the generated benchmark instances. “Cond.” means that the
symbiont history is generated conditional on a host tree. “MA” denotes multiple associations.

Generator 𝐻/𝑆 gen. Time Associations / switching

Coala input / cond. no one host per symbiont; switch creates a new lineage on another host
treeducken joint / joint yes MA; switch/spread changes or expands the host repertoire
cophylo input / cond. yes MA; host shift may add a host without symbiont speciation
AsymmeTree birth-death /

cond.
yes no MA; horizontal transfer acts as switching

Table 2
Regime-specific parameter settings. Only parameters varying across 𝑅1-𝑅3 are shown; parameters fixed across
regimes are given in the text.

Generator 𝑅1 𝑅2 𝑅3

Coala 𝜇𝐻 = .63; 𝑝𝑐∼𝑈 (.7, .9);
𝑝𝑠∼𝑈 (0, .05)

𝜇𝐻 = .24; 𝑝𝑐∼𝑈 (.05, .1);
𝑝𝑠∼𝑈 (.5, .7)

𝜇𝐻 = .45; 𝑝𝑐, 𝑝𝑠∼𝑈 (.2, .4)

treeducken 𝜆𝑐∼𝑈 (2, 2.5); 𝜒∼𝑈 (0, .05) 𝜆𝑐∼𝑈 (0, .05); 𝜒∼𝑈 (2, 2.5) 𝜆𝑐, 𝜒∼𝑈 (1.5, 1.8)
cophylo 𝜇𝐻 = .63; 𝜇𝑆 = .645; 𝑐 ∼ 𝑈 (.7, .9);

𝑠∼𝑈 (0, .05)
𝜇𝐻 = .24; 𝜇𝑆 = .66; 𝑐 ∼ 𝑈 (.05, .1);
𝑠∼𝑈 (.5, .7)

𝜇𝐻 = .45; 𝜇𝑆 = .60; 𝑐, 𝑠∼𝑈 (.2, .4)

AsymmeTree 𝜇𝐻 = .63; 𝜆𝐿 = .645; 𝜆𝐻𝐺𝑇 ∼
𝑈 (0, .05)

𝜇𝐻 = .24; 𝜆𝐿 = .66; 𝜆𝐻𝐺𝑇 ∼
𝑈 (2, 2.5)

𝜇𝐻 = .45; 𝜆𝐿 = .60; 𝜆𝐻𝐺𝑇 ∼
𝑈 (1.5, 1.8)

From a combinatorial perspective, each generator defines a random model over structured instances
(𝐻 , 𝑆, 𝐴), with its outputs restricted to a generator-specific region of the instance space. We ask whether
generators calibrated to comparable evolutionary regimes induce comparable typical structures. If
not, generator choice becomes very relevant when generating synthetic data for algorithm evaluation.
We compare Coala [8], treeducken [9], the generator associated with Alcala et al. [10], here called
cophylo, and AsymmeTree [11] under three regimes: high cospeciation, high host switching, and mixed
coevolution. We also compare the generated instances with 37 real host-symbiont datasets.

2. Models, descriptors and experimental setup

Table 1 summarizes the main modelling differences relevant for benchmark design. In particular, Coala
and AsymmeTree do not produce multiple associations in the configurations considered here, while
treeducken and cophylo can. Similarly, treeducken jointly simulates host and symbiont evolution,
whereas the other tools condition symbiont evolution on an independently generated host tree.

The comparison used three families of descriptors. Coevolution-based descriptors record the relative
frequencies of cospeciation and switching events; these were used for calibration. Tree-based descriptors
record size, height, host-symbiont leaf difference, and normalized versions of the Cherry, Sackin and
Colless indices [12, 13]. Association-based descriptors are computed on the bipartite graph 𝐴 and
include density, degree assortativity [14], and the fraction of host hotspots, i.e., hosts whose degree is
above the host-degree mean plus one standard deviation. These descriptors are simple, but they expose
whether generators produce comparable algorithmic inputs after calibration. They are not intended to
provide a complete characterization of the cophylogenetic instance generated; rather, they are used to
identify properties that remain characteristic of the generator after calibration on evolutionary-event
frequencies.

We considered three main coevolutionary scenarios: a cospeciation-dominated regime 𝑅1, a host-
switch-dominated regime 𝑅2, and a mixed regime 𝑅3. To make the intended scenarios explicit, we
formalize them as regions in the plane of observed event frequencies. For each generated dataset, let ̂𝑐
and ̂𝑠 denote the observed proportions of cospeciation and host-switch events, respectively. Since both



Figure 1: Boxplots of cospeciation and host-switch frequencies across generators in regimes R1–R3, shown after
parameter tuning. The figure indicates how closely each generator attains the intended regime.

Figure 2: Boxplots of the number of leaves for each regime R1-R3

are computed with respect to the same total number of events, ̂𝑐 + ̂𝑠 ≤ 1. We define 𝑅1 by ̂𝑐 ≥ 0.50 and
̂𝑠 ≤ 0.10, 𝑅2 by ̂𝑐 ≤ 0.25 and ̂𝑠 ≥ 0.40, and 𝑅3 by 0.20 ≤ ̂𝑐 ≤ 0.40 and 0.20 ≤ ̂𝑠 ≤ 0.40.
Because the generators use different parameterizations, their input parameters cannot be matched

directly. We therefore used generator-specific settings designed to target the same regions of the
observed ( ̂𝑐, ̂𝑠) plane; the corresponding settings are reported in Table 2. Parameters fixed across
regimes are as follows. For Coala, 𝜆𝐻 = 0.7, the number of extant host leaves is sampled in [15, 50],
and (𝑝𝑑, 𝑝𝑙) is drawn from the remaining probability mass according to Dirichlet(1, 1). For treeducken,
𝜆𝐻 = 𝜆𝑆 = 0.7, 𝜇𝐻 ∼ 𝑈 (0.3, 0.8)(𝜆𝐻 + 𝜆𝑐), 𝜇𝑆 ∼ 𝑈 (0.3, 0.8)(𝜆𝑆 + 𝜆𝑐 + 𝜒), 𝑇 = 2, and hs-mode="switch".
For cophylo, 𝜆𝐻 = 𝜆𝑆 = 0.7, the number of extant host leaves is sampled in [15, 50], 𝑓𝑑(𝑘) ∝ 𝑘−1.6, and
𝑇 = 𝑇MRCA = 2. For AsymmeTree, 𝜆𝐻 = 𝜆𝐷 = 0.7 and 𝑇 = 2.

For each generator and regime, we generated 𝑁 = 1000 independent datasets.

3. Results

The generators do not reproduce the three regimes equally well (Fig. 1). Coala and cophylo are
generally closer to the intended cospeciation and host-switch frequencies, whereas treeducken and
AsymmeTree show larger variability, especially in 𝑅1 and 𝑅2. The differences are smaller in the mixed
regime 𝑅3.

Strong generator effects are also visible in tree size (Fig. 2). In particular, host and symbiont size
distributions are relatively similar for treeducken, whereas larger differences arise for AsymmeTree.
The tree-balance descriptors (Cherry, Sackin and Colless indices) show the same qualitative pattern:
generator-specific differences remain after event-frequency calibration. Thus, comparable evolutionary
regimes do not imply comparable tree structures.

Association structure provides an additional source of generator-specific variation. Here we report



Table 3
Association-network density, reported as mean/median (standard deviation), for the three regimes.

Generator 𝑅1 𝑅2 𝑅3

Coala 0.032/0.028 (0.014) 0.041/0.032 (0.018) 0.041/0.033 (0.019)
treeducken 0.039/0.016 (0.067) 0.030/0.025 (0.019) 0.033/0.018 (0.054)
AsymmeTree 0.031/0.027 (0.011) 0.022/0.019 (0.008) 0.026/0.023 (0.010)

network density as a representative association-based descriptor (Table 3), while the complete results
for density, degree assortativity, and host hotspots are reported in the full study [1]. cophylo is ex-
cluded from the association-based analysis because its output may contain hosts or symbionts that
are absent from the corresponding phylogenetic trees, which can bias network descriptors. cophylo
is therefore retained only for the tree-based analyses. All three generators produce sparse associa-
tion networks, but their distributions differ. Coala shows relatively stable densities across regimes,
whereas AsymmeTree produces lower densities in 𝑅2 and 𝑅3. treeducken shows the largest variability,
particularly in 𝑅1 and 𝑅3, where the mean is substantially larger than the median. This is consistent
with the different association mechanisms of the generators: Coala assigns exactly one host to each
symbiont, treeducken allows multiple associations and spread events, whereas AsymmeTree does not
allow multiple associations in the setting considered here. Thus, even similar average densities can
arise from substantially different association structures.

Finally, we compared the synthetic datasets with 37 real host-symbiont datasets in a feature space of
tree-size and tree-shape summaries. Features were standardized using the real datasets as reference,
and PCA was fitted on the 37 real datasets only; synthetic datasets were then projected using the same
transformation (see Figure 3). No generator covers the empirical region completely: cophylo overlaps
it most strongly but also extends outside it; treeducken is the most dispersed; Coala covers only part
of the region; and AsymmeTree is shifted relative to most real datasets. Thus, generator identity remains
associated with substantial structural variation even within comparable evolutionary regimes.

4. Discussion and future work

Our results show that cophylogenetic generators are not interchangeable implementations of a single
synthetic-data model: they define different random models over structured instances (𝐻 , 𝑆, 𝐴) and
retain different structural signatures after event-level calibration. From the viewpoint of experimental
algorithmics, the generator and its parameters should therefore be treated as part of the benchmark
specification, together with basic summaries of instance size, tree shape, and association structure.

A natural next step is to move from this empirical comparison toward a more analytical study of
cophylogenetic generators. For example, how does joint rather than conditional generation affect the
relative sizes or shapes of the host and symbiont trees? How do switching and multiple-association
mechanisms affect the density or degree distribution of the association graph? Another question
is whether two generators can be distinguished only from the datasets they produce. Finally, the
comparison with real datasets raises a coverage problem: how should generators and their parameters
be combined to cover the empirical instance space as broadly as possible? Answering these questions
would help explain why the generators produce different types of instances, rather than only observing
that they do.

The comparison with real datasets raises a related question. Different generators cover different parts
of the empirical structural region, suggesting that no single model necessarily provides a representative
benchmark on its own. From the viewpoint of experimental algorithmics, this is important: algorithms
evaluated under the same nominal evolutionary regime may still be tested on structurally different
instances depending on the generator used. The generator and its parameters should therefore be
considered part of the benchmark specification, together with structural summaries of the generated
instances.



Figure 3: Projection of real (black) and synthetic datasets (colored by generator, shaped by regime) onto
PC1–PC2 from standardized feature vectors. Large markers show generator–regime centroids; the dashed ellipse
summarizes real-data dispersion.

Code and datasets for the underlying experiments are available at https://github.com/Gabbo240900/
synthetic_cophylo.
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