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Abstract

Several authors have expressed concern about replicability in evolutionary ecology. But what
does replicability mean in this field, and how can replication enable generalization? Evolutionary
ecologists investigate probabilistic processes across a vast diversity of unique historical entities. I
argue that the aims and subject matter of evolutionary ecology complicate inference and
necessitate distinct concepts of replication and replicability grounded in biological diversity. I
define narrow replicability as the potential to obtain consistent results within a species, and broad
replicability as the potential to observe consistent patterns across species possessing relevant
attributes. I argue that broad replicability is essential to progress in evolutionary ecology because
broad replicability enables generalization.Furthermore, many outcomes in evolutionary ecology
can result from more than one underlying mechanism, and tests of a single, simple prediction
against a statistical null hypothesis can therefore rarely enable robust inference. Complex
predictions that discriminate alternative biological models can enable “severe tests” and provide
a better measure of replicability. Likewise, biological diversity and complexity often preclude
quantitative predictions, necessitating qualitative tests of hypotheses and qualitative measures of

replicability.
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How is evolutionary ecology different?

Replicability, generally defined as the consistency of results across studies addressing the same
question (Table 1), is an essential foundation for progress in science. The meaning of replicability
is fairly straightforward in physics, chemistry, and some areas of the biological sciences, such as
molecular biology and physiology, because research in these fields explores largely deterministic,
consistent entities and processes. A molecule’s behaviour can be predicted quantitatively from its
structure, weight and charge, irrespective of its individual history. Likewise, many basic aspects
of organelles, cells, tissues and physiological processes are relatively consistent and deterministic.
Failure of replication can therefore be interpreted as a problem with the materials, equipment,

experimental procedures, analysis, or reporting.

Evolutionary ecology’s subject matter is very different. Evolutionary ecologists seek to
understand how probabilistic processes, such as variation, selection and adaptation, shape
biological diversity. Each species consists of distinct populations, genotypes, epigenomes and
individual phenotypes. At each of these levels, variation is shaped by contingent historical
processes involving numerous interacting environmental and genetic factors. Behaviour is
especially challenging to study because it is shaped by the properties of neural networks whose
development is partly stochastic and partly shaped by individual experience. Consequently, a
replicated study can yield different results if done using a different species or genotype. And even
for the same species and genotype, the results could vary depending on individuals’ environment,

age, or social experience.

Evolutionary ecology’s subject matter also complicates prediction and analysis. The complexity
and diversity of life means that evolutionary ecologists often lack sufficient knowledge to make
highly specific predictions, such as which traits will respond to experimental treatment. For
example, a treatment effect on fitness could manifest in multiple ways, and it is often not

possible to predict which fitness components (e.g. longevity, fecundity, offspring quality, etc) will
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be affected. This uncertainty often necessitates measuring multiple traits and responses, and
basing inference on a complex set of results. Quantifying replicability across studies therefore
also requires integrating multiple outcomes. For similar reasons, evolutionary ecologists are rarely
able to make quantitative predictions. Effect sizes are likely to vary considerably among species,
genotypes, environments, and age groups. Consequently, evolutionary ecologists are usually
limited to testing qualitative predictions such as effect direction, and qualitative measures of

replicability might be most meaningful as well.

There has been much recent discussion and concern about replicability in evolutionary ecology
(Palmer 2000; Nakagawa and Parker 2015; Fidler et al. 2017; Kelly 2019; Lind 2019; Powers and
Hampton 2019; Fraser et al. 2020; Brecht et al. 2021; Filazzola and Cahill Jr 2021; Yang et al.
2024; Mundinger et al. 2025; Godoy et al. 20206). Yet, it is clear that null expectations for
replicability in evolutionary ecology cannot be the same as in the physical sciences, molecular
biology or physiology. If evolutionary ecologists work just as carefully as do scientists in those
disciplines, their ability to obtain consistent results in replicated studies will still be substantially
lower. Even psychologists might have an easier time replicating studies because, despite the
complexity and plasticity of the human mind, human behaviour research focuses on just one
species. Thus, while there is undoubtedly scope to improve replicability in evolutionary ecology,
it is not clear whether the field faces a replicability crisis. To determine whether a problem exists
and identify ways to solve it, it is first essential to clarify what is involved in replicating studies in

evolutionary ecology, and what kind of replicability evolutionary ecologists should strive for.

Replicability and biological diversity

Replicability is key to scientific progress because it enables generalization: if a result is replicable
across studies then it is indicative of a genuine regularity in nature. Replicable results are
therefore key to testing theory. In ecological studies, generalizability can be defined in terms of

4



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

many different contexts, such as location, time of the season, experimental methods, or the
properties of sampled populations (Spake et al. 2022). Here I focus on an especially important
form of generalizability in evolutionary ecology: phylogenetic generalizability. To achieve such
generalizability, I argue that evolutionary ecology research necessitates a distinct concept of

replicability grounded in biological diversity.

Consider the question of how adult dietary protein intake affects fitness, addressed through a
hypothetical experiment where Drosophila melanogaster is subjected to diets differing in protein
content. This study could be replicated in D. melanogaster using a similar experimental set-up. If
consistent outcomes are obtained, the results could be regarded as replicable in the “direct” or
“exact” sense (Table 1). However, in the context of evolutionary ecology, a key feature of such

replication is that it is within a particular species. I will call this ‘narrow replicability’.

As Nakagawa and Parker point out (Nakagawa and Parker 2015), the type of replicability that
researchers should aim for depends on the scope of intended inference. If we are truly interested
in questions about a particular species (such as behaviour in humans, or cancer resistance in
mole rats) then narrow replicability is key. But most questions in evolutionary ecology are not
species-specific: rather, we are interested in testing general models. Returning to the example of
dietary protein, if we were truly interested in effects in D. melanogaster per se then it would be
sufficient to replicate studies using different D. melanogaster strains, different forms of protein,
and different environments. But what we really want to know is how dietary protein affects
animals, or at least species with relevant attributes, such as strong links between fitness and
resource investment in gametes. To achieve that kind of broad insight, results must be replicable
tar beyond D. melanogaster. Such question-oriented or “conceptual” replicability is essential in all
tields of science (Table 1). However, in the context of evolutionary ecology, a key feature is the
potential to obtain consistent results across species, because generalizability across species is an

essential foundation for testing general models. I will call this ‘broad replicability’.
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Previous discussions of replicability in evolutionary ecology have emphasized the importance of
replicating studies using the same species and methods (Palmer 2000; Nakagawa and Parker
2015). However, because species differ, demonstrating replicable results within one species is not
sufficient to infer general patterns. While some effects could be qualitatively consistent across
many species, other effects are unique to particular species, or even particular populations or
genotypes. When tests of general theory produce results (whether positive or negative) in one
species that are not replicable in other species, it is clear that the results depend on species-
specific factors or mechanisms that are not encompassed by the general theory. Palmer argued
that replicating studies using different species and methods (“quasireplication”) increases the risk
of selective reporting (Palmer 2000). Yet, while many practical challenges certainly exist, such
challenges do not diminish the importance of broad replication in evolutionary ecology because

only broad replicability enables robust testing of general models.

It might be objected that, while narrow and broad replicability are both important, narrow
replicability must be established before investigating broad replicability. But there is no practical
or logical reason to prioritize narrow replicability over broad replicability. If a pattern or effect is
predicted by well-founded theory, it warrants (indeed, requires) broad testing. Even if research
on one species yields highly replicable results, studies on other species with relevant attributes are
still required to draw general conclusions because biological diversity precludes generalization
from research on any single species. In the context of psychological research, Yarkoni (Yarkoni
2022) pointed out that “when the manifestation of a phenomenon is highly variable across
potential measurement contexts, it simply does not matter very much whether any single
realization is replicable or not.” In psychology, important measurement contexts include
subjects, stimuli, experimenters, and other methodological variables. In evolutionary ecology, the

most important measurement context is the species.
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The appropriate phylogenetic breadth of replication depends on the research question or model
being tested, and generalization is invalid beyond the range of phylogenetic diversity examined.
While meaningful estimation of effect sizes through meta-analysis requires proportional sampling
of taxonomic groups (a requirement that is rarely satisfied by meta-analytic data sets
(Dochtermann et al. 2020)), establishing phylogenetic generalizability requires representative
sampling of species across the phylogeny (Figure 1). In the context of psychological research, it
has been suggested that authors include “constraints on generality” statements indicating how far
their results can be generalized (Spake et al. 2022). In evolutionary ecology, the phylogenetic
breadth of replicable results limits valid generalization. A finding in one species suggests that
similar patterns might be expected in other species with similar attributes (e.g. a finding in
Drosophila might be representative of true flies, or even all insects), but broad replication is
needed to verify generalizability across these groups. Note that it is neither feasible nor necessary
to test models in every species. If qualitatively consistent results are obtained in five species
belonging to five distantly related insect orders then it could be tentatively concluded that the

pattern generalises across insects. The key is the phylogenetic breadth of the available evidence.

Prediction and inference

Whether models are tested in one or multiple species, the questions and phenomena addressed
by evolutionary ecology present inferential challenges. Some studies test a single prediction: for
example, a single trait might be compared between groups A and B to test the prediction A > B.
However, such a simple pattern is unlikely to be uniquely predicted by a single biological
mechanism, and observing such a pattern therefore often provides weak support for the model
being tested. A single prediction could enable stronger inference if the prediction is quantitative
and precise (van Dongen et al. 2023), but such predictions are rarely possible in evolutionary

ecology. Basing inference on a more stringent statistical significance threshold (Benjamin et al.
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2018) does not solve this problem. Likewise, combining tests of a simple prediction from
multiple studies through meta-analysis does not strengthen inference when the prediction itself is
not unique to a particular model. Inferring a complex mechanism on the basis of a simple

emergent pattern is always risky, and perhaps especially so in evolutionary ecology.

Some studies derive and test multiple predictions from the model of interest. For example,
distinct treatment effects might be predicted for each of several traits. As long as each prediction
is independent and follows cleatly from the model under scrutiny, testing for a complex pattern
comprising multiple predictions can enable stronger inference because few (if any) alternative
mechanisms could plausibly generate the predicted pattern. In the terminology of philosophy of
science, such complex predictions are “riskier”” and enable greater “test severity” (Mayo and
Spanos 2006; Mayo 2018; van Dongen et al. 2023). Prediction complexity could thus be used to
gauge the strength of scientific inference in evolutionary ecology (Figure 2). As a simple rule, the
proportion of independent patterns clearly predicted by the model being tested, and found to be
consistent with results, could provide a measure of support for the model. The power to test
distinct predictions could also be taken into account. For example, morphological traits can
often be measured with higher repeatability than behavioural or life history traits can, and results
for different types of traits could therefore be considered to contribute unequally to overall

inference.

Whether predictions are simple or complex, testing any prediction is informative only to the
extent that the prediction is unique to a single model (Mayo and Spanos 2006; Mayo 2018). Thus,
ideally, two or more biologically plausible alternative models could be tested within the same
study based on contrasting predictions (van Dongen et al. 2023). When results fail to clearly

discriminate the alternative models, further research is required to resolve the ambiguity (Figure

2).
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Note that testing complex predictions is not the same as multiple testing, where several tests of
the same prediction are carried out within a study. For example, if support for a model is
inferred from a predicted pattern in any one of several response variables, the false-positive rate
will be elevated above the desired level (typically, « = 0.05). To maintain the desired false-
positive rate, correction for multiple testing is required. However, biological responses are
seldom truly equivalent, and are often subject to interactions or trade-offs. For example, a
positive effect on fitness might involve increased fecundity but reduced longevity. Thus, rather
than treating each measure as equivalent, it may be better to derive separate predictions for each
response variable and base inference on the full set of results. Of course, it is essential that such
predictions are clearly based on theory and made prior to obtaining results, rather than devised
after the fact to support a favoured interpretation. Predictions based on theory are key to testing
models and making sense of empirical data (Shavit and Ellison 2017; Betts et al. 2021). Pre-

registration of predictions could help ensure honest inference.

Given the challenges of biological diversity and complexity, replicability should, in most cases, be
gauged on the basis of qualitative agreement across studies rather than effect sizes or levels of
statistical support. For studies testing simple predictions, similar effect direction can be regarded
as evidence of replicability, even if the pattern lacks statistical support. The results of the
replicated studies could be combined through meta-analytic approaches (Jennions et al. 2013).
For complex predictions, a result could be regarded as replicable if the overall conclusion is
consistent between studies, even if the observed patterns are not identical. Broad replicability, in
particular, will often have to be based on qualitative consistency of conclusions between studies

because studies on distantly related species are unlikely to yield identical results.



194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

Conclusions

Biological diversity presents special inferential challenges for evolutionary ecology, and requires a
distinct concept of replicability. While both narrow (within-species) and broad (across-species)
replicability are important, broad replicability is key to testing general ecological and evolutionary
models. Well-grounded theory should be tested broadly even if initial tests in one species fail to
provide support. Inference can be strengthened by testing complex predictions that discriminate
between alternative biological models. In most cases, replicability should be gauged on the basis
of qualitative agreement rather than effect sizes or level of statistical support. Several strategies
suggested in the literature (Palmer 2000; Mayo and Spanos 2006; Nakagawa and Parker 2015;
Boose and Lerner 2017; Ellison 2017; Fidler et al. 2017; Vanderbilt and Blankman 2017; Mayo
2018; Feng et al. 2019; Powers and Hampton 2019; Fraser et al. 2020; Filazzola and Cabhill Jr
2021; Jenkins et al. 2023; van Dongen et al. 2023; Gémez-Llano and De Lisle 2026) could
enhance progress in evolutionary ecology (Table 2). Finally, as the history of science clearly
shows, no single study can provide the final word on any scientific question. Any study, no
matter how well-designed and executed, should be seen as just one additional piece of evidence

that could contribute to progress in its scientific field.
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Table 1: Definitions of reproducibility and replicability
Reproducibility

o Computational reproducibility: potential to reproduce a set of quantitative results using the same
data and code

o Analytical reproducibility: potential to reproduce a set of quantitative results using the same data
but different code

o Conclusive reproducibility: potential to obtain the same qualitative results from the same data
using a different valid analysis (Gémez-Llano and De Lisle 20206)

Replicability (general)

o Exact or direct replicability: potential to obtain consistent results across studies using
identical methods
o Conceptual replicability: potential to obtain consistent results across studies using different

but appropriate methods

Replicability (evolutionary ecology)

o Narrow replicability: potential to obtain consistent results within a species

®  Broad replicability: potential to obtain consistent results across species

11



Table 2: Strategies to enhance progress in evolutionary ecology

Test well-founded models in multiple species even if initial investigations in one species
provide no support

Test complex predictions that discriminate between alternative biological models

To gauge narrow replicability, investigate diverse populations and genotypes within a
species using a range of reasonable methodologies and ecologically relevant
environments

To gauge broad replicability, investigate diverse model and non-model species with
relevant attributes using a range of reasonable methodologies and ecologically relevant
environments

Gauge replicability based on qualitative agreement rather than effect size or level of
statistical support

Use appropriate study designs, describe methods fully, and collect and analyse data
carefully

Provide data and code in open repositories

Encourage, fund and publish both narrow and broad replications

12
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Figure 1. Generalizability based on broad replication follows the logic of phylogenetic inference.
Replicable results represented by the filled square can be tentatively generalized to monophyletic
group a, while replicable results represented by the open circle can be tentatively generalized to
monophyletic group b. Generalization only extends to species with relevant attributes. For
example, if the filled square represents results that support a model of the evolution of visual
sexual signals, the model can be regarded as supported for species within monophyletic group a
that reproduce sexually, have eyes, and court in daylight. However, even for species with relevant
attributes, it is possible that the results would not replicate in some unstudied species or lineages.
Research on additional, hitherto unstudied species can therefore help verify broad replicability
and refine phylogenetic generalization. Note that it is nearly always invalid to generalize results to
vaguely defined or paraphyletic categories of organisms such as “invertebrates”.
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Figure 2. (a) A simple pattern, such as a positive treatment effect on trait Z1, is unlikely to be uniquely
predicted by a single underlying mechanism. If the aim of the study is to test Model A by testing for
predicted pattern P, support for this prediction (green checkmark) will often provide weak support for
Model A because other undetlying mechanisms, such as Model B, which is not explicitly tested in the
study, could yield the same prediction. (b) A more complex pattern, such as distinct effects on traits Z1
... 25, is more likely to be uniquely predicted by a single underlying mechanism. Observing the complex
pattern predicted by Model A will therefore provide stronger support for Model A as long as the
predicted effects are independent and clearly predicted by the model. Nonetheless, testing predictions
from a single biological model against a statistical null hypothesis limits inference because the null
hypothesis is often biologically uninformative. Inference can be strengthened by deriving and testing
separate sets of predictions from multiple plausible biological models (e.g. Model A versus Model B). If
the predictions derived from these models are independent and contrasting then the results could support
one model while rejecting the other model. Complications can arise if complex sets of predictions are
neither fully consistent nor fully inconsistent with the models being tested. In this example, four
predictions (PA1, PA2, PA4, PAS5) from Model A are supported by results (green checkmarks) but results
are unclear for prediction PA3 because the predicted pattern is not supported statistically (NS). For
Model B, four predictions (PB1, PB2, PB4, PB5) are contradicted by results (red crosses) while prediction
PB3 is supported. In this case, it could be concluded that Model A has stronger support because most of
Model A’s predictions are supported and none are clearly contradicted by results, while most of Model
B’s predictions are contradicted by results. However, further research is needed to understand the
unclear/conflicting results for predictions PA3/PB3. Such inferential complexity, typical of studies in
evolutionary ecology, makes it challenging to test models and to assess both narrow and broad
replicability.
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