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Abstract: There are widespread assumptions to the effect that the real-time data generated through
the 5G-enabled Internet of Things (IoT) will improve material traceability and accelerate the global
transition to a circular economy (CE), thereby helping to achieve the UN Sustainable Development
Goals and carbon neutrality. Many industries, governments, and NGOs are supporting this vision by
investing in related digital infrastructure (5G networks, servers, computer hardware, etc.). Conversely,
recent literature has highlighted a paradoxical phenomenon known as the CE rebound, whereby
sound CE activities end up offsetting environmental gain(s). This challenges the assumption that the
new 5G-enabled IoT will be conducive to greater circularity while carrying its own environmental
weight. Resorting to applied epistemology—a perspective seldom used in sustainability research—
and the global e-waste crisis as an intense case in point, we question the confidence with which actors
predict positive outcomes from the CE-IoT nexus. We argue that avoiding circularity rebounds cannot
be construed as a matter of methodological development or, by extension, modeling sophistication
through real-time data exploitation. Instead, circularity rebounds need to be recognized and theorized
as a paradox of knowledge that also narrows sustainability research’s horizons, despite AND because
of the 5G-enabled IoT. As per this paradox, advanced digital technologies may well be compounding
environmental issues at the same time as they illuminate them.

Keywords: circular economy (CE); 5G-enabled Internet of Things (IoT); CE-IoT nexus; advanced
digital technologies; e-waste; rebound effects; paradox; applied epistemology; intensity sampling

1. Introduction

The circular economy (CE) concept has benefited from widespread public visibility and
political influence in the last decade to the extent that it now stands as a commonly shared
premise of environmental sustainability among government officials, policy designers,
environmental advocacy groups, and businesses. Broadly defined as an approach to
decouple economic growth from natural resource extraction on variable scales [1,2], CE
can also be construed as a transition pathway in and of itself (e.g., [3]) or as an increasingly
popular goal of sustainability transitions research, as it rapidly—if loosely—translates
into political discourse [4,5]. For the French philosopher and politician Luc Ferry, the
CE concept injects a new momentum into the ecological movement: “If ecology does
not want to be associated with an all-out decline in terms of amenities, comfort, time,
purchasing power, but also freedom and well-being, it will have to stop being punitive,
anti-liberal, diminishing and deadly to become “positive” in finally integrating the notion
of circularity” [6].

Despite such favorable perspectives, the CE concept and its potential outcomes remain
contested [7], and its implementation poses multiple social, economic, and technical chal-
lenges [8]. This explains, in part, why sustainability experts (professionals and researchers
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alike) often tie the future of CE to developments in digital technologies. Indeed, CE’s
operationalization (i.e., the concept’s concrete translation and implementation through poli-
cies, strategic plans, programs, and economic actors’ decision-making) is now increasingly
perceived to rely on an acceleration of widespread digital systems and applications. To-
gether, for example, the 5G-enabled Internet of Things (IoT) and associated devices/sensors
in supply chains [9-11], edge cloud computing [11], Distributed Ledger Technology [12],
and/or machine learning for big data analytics [13], are expected to enable and accelerate
traceability and improve the governance of material flows. Whether in line with such
expectations or in tension with them [8,14,15], different kinds of propositions have been
made by researchers to help overcome CE’s operationalization challenges: i.e., propositions
spanning a broad range of disciplinary perspectives in engineering [2] and economics [16],
but also in sociology [17], geography [18], or environmental policy studies [19]. For a sense
of CE’s conceptual breadth and diversity within and across disciplines, see [7].

In contrast with the disciplinary core of CE research, this conceptual article questions
CE’s operationalization challenges from an applied epistemological perspective. As per
an influential definition by philosopher Larry Laudan: “Applied epistemology in general
is the study of whether systems of investigation that purport to be seeking the truth are
well engineered to lead to true beliefs about the world” [20] (p. 2). As such, applied
epistemology “routinely examines [s] truth-seeking practices [...] to find out whether they
are capable of delivering the goods they seek.” [20] (p. 2) Recognizing the newfound
hopes and beliefs of CE’s operationalization brought on by the rise of so-called “intelligent
assets” [1]—and perhaps most of all, by the rise of the 5G-enabled IoT and associated
devices/sensors in supply chains, for tracking product and material flows—, we question
whether big data analytics can realistically help fulfill CE’s “green” promises. Treading
in Zink & Geyer (2017)’s footsteps, we specifically ask whether conditions that are both
necessary AND sufficient for the core of CE activities to avoid CE rebounds can ever be
known: i.e., the phenomenon whereby circular systems or activities end up increasing
or accelerating overall production, thereby eliminating partially or fully their expected
environmental benefits [21].

To shed light on this issue, we explore very practical questions about “what [can] be
known or reasonably believed” from the probabilistic system of investigation underpinning
the bulk of CE research and practice [22] (p. 153). Our main argument is that full awareness
of these conditions cannot ensue from increasing and optimizing the interface between CE
and advanced digital technologies. As we move on to show, model uncertainty is bound
to increase as modelers tap into the epistemic potential of artificial intelligence (Al) and
big data analytics. No matter how intent modelers may be on improving systems-based
approaches to environmental modeling (e.g., by hybridizing life-cycle assessment using
agent-based modeling, network models, Al techniques. .. or a combination thereof) for
sustainability purposes, the exploitation of real-time data provided by 5G-enabled IoTs
exposes the field of sustainability research itself to rebound effects. The question therefore
arises as to whether the knowledge we readily possess about material flows is actionable
without further relying on “intelligent assets”; if it is, how can this knowledge be exploited
to its full potential, despite being “incomplete” or “insufficient” [23,24]. For example,
on the policy-making side, how might model uncertainty be conceived and exploited as
knowledge instead of being construed as liability, ignorance, or failure [25,26]? Or, on the
environmental modeling side, how might extant modeling approaches such as Life-Cycle
Assessment (LCA) be epistemically recast so that the modeling community’s core identity
and epistemic values fit more tightly with its modeling practices [27,28]? Apart from a few
potential exceptions (e.g., [29]), such an applied epistemological take on CE has earned no
research attention thus far.

In this article, we set the stage for a new research agenda at the intersection between the
paradox theory in Management & Organization Studies (MOS) and sustainability research.
In Section 2, we offer brief literature and expose our main premises: by adapting Larry
Laudan’s legal epistemology and leveraging it, the CE-IoT nexus is cast as an “epistemic
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engine”, urging us to ask whether its mechanics of knowledge production are “truth-
conducive” [22]. We develop our main argument in Section 3: i.e., the circularity rebound
phenomenon is theorized as a paradox of knowledge inherent to the CE-IoT nexus. A
conceptual framework based on the paradox theory is also drawn to capture the deadlock
in which the CE’s operationalization is arguably caught. In Section 4, we illustrate the main
argument by drawing from the ongoing electronic waste (e-waste) crisis, framing it as an
intense case in point: that is, as a single case study whereby our phenomenon of interest
(the circularity rebound) is intensely manifested [30], and thus exposed as a paradox of
knowledge. Overall, this conceptual article challenges the eco-modernist take on CE'’s
operationalization by questioning the effectiveness and enabling capacity of advanced
digital technologies for methodological development and model sophistication.

2. Literature Review: The CE-IoT Nexus as an “Epistemic Engine”

As mentioned above, some of the CE’s most promising operationalization pathways
have been linked to the 5G-enabled IoT: that is, to the epistemic potential of Big Data
and new data analytics in terms of material traceability, monitoring, and control. Tapping
into Larry Laudan’s scholarship in applied epistemology and paradox research in MOS,
we expose the need to unpack some of the key assumptions and shortcomings of this
perspective. Admittedly, our proposition may appear to feed into the false dichotomy
between high- and low-tech operationalization pathways, which currently permeates CE
discourses [7,8]. To the contrary, however, our premise is that the main challenge lies
elsewhere and much deeper, in our own “trained incapacity” as sustainability researchers
to see beyond data-driven, mathematical modeling and probabilistic analysis for purposes
of sound knowledge production or scientific advice [23,31].

For example, let us consider the long-standing debate on whether and how LCA
modeling can rein in subjective (value-laden) choices by further relying on data and mathe-
matical modeling (e.g., [32-35]). In line with this last take on the debate, some sustainability
researchers using LCA-based methodologies see value assumptions as a threat to scientific
robustness and credibility. LCA guidelines and ISO standards also implicitly advise model
developers to eliminate values from their models as much as possible [28,35,36]. Yet, as
philosophers of science and social scientists have known and have been arguing for over
three decades [36,37], “value-based judgments, based on situated knowledge, can actually
enhance the rigor, accountability, and credibility of scientific assessments.” ([28], p. 1410).
In becoming more qualified as LCA experts, sustainability researchers are therefore prone
to developing an implicit bias in favor of data-intensive models and metrics, which may ap-
pear more objective and complete than mixed (both qualitative and quantitative) modeling
approaches (e.g., [38]): that is, they are likely to refrain from using value-based judgment
even when it would enhance rigor [34].

In this last respect, any scientific training may culminate into what Gendron et al.
coined as “epistemological short-sight” [23]: a phenomenon akin to what Hannah Arendt
described as “thoughtlessness” [39,40]. It follows that sustainability researchers (e.g.,
many of which are engineering or natural sciences scholars) may come to lack theoretical
judgment and/or imagination precisely as they rise and become proficient in their own
discipline and/or field of enquiry [23]. Through this process of epistemic acculturation
or “habitus incorporation”, as Pierre Bourdieu would call it [41], one typically acquires
“contributory expertise” at the expense of “interactional expertise” [42], thus becoming
shortsighted, so to speak, and much less inclined or capable to explore alternate episte-
mologies or take part in interdisciplinary integration [43—45]. Through this process, CE
research’s prime and longstanding focus on problem-solving becomes exacerbated as if de-
bates about problem definition had no epistemic value of their own or should come without
political considerations [23,37]. Yet insofar as CE researchers aspire to formulate “socially
robust” responses to the pressing environmental challenges of our time, knowledge and
technology development at the CE-IoT nexus does need to account for such debates and
political considerations [44,45].
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Let us, therefore, consider the CE-IoT nexus as the “epistemic engine” it appears
to be in the eye of many sustainability and CE researchers: that is, as a “a tool for
ferreting out the truth from what will often initially be a confusing array of clues and
indicators” [20] (p. 2), whereby material traceability is enabled, and the global transition to
a CE made possible [46,47]. Let us propose a thought experiment rooted in the legal system
as a metaphor for the CE-IoT nexus, instead of a more familiar form of analysis, to think
about uncertainty, error, and validity in environmental models, the status of knowledge in
environmental decision-making and the operationalization of the CE.

While the 5G-enabled IoT, Big Data and new data analytics are often construed by
sustainability researchers as an epistemic boon, a more critical literature suggests that they
should also be seen as an epistemic bane on at least two fronts:

(1) In terms of error reduction, i.e., avoiding counterproductive decisions (or “false ver-
dicts”) [20], data-driven sustainability science can increase the risk of spurious corre-
lations and may, as such, threaten the very purpose of the CE-IoT nexus [48-50];

(2) Interms of error distribution, i.e., choosing the lesser evil when errors do occur (e.g.,
supporting “false acquittal” instead of “false convictions”) [20], data-driven sustain-
ability science finds itself in the awkward position of being both judge and jury as
it tries to account for the environmental burden of its own sensing-and-measuring
apparatus, namely at the CE-IoT nexus [51,52].

These two sets of issues are not new. Yet, as we argue in Section 3, they tend to be
trivialized, and their underlying paradox is overlooked. As per the paradox definition,
error reduction and error reduction are to be construed as “persistent contradictions between
interdependent elements” [53] (p. 10). Such contradictions are persistent in the sense that
they resist any sort of resolution: i.e., paradoxes are inherently insoluble. This is why
a paradox cannot be understood as (or assimilated to) a problem, albeit a very complex
or “wicked” one [54]. Because of this intractability, a paradoxical situation needs to be
recognized and managed differently than a problematic one [54,55]. In fact, a paradox
can become even more damaging when it remains implicit—that is, when it is blindly
assimilated to a problem as if it was plainly amenable to resolution (e.g., [56]). So, rather
than considering the CE-IoT nexus in terms of problem-solving, we propose to consider
the dynamics underpinning its mode of knowledge production as paradoxical. Hence, new
insight was gained from this study.

On the first front (error reduction), one must heed the fact that data-driven (as opposed
to theory-driven) discovery increases the risk of assigning meaning to spurious correla-
tions [49] and, as such, turns the CE-IoT nexus into both an epistemic boon and bane, all
at once. As statisticians Xiao-Li Meng puts it, Big Data can hold statistical paradises for
the heedful analyst, but it mostly holds fallacies for all those who carelessly turn to it for
scientific breakthroughs based on the false premise that more data necessarily translates
into less uncertainty, better models and better decisions [57]. More to the point, “without
taking data quality into account, population inferences with Big Data are subject to a Big
Data Paradox: the more the data, the surer we fool ourselves” [57] (p. 686). The same holds
even more true for predictive analysis based on Big Data, whereby “[spurious correlations]
appear only due to the size, not the nature [or quality], of data”, [49] (p. 595). It appears that
the future relevance of data-driven sustainability science—and hence the CE-IoT nexus—is
closely tied to the future epistemological proficiency of sustainability researchers [23].

On the second front (error distribution), one must heed the paradox underlying the dig-
ital transformation of environmental modeling, so to speak (e.g., [58-60]). Epitomizing this
trend, a strand of CE research is reasserting the centrality of methodological development
based on advanced digital technologies to bridge knowledge gaps, reduce uncertainty, and
push back epistemic frontiers. From this perspective, the time is ripe for a major leap in our
collective capacity to monitor and govern material flows in an environmentally optimal
way [59]. Thanks to the advent of fifth and sixth-generation (5G, 6G) wireless networks, the
latency and capacity to connect devices worldwide are tremendously improved, thereby
allowing the IoT to become a critical enabler of CE [61]. And thanks to recent advances
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in lithographic technology and semiconductor traceability, supply chains could now be
tracked and managed down to the wafer level, as opposed to the packaged semiconductor
unit/product (Micro-Electro-Mechanical systems) level [62]. A 5G-enabled IoT is therefore
seen as a pragmatic way of fulfilling a long-awaited epistemic function by allowing digi-
tized products, digital components and material flows to become fully traceable and the
data collected to be transformed into real-time, global lifecycle inventories: in other words,
allowing for high-stake environmental decisions and CE policies to be “futureproofed”
based on LCA [61]. Yet an oft-silenced precondition to optimizing the CE-IoT nexus is that
the digital infrastructure (5G wireless networks, servers, computer hardware, etc.) itself be
sustainable, or at least, that it be energy efficient [63].

As we move on to show in Section 3, this last precondition may not be attainable,
namely because of “rebound effects” and the myriad uncertainties related to the infor-
mation’s accessibility, how it may be used, or whether it may help inform environmental
decisions and public policies [21,64,65]; in spite, that is, of the great epistemic expectations
the CE-IoT nexus may fuel [66]. As the sensitivity analysis scholar Andrea Saltelli puts it:

There has been an accumulation and maturation of structural contradictions in
modern science [36], [. . .] between real and acknowledged uncertainty in science’s
pronouncements, between technological progress and technological risk, and in
its purported structural relation to democracy [67]. [...] A radically new concept,
practice, and ethos need[s] to be imagined and acted, by scientists—who need to
be clearer about what they can deliver and what they cannot —, and by society—
which must come to accept a more circumspect understanding of the role of
science in informing societal and technological directions. [68] (p. 87-88)

Saltelli proposes to manage epistemic expectations more responsibly—by being clearer
on “what [scientific models] can [and cannot] deliver”. But what if acknowledging the
extent of inevitable uncertainty ends up reducing confidence in scientists and negatively
impacts public acceptance of scientific predictions and/or environmental advice? [69,70].

As paradox scholar Marianne W. Lewis clarifies, we might be faced with a perception
challenge rather than a matter of clarity and fact: facing paradoxical tensions such as the
ones exposed above, e.g., between scientific knowledge and uncertainty, one tends to frame
the elements in contradiction as conflicting, whereas they are “two sides of the same coin”
whose relatedness tends to be obscured by actors’ perceptions [71] (p. 761). Said differently:
“Paradoxes stare us in the face—taunting our established certainties while tempting our
untapped creativity. [...] While seemingly distinct and oppositional, these elements inform
and define one another, tied in a web of mutuality.” [55] (p. 6). This paradoxical perspective
on environmental modeling (and what the latter can and cannot deliver) is reflected in the
sustainability research literature from a philosophy of science standpoint by authors who
conceive of “uncertainty as knowledge.” (e.g., [25,26]). As [26] argues, “uncertainty can be a
source of actionable knowledge rather than an indicator of ignorance” in that, even though
our modern-scientific ability to “look at the past to make predictions about the future [...]
is now under threat”, this “growing uncertainty about the future [...] ironically imbues us
with the knowledge of what we can do to escape that uncertain future.” [26] (p. 2-3).

Given the above, the originality of our proposition lies in our framing of the CE
rebound as a “paradox of knowledge” inherent to the CE-IoT nexus and closely akin
to one of the paradoxes currently faced by the LCA community [27]: that is, a paradox
whereby uncertainty and knowledge come forth as inherently interdependent elements
bound into a profound and persistent contradiction [53,72]. This article’s epistemological
rooting, therefore circumvents the barren opposition between techno-optimism and techno-
pessimism, or between science and philosophy, by arguing that the most fundamental
challenge posed by the expansion of the 5G-enabled CE-IoT nexus is that of facing its
underlying paradox: i.e., the CE rebound we define and delve into in the next section
should not be construed as a soluble problem, as “it cannot be solved in the sense of being
tackled effectively, once and for all” [55] (p. 15). Once acknowledged as a paradoxical
dynamic, the CE rebound can “be approached as a process which, although at times [under
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some circumstances] may appear to be ‘solved’, eventually resurfaces, bringing the action
back to ‘where it all started’—even though every new start is more than a repetition, a
necessarily different start.” [55] (p. 15).

Let us therefore clarify how the CE rebound can be understood as a paradox of
knowledge inherent to the CE-IoT nexus, as opposed to a problem that may eventually be
resolved through the 5G-enabled IoT and related digital infrastructure.

3. Main Theoretical Argument: The CE Rebound as a Paradox of Knowledge

In the fields of operations management [73-78], sustainability sciences [79], and circularity-
related work [1], it is widely expected that the digital transformation of industry—more
commonly known as Industry 4.0—will enhance CE and overall environmental sustainabil-
ity. This belief stems from the idea that digital technologies hold an untapped epistemic
potential for integrating efficiency gain and cost reduction in new ways. For example,
technologies underlying the 5G-enabled IoT allow for data on consumer behaviors to be
collected so that material flows can be traced and recovered after the use phase. With
cloud manufacturing, underutilized manufacturing capability can be sensed and taped
into by users from across the world [76]. Based on data and Al-driven analytics, organi-
zations could theoretically derive knowledge to design products and services for better
environmental performance over the use phase and through end-of-life (EoL), while at the
same time increasing customer satisfaction [77]. Even beyond such opportunities, Industry
4.0 and enabling network technologies appear to offer a multitude of possibilities for the
development of material- and energy-efficient production and consumption systems and,
in turn, for supporting industrial transitions towards the CE (e.g., [78,79]). The current
academic literature is thus replete with new research projects looking to recognize and
unlock the potential at the CE-IoT nexus, broadly understood (cf. [79,80]). Yet whether
such CE-IoT solutions can carry their own environmental weight remains debatable [81].

In relation to the above point, two important insights must be considered. On the one
hand, the complexity of the CE rebound has now been aptly conceptualized [16,21] and
documented (e.g., [2,82-84]). As it stands, the CE rebound can be construed as a frontier
of knowledge in several fields, such as environmental economics, industrial ecology, or
sustainability science in general. That is, the full knowledge that would be necessary to
ensure that CE delivers on its “green” potential—regardless of political will or business
commitment—seems out of reach with respect to the standards of science within these
fields [21,64]. This is indeed a major reason why part of CE research has recently turned to
so-called “intelligent assets”: i.e., pushing back this epistemic frontier would require the
total traceability that the IoT can presumably deliver [1,85].

On the other hand, however, such “intelligent assets” are creating new and increasing
pressures of their own on the environment, the net balance of which must also be factored
in (i.e., modeled and monitored) to ensure that the purported benefits of CE activities
are not offset by the “intelligent assets” in support of traceability (cf. Section 2, error
distribution). For example, the International Energy Agency (IEA) reported that, in 2021,
only 10% of 83 billion IoT-connected devices and sensors in Europe were generating data
that was being analyzed and put to use [86] (p. 17). This over-capacity is on the rise
and can indeed be seen in a positive light as an untapped potential, e.g., for sustainable
policy-making, more traceability, better environmental models, optimized urban planning
and citizen benefits, etc. Yet it comes with its own unforeseeable environmental footprint,
which already requires to be modeled and monitored if CE rebound is to be avoided. In
essence, this is how modeling uncertainty is bound to expand along the same curve as
scientific knowledge: although the most sophisticated systems-based modeling approaches
(e.g., life-cycle assessment, agent-based modeling, deep learning) do reveal the complexity
and interrelatedness of environmental sustainability issues such as economic growth,
climate change or digitization [64,65], this revealing diversely contributes to expanding
the complexity and opacity of systems [87]. As such, methodological development is
arguably bound to fall prey to a paradoxical phenomenon known to management scholars
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as “paralysis by analysis”, i.e., the unintended deferral of important actions by aspiring to
comprehensive decision analysis [88-91].

3.1. “Paralysis by Analysis”: Statistical Methods’ Paradoxical Appeal to Sophistication

“In their decision-making activities—as Ann Langley emphasized in 1995-, man-
agers need to tread a fine line between ill-conceived, arbitrary decisions (“extinction by
instinct”) and an unhealthy obsession with numbers, analyses, and reports (“paralysis by
analysis”).” [88] (p. 63). Almost three decades later, part of this general idea is strongly
echoed by the newly popular dual-process theories, which are now being applied to a
wide range of decision-making domains, i.e., well beyond their origins in psychology
and behavioral economics [92]. As per these theories, decision-makers are now broadly
recognized as prone to cognitive biases, which in effect correspond to the “extinction by in-
stinct” end of [88]’s spectrum of decision-making impetuses. Incidentally, by conceiving of
reasoning as an interaction between intuitive (System 1) and deliberate (System 2) thought
processes [93], dual-process models have catalyzed the design of appealing approaches
to sound decision-making, i.e., approaches that incentivize System 2 reasoning in various
domains (e.g., [94-96]). As a result, however, the risks of “paralysis by analysis” tend to be
overlooked: the new epistemic attractiveness of fast-rising IoT infrastructure (5G networks,
Al chips, sensors, etc.) attests to this neglect, as such infrastructure tends to be construed
as a means to escape decision biases, and not in the least as a threat to decisiveness. As
with the Big Data Paradox introduced above, we might consider that the more we seek to
advance frontiers of knowledge through analytical models, the more issues reveal them-
selves intractable or “wicked” [97] at the CE-IoT nexus. Moreover, as we argue in Section 4
using the global e-waste crisis as a revealing (or intense) case study, the more complexity
we uncover about wicked problems, the more we continue to seek methodological and
technological sophistication to solve them in a headlong and relentless pursuit of analytical
comprehensiveness (e.g., [9,98]).

To illustrate the paradoxical dynamic of knowledge and uncertainty more plainly,
let us imagine the necessity to make a strategic decision in the abstract and let us define
strategic decisions as “important and non-routine decisions that require significant resource
commitments and have notable influences on the performance, survival, and health of
firms.” [91] (p. 416). In other words, strategic decisions can be a matter of life and death
for an organization, just like sustainability transitions are a matter of life and death for
humanity, as it were [99]. In an article entitled “Method in the madness? A meta-analysis
on the strategic implications of decision comprehensiveness”, Samba et al. [91] provide
just what we need to run such a thought experiment: i.e., they find themselves confronted
with “paralysis by analysis” as they delved into the management science literature to ask:
Is strategic decision comprehensiveness beneficial for firms? In answering this question,
they, in fact, chronicle our own paradox of knowledge in a stylized form, thereby setting
the stage for its “real-life” exploration in the following sections.

In their meta-analytical inquiry, Samba et al. [91] focus on quantitative studies that
“give sufficient statistical information for collecting and computing correlations” [91]
(p- 422), in addition to defining a series of content-related requirements for basic qualifica-
tion. After thoroughly vetting the 81 papers retrieved from multiple academic databases,
33 usable papers spanning 34 years (from 1984 to 2018) are selected to provide the empirical
foundation for the meta-analytic work. Based on this literature, Samba et al. [91] intrigu-
ingly conclude that the positive effects of decision comprehensiveness on performance
outcomes are driven by a methodological artifact: i.e., performance is correlated with the
early design choice as to whe