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Abstract

According to Richard Levins, there is no sin-
gle, best all-purpose model in ecology, nor 
can useful models simultaneously maximize 
theoretical virtues of generality, realism and 
precision (Levins, 1966, 1968a,b). A ‘virtue 
trade-off ’ must be made if models are to be 
useful for understanding, explanation, pre-
diction or control. Recently, large-scale data 
synthesis projects have aimed to systemati-
cally review many empirical studies to evalu-
ate major hypotheses. A specific version of 
systematic review called the ‘hierarchy-of-
hypotheses’ approach has been proposed 
(Jeschke et  al., 2012; Heger and Jeschke, 
2014; and Chapter 2, this volume). I argue 
that investigation of the patchwork of models 
organized by Levins’ theoretical ‘virtue space’ 
and discovery of robust theorems across a 
theoretical landscape could be enhanced by 
recent efforts to manage evidential complex-
ity in a patchwork of empirical studies by the 
hierarchy-of-hypotheses approach.

Introduction

Richard Levins’ well-known argument for 
theoretical pluralism, that there is no single, 

best all-purpose model in ecology, was bol-
stered by his equally famous conjecture that 
useful models could not simultaneously 
maximize theoretical virtues of generality, 
realism and precision (Levins, 1966, 
1968a,b). A virtue trade-off must be faced if 
models are to be manageable, and thus 
 useful, for understanding, explanation, pre-
diction and control. It has been argued that 
Levins’ pluralism about models is a prag-
matic response to idealistic research pro-
grammes that sought to represent all 
ecological complexity in a single unified or 
overarching comprehensive ecosystem 
model, which might be conceivable but 
which, Levins argued, would be unmanage-
able, uninterpretable and largely untestable 
(Odenbaugh, 2006). Recently, large-scale 
data synthesis projects have aimed to collect 
data from many empirical studies inter-
preted as bearing on a single major hypoth-
esis or several related hypotheses. These 
include quantitative meta-analyses orga-
nized by statistical measures of effect sizes 
and qualitative systematic literature reviews 
bearing on major hypotheses. Recently, 
a  specific version of systematic review 
called  the ‘hierarchy-of-hypotheses’ (HoH) 
approach has been proposed (Jeschke et al., 
2012; Heger and Jeschke, 2014; and this 
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volume). The organization of ecological com-
plexity in a patchwork of models according 
to a theoretical ‘virtue space’ and discovery 
of robust theorems across a theoretical land-
scape, I argue, is complemented by recent 
efforts to manage evidential complexity in a 
patchwork of empirical studies according to 
a dataset virtue space organizing a hierarchy 
of empirical hypotheses.

Ecological Theory and Systematic 
Reviews of Evidence

If Levins is right, theory in ecology is better 
represented by a patchwork or network of 
models than by a compact set of general laws 
(Levins, 1966, 1968a,b). Fundamental prin-
ciples there may be but the set of theoretical 
models in ecology that expresses them does 
not look much like fundamental theories 
in quantum or relativity physics. Models in 
ecology, Levins said, face trade-offs of gener-
ality, realism, precision and manageability. 
He famously conjectured that at most two 
of  the first three could be simultaneously 
maximized in any one model. The desire to 
maximize all three leads to unmanageable 
models that we can imagine but not use 
or make sense of to any practical effect. In 
the 1960s, the introduction of large-scale 
 computing and computer simulation into 
science fuelled some desires for a systems 
ecology that could solve Levins’ conjecture 
by letting computers manage what was for 
humans unmanageable. It is fair to say that 
Levins’ picture of theory in ecology (1968b) 
turned out closer to right than, say, Kenneth 
Watt’s (1968).

A new desire for systematic approaches 
is emerging with the rise of big data and 
online access to digital data. Systematic 
review of empirical datasets and their use in 
evaluation of general empirical hypotheses 
has become popular owing to easy electronic 
search access to large numbers of datasets 
stored in online journals and databases. 
Meta-analysis is perhaps the most familiar 
type of systematic review in the sciences. 
Meta-analysis seeks to combine empirical 
studies measuring the same effect, typically 

using statistics to combine studies with 
varying sample and effect sizes and to test 
expectations about effect size quantitatively. 
More broadly, systematic review is any 
assembly of data or empirical results in 
order to bring them to bear as qualitative or 
quantitative evidence salient to a general 
claim. If meta-analysis is an ‘evidence syn-
thesis’ methodology seeking to characterize 
how evidence is dispersed around a particu-
lar hypothesis ‘peak’, e.g. by calculating 
weighted average effect size, then system-
atic review more broadly could be  interpreted 
as an ‘evidence landscape’ methodology, 
seeking to characterize the distribution of 
evidence over the landscape of support for a 
particular hypothesis.

The HoH approach in ecology uses sys-
tematic review of data and findings from the 
accessible empirical literature to test general 
hypotheses. In this commentary, I focus on 
Heger and Jeschke’s use of the approach to 
study hypotheses about biological invasion 
but the argument should apply more gener-
ally wherever Levins’ picture of theory and 
trade-off conjecture holds (Jeschke et  al., 
2012; Heger and Jeschke, 2014; and this vol-
ume). The main goal of this commentary is 
to interpret the HoH approach in terms of 
some philosophical ideas about scientific 
models and to use Levins’ conception of 
 theory in ecology and his conjecture about 
maximizing ‘theoretical virtues’ (generality, 
realism and precision) of ecological models 
as a means to pose new theoretical and phil-
osophical questions about systematic review 
and ‘big data’ driven research. My argument 
is that choices of how to structure a hierar-
chy of hypotheses for use in evaluation of 
data as empirical evidence of a general 
hypothesis involve theoretical as well as 
empirical trade-offs and that consideration 
of systematic empirical reviews can inform 
theory development as well as empirical 
practice.

Locating empirical studies included in 
an HoH investigation in an empirical virtues 
space of dataset and study design trade-offs, 
and mapping them into Levins’ theoretical 
virtues space of modelling trade-offs can 
point to new research questions for ecolo-
gists using systematic review methods. It 
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may also suggest new avenues for philoso-
phers seeking to understand the 21st cen-
tury shift of attention from theory-driven to 
data-driven science (Leonelli, 2016). New 
philosophical research questions raised by 
the HoH approach concern the relation 
between empirical and theoretical science in 
practice that should also be of great interest 
to ecologists thinking about the broad direc-
tion of their field. Specifically, I propose that 
the HoH approach may be useful for explor-
ing the efficiency and effectiveness of the 
current distribution of empirical research 
effort to address general hypotheses on top-
ics such as biological invasions as well as the 
robustness of empirical results to the ideal-
izing assumptions of the theoretical models 
that ground empirical hypotheses.

An HoH analysis proceeds as follows 
(Heger and Jeschke, 2014; and Chapter 2 
this volume). A broad, overarching hypothesis 
is re-expressed in refined, specific formula-
tions of working hypotheses, and these in turn 
are re-expressed in operational hypotheses 
allowing for direct empirical testing. Choices 
in the concepts, modes of refinement and 
deployment of a variety of empirical research 
strategies by many different investigators 
lead to a hierarchy of hypotheses actually 
investigated with variety at each level of 
refinement. Heger and Jeschke (2014), for 
example, evaluated 176 empirical studies of 
the overarching ‘enemy release’ hypothesis 
to explain the success of invasive biological 
species (see also Chapter 11, this volume). 
The overarching hypothesis is that release 
from enemies in their native range is a cause 
of success of invading species in an alien 
range. The broad hypothesis generalizes over 
a wide range of enemy release mechanisms 
by using the word ‘cause’ to refer to them all, 
by abstract reference to ‘species’ and generi-
cally to native and alien ranges. This cause is 
articulated in working hypotheses concern-
ing specific mechanisms or forms of causa-
tion (Fig. 1 in Heger and Jeschke, 2014). The 
‘difference-making’ of effects by these mech-
anisms can be realized, and thus measured 
and used as evidence to test operational 
hypotheses, in a variety of ways.

The general hypothesis is refined, mak-
ing it more precise or more realistic by 

identifying a range of indicators of mecha-
nisms for release of alien invading species 
from predation, such as reduced damage or 
infestation or enhanced performance in the 
new range. Specific contrasts (between par-
ticular alien and native species, particular 
alien populations in native and invaded 
ranges, particular invasive and non-invasive 
aliens) serve in a second level of sub- 
hypotheses that can be empirically tested. 
Empirical support for these lowest-level 
hypotheses in the HoH approach is accepted 
according to whatever criteria were used in 
the original studies, avoiding a limitation of 
quantitative meta-analysis in that there 
need not be consistency of statistical meth-
odology but only a qualitative conclusion 
regarding the direction of support with 
respect to each sub-hypothesis: positive, 
negative or neutral. Support for hypotheses 
at higher levels in the hierarchy is aggregated 
from support at the lower levels, according 
to criteria imposed by the systematic review.

One advantage of the HoH approach 
over quantitative meta-analysis is that HoH 
does not require any common measure of 
effect size or even a shared notion of the 
effect to be explained to include empirical 
studies in a systematic review and HoH test 
of a general hypothesis. But the price of 
relaxing the constraint to a shared effect in 
favour of the more abstract assessment of 
direction of support is that theoretical, con-
ceptual work is required to articulate both a 
general hypothesis and specific, empirically 
testable versions of it in terms of compo-
nent concepts, which must be further artic-
ulated in a hierarchy of empirically feasible 
and operational studies. In a sense, that con-
ceptual work, together with the empirical 
choices needed to reach the operational 
level, introduce a degree of subjectivity into 
systematic review.

Levins was concerned to explore the 
robustness of empirical findings to the array 
of idealizing assumptions – ‘biases’ in a tech-
nical sense (see Wimsatt, 2007) – in models 
trading off one theoretical virtue against 
others to make models manageable. Robust-
ness analysis is a way of recovering objectiv-
ity from subjective or biased studies: if 
individual studies depend on subjective, 
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idealizing assumptions, results spanning 
many models or studies are robust to the 
extent to which they do not depend on those 
idealizing assumptions. ‘Our truth’, Levins 
famously said, ‘is the intersection of inde-
pendent lies’ (Levins, 1966, p. 423). My 
interest in HoH is to explore the robustness 
of empirical tests using systematic review 
methodology to idealizing assumptions over 
the array of practical trade-offs employed to 
make empirical work manageable, such as 
the choice of how many native and alien spe-
cies to include in a study and how to study 
them. I propose that this robustness prop-
erty can be explored by considering how the 
empirical studies of HoH analyses are dis-
tributed across Levins’ space of theoretical 
virtues. A further extension of this mapping 
project would include the consideration 
of  values (constitutive and contextual; 
Longino, 1990) that also constrain both 
modelling and empirical virtues trade-offs.

Models and Hypotheses

A preliminary step is needed to connect 
models to hypotheses so that the HoH 
approach to evaluate general empirical 
hypotheses using systematic review of data-
sets can be linked to consideration of theo-
retical models. Levins’ account of theoretical 
virtue trade-offs between generality, real-
ism, precision and manageability concerned 
models rather than hypotheses. What some 
philosophers have had to say about the mod-
els–hypotheses connection turns out to be 
quite useful in this context.

Models and hypotheses are linked in an 
account of evidence evaluation by the phi-
losopher Ronald Giere (1988, 1997). On 
Giere’s account, a theoretical model identi-
fies a kind of ‘structure’ – a way some part of 
the physical world might be. A theoretical 
hypothesis links a theoretical model to the 
world by asserting that the model fits that 
part of the physical world in some respects, 
to some degree of accuracy. (Here I let Giere’s 
invocation of accuracy stand in for any theo-
retical virtue, including all of Levins’.) The 
assertion is true if the model fits in the 

specified respects and degrees, and false 
otherwise. The project of gathering evidence 
by observation, measurement or experi-
ment from that part of the physical world 
and bringing it to bear on the truth or falsity 
of a hypothesis involves reasoning from 
models to predictions about what data 
should look like, if the model were a good 
fit.  Thus, prediction-data comparisons 
yield  evaluations of model-world fit and 
thus assessment of the truth/falsity of 
hypotheses.

The salience of Giere’s picture of evi-
dence evaluation is that for every hypothesis 
for which truth is in question, there is a 
model for which fit is in question. When 
HoH constructs a hierarchy of hypotheses, a 
corresponding hierarchy of models is 
implied, even if models cannot be directly 
read off the hypotheses or conversely. 
 Nevertheless, we can ask Levins’ questions 
about the implied models of the hierarchy of 
hypotheses: do they trade-off generality for 
realism and precision, realism for generality 
and precision, or precision for generality and 
realism? If there is no trade-off evident, is 
the model unmanageably complex? Whether 
trade-offs are evident in the model or not, 
would empirical tests of associated hypoth-
eses be empirically manageable?

Hierarchy-of-Hypotheses Analysis

To conduct an HoH systematic review, a 
fixed-term keyword search of a digital data-
base of empirical studies is used to identify, 
collect and organize available empirical tests 
of a given hypothesis. The database could 
simply be the Internet itself or a more lim-
ited, systematically constructed archive of 
empirical research papers in online accessi-
ble journals or archiving services such as 
Web of Science, PubMed or JSTOR. The 
selection of keywords requires concept work 
that relates the overarching hypothesis to 
more specific, empirically testable forms so 
as to generate a collection of empirical papers 
suitable for organization in an HoH. I assume 
without argument here that the choice and 
articulation of the concepts used to conduct 
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the keyword search reflect or guide theoreti-
cal virtue trade-offs in models implied by the 
hypotheses recovered from the literature. 
Whether the concepts reflect or guide, in 
turn, depends on whether models derive 
from efforts to represent the structure of 
empirically investigated phenomena or from 
efforts to translate first principles into pos-
sible structures (see Griesemer, 2013, on the 
distinction between empirical and theoreti-
cal modelling approaches).

The primary data serving as evidence 
regarding a general hypothesis such as the 
enemy release hypothesis in invasion ecol-
ogy is, for each empirical study, whether the 
data supported, questioned or was indiffer-
ent regarding the truth of the hypothesis. 
But in order to aggregate support into a 
summary evaluation over the evidential 
landscape, some criterion for aggregation is 
needed. Various criteria might be consid-
ered, e.g. >50% of studies in one direction 
(positive, negative) of support provide 
aggregate support at that level of the hierar-
chy. Heger and Jeschke (2014) constructed a 
more sophisticated weighted score for each 
study before aggregating, based on number 
of species studied and the chosen method of 
investigation (experimental vs observa-
tional, field vs enclosure vs laboratory; see 
Heger and Jeschke, 2014; and Chapter 2, 
this volume). Using the weighted scores, 
they calculated level of empirical support 
for  the general hypothesis as well as for 
every working and operational hypothesis. 
Weighting criteria, I suggest, reflect a com-
plex mix of theoretical, empirical and practi-
cal virtue considerations that are often 
entwined with additional value consider-
ations. For example, more species studied in 
a given empirical investigation might sug-
gest greater generality of results, yet fewer 
might be investigated in any given study on 
grounds of time, expense or potential harm 
to species due to the study methods. Some 
methods of study suggest trade-offs of 
greater realism vs greater precision (e.g. 
observing more species in the field vs experi-
menting with fewer species in the labora-
tory). Heger and Jeschke’s weighting 
function in terms of number of species con-
sidered and method of investigation might 

indicate preferences in generality/precision 
trade-offs.

These difficult conceptual issues cannot 
be sorted out here. In the remainder of the 
commentary, I explore research questions 
for ecology and for philosophy that depend 
on sorting out how evidential weighting 
schemes might reflect preferences for 
 theoretical virtues in ‘Levins trade-offs’ and 
preferences for empirical virtues in ‘Heger–
Jeschke trade-offs’ and how these might 
in  turn be used to guide the design of 
future  empirical research and theoretical 
modelling.

Heger and Jeschke (2014, p. 746) raise a 
number of questions based on their HoH 
analysis of the enemy release hypothesis:

Our findings also pose several questions: 
Why do studies more frequently show a 
reduced infestation of alien species than 
they show an increase in performance? 
Why do alien species frequently seem to be 
released from enemies in their invaded as 
compared to their native range, but less 
often as compared to native species? Why 
is the enemy release hypothesis frequently 
supported by studies on vertebrates but 
rarely by studies on plants? And why is 
there more supporting evidence in marine 
than in terrestrial systems? When address-
ing these questions, future studies might 
reveal important insights into the ecology 
of biological invasions.

These questions all concern the empiri-
cal phenomenon of biological invasion and 
enemy release and how future studies 
might  target unanswered empirical ques-
tions. I suggest parallel theoretical and 
 philosophical questions arise from the HoH 
approach about patterns of ecological 
research. If we were able to locate each of the 
176 empirical studies Heger and Jeschke 
analyse in Levins’ space of theoretical trade-
offs, we might be able to articulate these 
theoretical questions more precisely.

The hypotheses at different levels of an 
HoH reflect different trade-offs of general-
ity, realism and precision, and to different 
extents in the diverse empirical studies. By 
implication, these trade-offs may be reflected 
in predictions from models or may even 
guide how models are constructed in the 
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first place. The overarching hypothesis in an 
HoH analysis is general by design. Working 
hypotheses sacrifice some generality for the 
sake of realism by substituting a specific 
type of mechanism hypothesized to be oper-
ating in real systems. Operational hypothe-
ses trade away some realism in favour of 
empirical manageability of the study, e.g. by 
considering a small number of species in 
native or alien ranges (thus excluding some 
species interactions from study); or they 
trade away precision in the study, e.g. by 
using observational methods yielding a 
cruder measure of cause or effect than can 
be achieved in the laboratory; or they trade 
away generality by studying a limited 
 number of species in a restricted range of 
habitats, e.g. terrestrial vertebrates only, or 
a single plant–insect interaction. It might 
turn out, then, that when Heger and Jeschke 
weight empirical studies according to crite-
ria such as number of species studied and 
method of investigation, they produce a 
scheme that could be useful for locating 
hypotheses and models in Levins’ space of 
theoretical virtues and trade-offs corre-
sponding to the empirical trade-offs and 
 virtues of operational studies and datasets.

Linking Theoretical and Empirical 
Virtue Spaces

Suppose we could classify each implied 
model at every level of an HoH analysis in 
terms of the generality, realism and preci-
sion with which it purports to ‘fit’/be true of 
the world. Abstractly, Levins’ claim that gen-
erality, realism and precision cannot simul-
taneously be maximized simply means that 
one corner of the three-dimensional ‘Levins’ 
space’ will be unoccupied and that there 
will  be various ‘surfaces’ of manageable 
models that jointly maximize these virtues 
under the trade-off constraints (see also 
 Matthewson and Weisberg, 2009). But 
where do the empirical studies of an HoH 
fall in Levins’ space? Just as Heger and 
Jeschke ask why empirical studies seem to 
show that the enemy release hypothesis 
is  frequently supported by studies on 

vertebrates but rarely by studies on plants, 
we might ask of an HoH systematic review 
whether studies investigating particular 
hypotheses/models at any of the three levels 
of the hierarchy – overarching, working or 
operational – cluster in some portion of 
Levins’ theoretical virtue space. Do studies 
supporting enemy release tend to investi-
gate hypotheses clustering in, say, the high 
realism–precision/low generality region of 
the space, while studies questioning enemy 
release cluster in, say, high generality–preci-
sion/low realism regions? Or perhaps stud-
ies supporting some working hypotheses 
regarding particular mechanisms of enemy 
release tend to occur in some regions, 
whereas studies questioning that mecha-
nism cluster in another region.

Suppose it turned out that those studies 
supporting enemy release more frequently 
do so via a reduced infestation of alien spe-
cies than via an increase in performance, 
and at the same time they tend to be framed 
in terms of hypotheses/models that cluster 
in the ‘low realism’ part of Levins’ space. A 
possible explanation is that precise mea-
sures of degree of damage do not actually 
reflect the extent of release from enemies 
but crude measures of damage coupled with 
high realism in representing how damage 
interacts with performance can reflect the 
extent of enemy release. Such a finding 
might suggest that before concluding, on 
the basis of the HoH evidence, that reduced 
infestation rather than increased perfor-
mance is a major mechanism, studies based 
on hypotheses/models with greater realism 
should be performed. Differently put: are 
low-realism studies robust to the idealizing 
theoretical assumption that sacrifices real-
ism for generality and precision?

Consider the unweighted results of each 
empirical study as positive, negative or 
inconclusive evidence (+/−/0) supporting 
an  operational, working and overarching 
hypothesis in an HoH analysis. Suppose we 
use weighting functions, such as the one 
Heger and Jeschke (2014, eq. 1, p. 743) pro-
duce, not as support weights in HoH analy-
sis but as general models to quantify Levins’ 
space, e.g. number of species studied reflects 
degree of ‘realism’. Modes of investigation, 
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e.g. lab vs field, reflects ranges of ‘precision’. 
Taxonomic scope reflects degree of general-
ity. Then suppose we plot each empirical 
study in an HoH analysis as three connected 
points in Levins’ space corresponding to the 
operational, working and overarching mod-
els the study is used to test. We could treat 
each connected trio as a directed graph of 
support as in the HoH, from operational to 
working to overarching hypothesis/model. 
Colour the paths according to whether they 
provide positive, negative or neutral sup-
port. It might be of interest to know whether 
an even distribution of studies (points) 
across Levins’ space results in more (or less) 
robust results at a given hierarchical level of 
an HoH than collections of studies concen-
trated in small regions of Levins’ space. The 
mapping could provide a measure for the 
efficiency of current ecological studies to 
assess overarching hypotheses, i.e. whether 
preferences for certain theoretical virtues 
and trade-off choices, which become mani-
fest in patterns of empirical work, tend to 
limit or enhance the power of systematic 
reviews to provide evidence regarding gen-
eral hypotheses. Perhaps any particular the-
oretical virtue in a given model/hypothesis 
is not so important provided empirical stud-
ies sacrifice it differently, e.g. by each study-
ing a different limited range of taxa so that 
the collection of studies in an HoH are 
robust to sacrificing generality; or perhaps 
realism turns out to be an extremely sensi-
tive virtue to degree of taxonomic generality 
because including many rather than few spe-
cies in studies of limited taxonomic scope 
better reflects the complex dynamics of spe-
cies interactions governing enemy release 
mechanisms and the number of species–
species interactions drops geometrically 
with arithmetic drop in number of species 
included in a study.

Finally, the discovery of robust or non-
robust patterns of support for models mak-
ing different trade-offs in theoretical virtues 
may reveal ‘aesthetic’ preferences of mod-
ellers for certain theoretical virtues that do 
not serve the empirical community very 
well. Such discoveries may help refocus 

theoretical efforts on classes of models that 
have a better chance of meeting that highly 
desired desideratum: falsifiability.
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