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Abstract
Research on Lean indicates that its association with performance improvement, although compelling, is not uniformly posi-
tive. Prior researchers have posited that plants implementing Lean may become too lean or may only implement selected 
aspects without fully embracing Lean’s synergistic prescriptions. We explore another potential reason for lower-than-expected 
performance sometimes associated with Lean: supply chain complexity. Using survey data from 209 manufacturing plants 
in seven countries across three industry groups, we test two alternative mechanisms by which supply chain complexity may 
influence performance improvements expected from Lean: moderation and mediation. We find that, while supply chain 
complexity has very little moderating impact on this relationship, it mediates the relationship between Lean and performance. 
While the majority of the significant mediating effects are negative, serving as a tax on Lean’s effect on performance, our 
analysis reveals some positive mediating effects, highlighting the difference between dysfunctional and strategic supply 
chain complexity. Our results indicate that managers should reduce internal and upstream complexity to improve Lean’s 
effect on performance. In particular, reducing the number of inputs a plant must manage has the widest and largest effect on 
realizing Lean’s positive influence on performance. Further, we highlight the importance of reducing dysfunctional supply 
chain complexity, while developing strategies to accommodate strategic supply chain complexity.

Keywords Lean · Supply chain complexity · Supply chain management · Complexity

1 Introduction

The practice of Lean has come a long way since its early 
roots in JIT and the Toyota Production System, spread-
ing to a majority of manufacturing firms in developed and 

developing economies. Although overwhelming evidence 
supports the proposition that Lean improves performance, 
this is not consistently true (Jacobs et al. 2015), and there 
is evidence that some contextual and environment effects 
are not well understood (Mackelprang and Nair 2010). 
Thus, there may be other variables affecting the relation-
ship between Lean and performance that have not been thor-
oughly investigated.

One potential explanatory factor is supply chain complex-
ity, described as “one of the most pressing issues for contem-
porary supply chains (Akin Ateş et al. 2022, p. 3).” Global 
supply chains, by their very nature, are complex, dynamic 
systems (Prater et al. 2001), with complicated upstream 
and downstream linkages that are often global and tied by 
physical and information flows and relationships (Akin Ateş 
et al. 2022; Shah and Ward 2007). As such, they face the 
challenge of dealing with “many actors in many tiers, from 
multiple industries, potentially located everywhere on the 
globe (Bier et al. 2020, p. 1835).” Although the negative 
outcomes of supply chain complexity are well understood, 
managers may have difficulty identifying the mechanisms 
by which supply chain complexity impacts performance of 
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initiatives like Lean (Manuj and Sahin 2011), and little is 
known about how robust Lean’s outcomes are in the context 
of supply chain complexity. Thus, understanding the sen-
sitivity of Lean to supply chain complexity is paramount.

However, the above perspective presents an overly sim-
plistic view, ignoring the fact that not all supply chain 
complexity is exogenous. A manufacturer’s competitive 
strategies (including Lean) may actually increase the very 
complexities Lean is expected to mitigate. For example, as 
Lean encourages firms to develop deep, cooperative rela-
tionships with suppliers or develop backup suppliers to miti-
gate risk, the unintended outcome can be increased supply 
chain complexity. Further, the above perspective ignores 
the fact that some types of supply chain complexity may be 
strategic (Suri 2016); for example, expanding the customer 
base is associated with increased revenues despite driv-
ing increases in downstream complexity. While traditional 
thinking about supply chain complexity has focused primar-
ily on dysfunctional complexity associated with outcomes 
such as supply chain disruptions, quality problems, and lack 
of robustness in supply chain design, strategic supply chain 
complexity (although challenging to manage) can be associ-
ated with desirable outcomes such as technological innova-
tion, product variety, improved customer service, and greater 
profitability.

Thus, a key question is what the mechanisms are by which 
supply chain complexity impacts the relationship between 
Lean and performance (Chand et al. 2022)—specifically, to 
better explain the “how” and “why” of the observed rela-
tionships. Understanding how the relationship between Lean 
and performance is impacted by supply chain complexity 
can lead to identifying complexity levers with the greatest 
impact, to target them for simplification and subsequent per-
formance enhancement (Hoole 2005). We examine whether 
and how supply chain complexity affects the performance 
expected to be associated with Lean, looking at two poten-
tial mechanisms: moderation and mediation. The moderation 
mechanism argument focuses on the “complex and lean” 
perspective, where Lean practices are implemented in an 
increasingly complex supply chain environment that may 
impact Lean’s ability to improve performance. On the other 
hand, the mediation mechanism argument examines the 
“lean and complex” perspective, where Lean practices have 
the unintended consequence of increasing supply chain com-
plexity, which may be either positively or negatively related 
to performance, depending on whether the complexity is 
strategic or dysfunctional.

To explore whether and how supply chain complexity 
influences Lean’s potential benefits, we develop measures of 
Lean based on Shah and Ward's (2007) prescriptions, using 
survey data from 209 manufacturing plants, spanning seven 
countries and three industries. Although these practices can 

be grouped into distinct bundles, we show that they are by 
and large implemented holistically, both within our sample 
and in typical manufacturing plants. We test two compet-
ing models. The first proposes that supply chain complexity 
inherent in the business environment moderates the posi-
tive relationship between Lean and performance, i.e., in the 
presence of higher levels of supply chain complexity, the 
expected performance gains from Lean are diminished. The 
second is that supply chain complexity mediates the relation-
ship between Lean and performance; Lean increases some 
aspects of supply chain complexity, which can have either 
a positive or negative impact on performance, depending 
on the reason for the complexity. The results are obtained 
using the analytic tool of seemingly unrelated regression 
(SUR). What we find is both interesting and somewhat 
counterintuitive. Supply chain complexity primarily medi-
ates the relationship between Lean and performance, with 
only a very minor moderating effect. The specific mediating 
mechanisms, however, depend on the type of complexity 
experienced and the way in which performance is operation-
alized. Further, at least one type of supply chain complexity 
(number of customers) may actually improve performance, 
indicating that potential benefits derived from the increased 
complexity in a supply chain as a result of Lean (e.g., an 
expanded customer base or serving more lucrative customers 
whose demands are more difficult to predict) may outweigh 
their costs.

We contribute to the literature by connecting the exten-
sive body of research on Lean with the emerging literature 
on supply chain complexity, focusing in particular on syn-
thesizing measures from Shah and Ward (2007) and Bozarth 
et al. (2009), widely cited studies of Lean and supply chain 
complexity. We show that increases in supply chain com-
plexity are not necessarily undesirable, supported by the lit-
erature on strategic vs. dysfunctional complexity. We also 
show the perhaps counterintuitive importance of the media-
tion perspective and how it can support a firm’s competitive 
performance.

We begin by briefly reviewing the literature on supply 
chain complexity and Lean, synthesizing them to develop 
alternative theoretical models of the role of supply chain 
complexity in the relationship between Lean and perfor-
mance. We then describe our method, data source, variable 
operationalization, and analytical methods. We present 
the findings of our tests of the two perspectives, followed 
by discussing the insights and counterintuitive findings 
they reveal, delving into the “how” and “why” of the role 
of supply chain complexity in the relationship between 
Lean and performance. This is followed by presenting the 
managerial implications of our findings, limitations, and 
opportunities for future research on this interesting and 
important topic.
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2  Literature review

2.1  Supply chain complexity

Driven by evolving business needs, supply chain complexity 
is often the “cumulative outcome of many seemingly unre-
lated functional decisions, …leaving in their wake supply 
chain artifacts that service needs that may no longer exist 
(Hoole 2005, p. 3).” The literature highlights disruptions, 
schedule instability, and sub-optimal decisions as drivers 
of diminished performance in the face of supply chain com-
plexity (Chand et al. 2022).

The literature on supply chain complexity draws from 
broad literature streams in complexity science and supply 
chain management, and supply chain complexity research 
has correspondingly evolved into two tracks. The graph the-
ory-based approach defines supply chain complexity using 
the number of nodes and arcs in a firm’s ego-network (firms 
directly or indirectly connected to a buying firm), apply-
ing mathematical and social network analysis approaches to 
understand it (e.g., Sharma et al. 2020), which is effective 
in visualizing the structure of very large supply networks. 
However, though more recent research has refined defini-
tions and operationalizations of graph-based measures of 
supply chain complexity, it provides few insights on manag-
ing the complexities of large supply networks.

The supply chain management literature on supply chain 
complexity (e.g., Aitken et al. 2016; Bozarth et al. 2009; 
Chand et al. 2022; Gerschberger et al. 2017) provides a more 
detailed view. Bozarth et al. (2009) drew upon the com-
plexity dichotomy described by Simon (1991), Casti (1979), 
and Senge (1991) to define supply chain complexity as “the 
level of detail complexity and dynamic complexity exhibited 
by the products, processes and relationships that make up 
a supply chain.” Detail complexity is driven by the num-
ber of entities (e.g., component parts, suppliers, customers) 
that must be managed, and dynamic complexity is driven by 
uncertainty in the way supply chain entities react to volatil-
ity and variability due to complex relationships experienced 
by a plant over time, where a “linear change in one part of 
a system may cause nonlinear and unexpected changes in 
other parts of the system (Manuj and Sahin 2011, p. 513).” 
This research has motivated multiple studies examining the 
effects of upstream (supplier induced), downstream (cus-
tomer induced), and internal (within plant) supply chain 
complexity.

Upstream supply chain complexity is based on complex 
supply markets, where a plant may face unreliable suppliers 
and a large number of suppliers (Blome et al. 2014). It is 
driven by the number of suppliers in a firm’s supply base, 
the number of tiers in its supply chains, the geographic dis-
tribution of its supply base (Chand et al. 2022), and complex 

relationships with upstream supply chain members. Simi-
larly, Bode and Wagner (2015) define vertical complexity 
as the number of tiers in the supply chain and spatial com-
plexity as the geographic spread of the supply chain, both of 
which were associated with increased supply chain disrup-
tions. In their meta-analysis of 123 supply chain complexity 
studies, Akin Ateş et al. (2022) found that upstream detail 
supply chain complexity is associated with greater transac-
tion costs and information processing needs, reduced supply 
base control, challenges in obtaining consistent inputs from 
multiple suppliers, and increased probability of disruptive 
events. Upstream dynamic supply chain complexity incor-
porates the challenges of dealing with suppliers with differ-
ent cultures, languages and institutional environments, high 
search and evaluation costs in heterogeneous supply bases, 
difficulties in establishing collaborative relationships and 
building social capital, and reduced likelihood of receiving 
preferential supplier treatment (Akin Ateş et al. 2022), as 
well as logistical challenges related to the number of inter-
national borders crossed, number of transportation modes, 
and technical infrastructure of countries where suppliers are 
located (Prater et al. 2001).

In terms of internal supply chain complexity, key drivers 
include the variety and numerousness of parts and products, 
process complexity, and complexities associated with manag-
ing the product life cycle (Chand et al. 2022). An important 
dimension of internal supply chain complexity deals with 
the customizability, number of varieties, and intricacy of the 
products produced by a plant (Blome et al. 2014). Internal 
detail supply chain complexity results in increased inventory, 
reduced scheduling efficiency, higher probability of qual-
ity problems, and a higher chance of late deliveries. Internal 
dynamic supply chain complexity is caused by complexities in 
internal relationships, types of processes, and communication 
challenges (Akın Ateş et al. 2022; Flynn and Flynn 1999).

Drivers of downstream supply chain complexity include 
the number of customer orders, number of customer-specific 
product requirements, and customer demand variability 
(Chand et al. 2022). Downstream detail supply chain com-
plexity associated with larger numbers of customers is related 
to lower volumes per run and more downtime for changeovers. 
Downstream dynamic supply chain complexity associated 
with diverse customers reduces the efficiency with which the 
customer base is managed, while increased customer disper-
sion increases the amount of inventory held, increasing costs 
and cash-to-cash cycle times. For example, B2B firms expe-
rience lower downstream supply chain complexity because 
they deal more intimately with a smaller number of clearly 
delineated individual business customers. In contrast, B2C 
firms experience higher downstream supply chain complexity 
as they deal with thousands or millions of diverse individual 
consumers (Jacobs et al. 2015).
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Potential drivers of decreased performance associated 
with supply chain complexity include both structural and 
cognitive elements. Structurally, supply chain complexity 
increases the likelihood that an upstream process will not 
be able to meet the requirements of a downstream process 
(Gerschberger et al. 2017). From a cognitive perspective, 
supply chain complexity makes obtaining actionable infor-
mation more difficult, decreasing the predictive validity of 
management systems.

Supply chain complexity has been found to negatively 
impact supply networks, buying firms, and plants (Bode and 
Wagner 2015; Bozarth et al. 2009; Shou et al. 2017). The 
meta-analysis by Akin Ateş et al. (2022) shows that sup-
ply chain complexity negatively impacts plant performance 
in cost, quality, delivery, and flexibility through increased 
transactions costs for production, inventory, logistics and 
communication, reduced efficiency, long and unreliable 
lead times, difficulties in schedule attainment, and incon-
sistent product quality. The strongest effects on performance 
they found were for upstream detail complexity associated 
with using a large number of suppliers, including transac-
tion costs associated with managing a large supply base, 
increased information processing needs, managing het-
erogeneous suppliers, reduced supply base control, and an 
increased probability of disruptive events. Akin Ateş et al. 
(2022) found relatively less prior research on downstream 
supply chain complexity but concluded that it still suggested 
a negative relationship between downstream supply chain 
complexity and performance. Somewhat surprisingly, Akin 
Ateş et al. (2022) found a positive relationship between 
internal complexity and financial performance. They con-
clude that additional research is needed to understand when 
and where supply chain complexity is more detrimental to 
performance, in other words, the mechanism(s) by which 
supply chain complexity impacts performance.

2.2  Lean

Lean is a multifaceted approach to improving process flows 
while minimizing waste, based on JIT and synergistic practices 
focused on reducing throughput time (Hopp and Spearman 
2021). Waste reduction can take many forms, but practition-
ers and scholars agree that it is accomplished by creating an 
organization that sharply focuses on reducing inventory, reduc-
ing throughput times, and eliminating or reducing non-value-
added activities. A key area of emphasis of Lean is improved 
inter- and intra-organization information flows, often driven by 
higher levels of autonomy by employees and suppliers. Exam-
ples at the intersection of information flows and employee 
autonomy include Kanban production control and statistical 
process control, which complement small-lot flows and allow 
greater decision-making autonomy for frontline employees and 
more extensive partnering with first-tier suppliers. A precursor 

to reducing inventory and the implementation of Kanban is 
process improvement that results in reducing lead times and 
lead time variability.

Shah and Ward (2007) identify ten sets of practices that 
comprise the domain of Lean: pull (Kanban-based produc-
tion control), continuous flow, JITdelivery by suppliers, set-
up time reduction, total productive/preventive maintenance, 
statistical process control, employee involvement, supplier 
feedback, supplier development, and customer involvement. 
Although these sets of Lean practices constitute independent 
constructs, most implementations involve a holistic approach 
to Lean. Thus, although Shah and Ward (2007) further 
grouped their practice sets into “bundles” of related prac-
tices, they are typically not implemented as bundles, but as 
an integrated, holistic set of practices that yields synergies. 
For example, Cua et al. (2001) and Flynn et al. (1995) found 
that JIT-specific practices work synergistically with more 
generic best manufacturing practices like TQM, total pro-
ductive maintenance, and employee involvement to achieve 
positive manufacturing performance. However, much of the 
prior research on Lean neglects the supply chain context or 
only focuses on a single industry, thus, it does not give a 
holistic perspective of Lean and how its outcomes are influ-
enced by supply chain complexity (Tortorella et al. 2017).

As manufacturing plants outside of Japan began imple-
menting Lean in the late twentieth century, many struggled to 
achieve the marked improvements in operational and financial 
performance noted in Japan. Information processing theory 
(Galbraith 1974, 1977) provides a theoretical basis for under-
standing how Lean’s performance improvements may dimin-
ish as supply chain complexity increases. Galbraith (1974) 
broadly defines organizations to include what we now com-
monly call supply chains; thus, supply chain complexity limits 
the ability of manufacturers to preplan activities and increases 
the amount of information that must be processed during task 
execution (Bode et al. 2011; Srinivasan and Swink 2015; 
Wang et al. 2021). It stands to reason, then, that manufactur-
ing practices that involve preplanning or making decisions 
about activities significantly in advance of their execution will 
not work well in environments marked by high levels of sup-
ply chain complexity (Bode and Wagner 2015). Thus, man-
agers’ decision-making ability is hampered by supply chain 
complexity. Galbraith (1974, 1977) describes various types 
of dynamic complexity that make it difficult for managers to 
ascertain whether a decision will have the intended outcome, 
which may require managers to delay important decisions 
as they await accurate or more timely information, or it can 
cause them to hedge their decisions by dedicating additional 
resources or reducing their commitments.

Lean has been widely discussed in terms of its perfor-
mance benefits (Peralta et al. 2020; Jacobs et al. 2015), and 
Mackelprang and Nair (2010) present an extensive review 
and meta-analysis of the empirical research investigating the 
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link between Lean and performance. In synthesizing this 
research, they point out that Lean is an abstract construct, 
with different perspectives on the specific elements that 
comprise it. Lean is costly and disruptive to adopt because 
it requires substantial modification of ongoing tasks and 
responsibilities (Jacobs et al. 2015). Thus, it is important to 
understand the nuances of the mechanisms by which Lean 
is associated with performance improvements (Birkie and 
Trucco 2016; Tortorella et al. 2017).

3  Conceptual model and hypotheses

Without clear guidance from theory or previous research, we 
offer two competing mechanisms for explaining the role of 
supply chain complexity in the relationship between Lean 
and plant performance (Sparrowe and Mayer 2011). Compet-
ing theoretical models are appropriate when research is nas-
cent in a particular domain, intersects established domains, 
or spans the boundaries of existing theories (Barratt et al. 
2011; Gephart Jr 2004; Rungtusanatham et al. 2005). The 
moderation perspective specifies that performance associ-
ated with Lean is negatively moderated by exogenous supply 
chain complexity (see Fig. 1), implying that performance 
is contingent upon both the level of Lean and the level of 
supply chain complexity and that managers should coordi-
nate Lean with actions to reduce supply chain complexity. 
In contrast, the mediation perspective posits that Lean may 
be associated with higher levels of supply chain complexity 
which block some of the positive impact of Lean on per-
formance (see Fig. 2). Thus, the cost of Lean, coupled with 
its diminished impact on performance due to supply chain 
complexity, can make its implementation questionable.

3.1  The case for moderation

A strong argument can be made for supply chain complexity 
moderating the relationship between Lean and performance 

(Eckstein et al. 2015). In other words, Lean is more effective 
in low supply chain complexity contexts (Tortorella et al. 
2017). For example, high velocity organizations compete 
in complex environments characterized by high uncertainty 
and rapid change (Jacobs et al. 2015). Such environments 
are less supportive of Lean, diminishing its expected posi-
tive impact on performance. When supply chain complexity 
is low, Lean’s positive effects outweigh the negative effects 
of supply chain complexity, leading to benefits to firm per-
formance. However, beyond the point where the negative 
impact of supply chain complexity outweighs the positive 
impact of Lean, there is diminished performance as a plant 
must invest in additional equipment, distribution points, 
production lines, etc. to improve its performance (Menezes 
et al. 2021). This contingency approach suggests that con-
textual variables like supply chain complexity determine an 
organization’s performance in response to Lean (Tortorella 
et al. 2017). Because supply chain complexity is considered 
exogenous by the moderation perspective, managers are not 
able to influence or manipulate it in the short run (Tortorella 
et al. 2017).

For example, pull systems seek to coordinate material 
flows and inventory levels between supply chain links based 
on a pre-established demand rate and replenishment lead 
time. Although these systems attempt to limit replenish-
ment to only that driven by actual demand, they can pull 
unanticipated work into the process when demand is not 
highly stable. Pull systems thus only function well in highly 
repetitive environments and are less effective when imple-
mented under conditions of high demand volatility (greater 
downstream complexity). Suri (2016) provides an excellent 
analysis of how downstream complexity transforms Kanban 
into a push system that generates substantial excess inven-
tory. Similarly, to the extent that continuous flow production 
systems attempt to establish the flow of production units 
through a system prior to actual demand, they can flounder 
in high supply chain complexity environments unless the 
complexity is accommodated by suitable planning and con-
trol systems. In another example, because B2B firms have 
more predictable demand from less diverse customers than 
B2C firms do, they are better able to develop an understand-
ing of how to apply specific Lean practices to better meet 

Fig. 1  SC Complexity negatively moderates the relationship between 
Lean and Performance

Fig. 2  SC Complexity mediates the relationship between Lean and 
Performance
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their business needs (Jacobs et al. 2015). They have fewer, 
better documented relationships with their customers, who 
are more likely to appreciate the firm’s adoption of Lean as 
an indirect signal of the quality of its products.

The moderation perspective is supported by research 
on related initiatives. For example, Blome et al. (2014) 
position supply chain complexity as moderating the rela-
tionship between knowledge transfer and performance, 
viewing complexity as a “given” in the environment, with 
the potential to influence the effectiveness of various ini-
tiatives. Gimenez et al. (2012) found that more complex 
products typically require more complex supply chains, that 
in turn require additional information flows between sup-
ply chain members. Complex supply chains require higher 
levels of integration to achieve performance comparable to 
simpler supply chains (Gimenez et al. 2012). Information 
regarding problems is more difficult to track in a complex 
supply chain, causing problems to cascade through the 
chain without being detected (Bode and Wagner 2015). 
Further, although a firm may attempt to reduce its sup-
ply chain complexity and improve information flows by 
decreasing its number of first tier suppliers, complexity 
in supply chain tiers further upstream is often reflected in 
lower financial performance (Lu and Shang 2017).

In this way, contingent variables like supply chain com-
plexity may also explain why performance gains from Lean 
are often lower than expected (Mackelprang and Nair 2010). 
For example, Qi et al. (2009), using a sample of 604 Chinese 
manufacturing plants, show that Lean strategies (focused on 
waste reduction and streamlined flow) and Agile strategies 
(focused on responsiveness to demand) perform differently 
depending on the product type (internal supply chain com-
plexity). Lean tends to be associated with better performance 
in plants focused on functional products (lower downstream 
complexity), while an Agile strategy is more appropriate 
than Lean for innovative products (higher downstream com-
plexity). This contingency (mis)match of Lean to upstream, 
internal, and downstream complexity has been demonstrated 
using large secondary datasets. Azadegan et al. (2013) dem-
onstrate that environmental dynamism (a form of complex-
ity) negatively moderates the effect of Lean on performance. 
As the environment becomes more dynamic (complex), it is 
more difficult to synchronize production and establish causal 
attribution to changes in manufacturing systems. Examin-
ing inventory records for publicly traded firms, Eroglu and 
Hofer (2011) established that the relationship between Lean 
and performance varies in functional form by industry. Over 
half the industries they studied had an inverted U-shaped 
relationship between Lean and performance. The authors 
surmise that this is because some plants, given their inherent 
operating conditions (supply chain complexity), can become 
too lean. For a given level of complexity within an indus-
try, reducing inventory too much increases costs and offsets 

potential savings from Lean’s lower inventory levels. Lu and 
Shang (2017) noted that detail complexity had an inverted 
U-shaped relationship with financial performance, which 
they attributed to bounded rationality; managers have limited 
cognitive capability for dealing with complexity and their 
decision-making ability may be compromised when they are 
overwhelmed. Thus, detail complexity can lead to improved 
financial performance up to a certain level of supply chain 
complexity, after which financial performance declines. On 
the other hand, they noted a U-shaped relationship between 
dynamic complexity and performance, as supply chain com-
plexity can be a result of capitalizing on opportunities that 
result in financial gains.

In summary, the supply chain complexity inherent in the 
business environment diminishes managers’ ability to iden-
tify and act upon critical information required to manage 
Lean, according to the moderation perspective. As supply 
chain complexity increases, synchronizing a plant’s Lean 
system with supply chain complexity becomes more diffi-
cult, diminishing the performance improvements normally 
realized from Lean.

H1: Higher levels of supply chain complexity will 
negatively moderate the impact of Lean on plant-level 
performance.

3.2  The case for mediation

The case for mediation positions supply chain complexity 
as an unintended effect of Lean, which subsequently influ-
ences performance (Chand et al. 2022). Lean is a complex 
intervention that requires modification of many practices 
and operating principles, increasing internal complexity 
(Soliman and Saurin 2022). Lean’s many interacting com-
ponents and synergies require changes to behaviors that cut 
across different organizational levels, impact a variety of 
outcomes, require customization to the local context, and 
can lead to unintended consequences (Soliman and Saurin 
2022), resulting in increased levels of dynamic complexity. 
In other words, the steps taken to implement Lean result in 
increases to supply chain complexity, which can diminish 
Lean’s potential (Prater et al. 2001). Thus, the case for medi-
ation is based on the notion that Lean can cause increased 
supply chain complexity, rather than simply being a passive 
victim of it, as the moderation perspective suggests.

Further, many of the characteristics that support the 
strategic goals of Lean also drive supply chain complexity. 
Thus, organizations that are able to accommodate supply 
chain complexity may have an advantage over those that 
focus only on reducing it. As firms chase higher profitability, 
they have “proliferated nearly everything: products, custom-
ers, markets, suppliers, facilities, locations, etc. (Mariotti 
2007; Menezes et al. 2021).” Although such proliferation 
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often results in increased revenues, it is rarely reflected in 
increased profitability (Menezes et al. 2021). Thus, an argu-
ment can be made for a mediating effect of supply chain 
complexity on the relationship between Lean and perfor-
mance. Menezes et al. (2021) describe the “complexity cri-
sis” where product variety, multi-market, and multi-channel 
strategies are valued because of their positive impact on 
sales and market performance, yet the supply chain complex-
ity they introduce can negate potential performance gains.

For example, Saunders et al. (2021) found that delayed 
deliveries of a part used in multiple products (due to Lean’s 
reduction of design redundancies) caused frequent produc-
tion stoppages and subsequent interruptions of customer 
deliveries. Although Lean’s prescribed demand pooling for 
this single, low-cost part used across 36 SKUs was expected 
to lead to performance improvements, long and variable lead 
times coupled with correlated demand for the end products 
led to frequent stock-outs. To prevent Lean from being fre-
quently forced to stop production to deal with stock-outs, 
Soliman and Saurin (2022) and Saunders et al. (2021) rec-
ommended that plants should add flexibility in the form of 
additional inventory, which increases internal complexity. 
In another example, a recent case study found that Lean 
requires increased resources and time to cope with result-
ing supply chain complexity (Soliman and Saurin 2022). 
Dynamic complexity in the form of demand variability, 
unreliable or long supplier lead times, and unstable master 
production schedules, can degrade the performance of Kan-
ban, JIT deliveries, and continuous flow systems (Birkie and 
Trucco 2016). This internal complexity makes it difficult 
for managers to preplan or make decisions about manufac-
turing activities in advance of their execution (Schmenner 
and Swink 1998; Soliman and Saurin 2017). Closs et al.'s 
(2008) simulation results show that fill-rate performance 
is negatively affected by downstream complexity, includ-
ing product line breadth, demand uncertainty, and its skew 
pattern across the periods in any given planning horizon. 
The negative effects of lower fill-rates can impact multiple 
operations relying on the same parts, and the complexity of 
products leads to more frequent process disruptions (Inman 
and Blumenfeld 2014).

Thus, there are multiple ways in which Lean can directly 
increase supply chain complexity. Frequent production inter-
ruptions, production schedule changes, and expediting of 
incoming parts negatively impact customer deliveries, costs, 
and plant competitiveness. Thus, Lean may be associated 
with greater supply chain complexity, which in turn is asso-
ciated with diminished performance.

However, the above analysis is predicated on the 
assumption that Lean increases dysfunctional sup-
ply chain complexity which necessarily has a negative 
impact on performance. Dysfunctional supply chain com-
plexity is “deleterious” complexity that is not required 

for achievement of a business unit’s strategy (Turner 
et al. 2018). Because it prevents a plant from achieving 
improved performance, dysfunctional supply chain com-
plexity should be reduced to the extent possible. On the 
other hand, strategic supply chain complexity is beneficial 
to a plant. When Lean increases strategic supply chain com-
plexity, the resulting performance improvements exceed 
the cost of the complexity increase. Further, strategic com-
plexity is required to execute a business unit’s competitive 
strategy (Turner et al. 2018). Examples of strategic supply 
chain complexity include higher levels of customization 
to target new markets, globally diverse supply chains, and 
expanded sets of targeted customers (Turner et al. 2018). 
This suggests that increasing supply chain complexity 
resulting from Lean, properly managed, may positively 
impact performance. Thus, the mediating effect of supply 
chain complexity on the relationship between Lean and per-
formance can be either positive or negative (Blome et al. 
2014), depending on whether specific practices contribute 
to strategic complexity or dysfunctional complexity (Soli-
man and Saurin 2022).

We therefore hypothesize that the level of supply chain 
complexity mediates the relationship between Lean and 
plant-level performance, as follows:

H2: Supply chain complexity will mediate the effect 
of Lean on plant-level performance.

4  Methodology

4.1  Sample

This study uses data from the third round of the High Per-
formance Manufacturing (HPM) project data set, which is 
the same data set used by Bozarth et al.'s (2009) study of 
supply chain complexity. It is comprised of responses from 
plants in three industries (machinery, electronics, and trans-
portation components) in seven countries (Austria, Finland, 
Germany, Japan, South Korea, Sweden, and the U.S.) The 
sample plants were randomly selected from the sampling 
frame in each country. All plants had at least 100 employees 
and had different parent corporations. Participating plants 
received a profile comparing their performance on a variety 
of measures to responses from other plants in their industry, 
as an incentive for participation.

4.2  Instrument

Upon agreeing to participate, each plant was sent a battery of 
23 separate questionnaires, each targeted at the respondent 
who was best informed about the content of the question-
naire. For instance, HR managers were questioned about 
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employee involvement efforts in the plants, while production 
and inventory managers were asked questions regarding sup-
plier delivery performance. A mix of item types, multiple 
respondents per measure, and some reversed scales were 
used to minimize the potential for common methods vari-
ance (Crampton and Wagner III 1994).

4.3  Operationalization of measures

4.3.1  Independent variables

Lean Our operationalization of Lean is based on a holistic view 
reflecting the perspective of manufacturing plants that imple-
ment Lean as a system of practices, rather than in a piecemeal 
fashion. Their goal is to replicate the Toyota Production Sys-
tem, or at least its performance. Thus, we created a Lean index.
We started with the instrument that Shah and Ward (2007) 
developed and tested to measure their Lean dimensions 
described above. We attempted to replicate their measure-
ment by building measures from items in the HPM dataset. 
We first identified conceptually similar measures of their 
dimensions. As many of Shah and Ward’s items were based 
on previous research using the HPM data set, we had access 
to similar constructs and nearly identical items, thus we 
developed measures with high face validity with the Shah and 
Ward (2007) measures. After mapping relevant HPM items to 
Shah and Ward’s (2007) factors (see Appendix A), we tested 
content validity using a Q-sort procedure (see Appendix B), 
then further refined the measures using factor analysis (see 
Appendix C). To operationalize the Lean index, we began by 
conducting inter-rater reliability analysis for each dimension 
of Lean, since the HPM data project used multiple respond-
ents for each measure, in order to prevent common method 
bias. As reported in Appendix D, this analysis yielded satis-
factory results, so we then calculated mean scores across the 
responses within each dimension and summed the dimension 
means for each plant to develop the Lean index.

Supply chain complexity In operationalizing supply chain 
complexity, we began with Bozarth et al.’s (2009) set of 
twelve measures of supply chain complexity  upstream 
(number of suppliers, lead time variability, supplier deliv-
ery reliability, percent of international purchases), internal 
to the firm (number of parts, number of products, sched-
ule instability, process type), and downstream (number of 
customers, customer heterogeneity, demand variability, 
product life cycle variability). All measures were scaled so 
that higher values represented greater supply chain com-
plexity. The measures for number of customers, number 
of products, product life cycle variability, number of parts, 
number of suppliers, and percent of international purchases 
were log transformed, to adjust for normality. The meas-
ure for process type was transformed to an ordinal value 
where –1 = continuous flow process, 0 = line or large batch 
process, and + 1 = job shop or small batch process. Because 
of the potential for overlap between these measures, we 
ran a principal components factor analysis with orthogo-
nal rotation. As a result, we developed three new measures 
that each incorporated several of Bozarth et al.'s (2009) 
original measures. Flow variability includes demand vari-
ability, process type, and schedule instability, which builds 
on overlap between downstream and internal complexity. 
Similarly, number of inputs combines two measures of 
detail complexity: an upstream complexity factor (number 
of suppliers) and an internal complexity factor (number of 
parts). Finally, supplier variability combines two measures 
of upstream dynamic complexity: lead time variability and 
supplier delivery reliability. The three new measures and 
the five final measures of supply chain complexity used by 
Bozarth et al. (2009) are found in Table 1.

Control variables Covariates were used to control for potential 
industry and country effects. Two dummy variables described 
plant membership in the three industries, and six dummy vari-
ables described plant location across the seven countries.

Table 1  Summary of Variables

Control Variables Lean Composite Index Supply Chain Complexity Performance

Industry
• Electronics
• Machinery
• Transportation Components
Country
• Austria
• Finland
• Japan
• Germany
• South Korea
• Sweden
• United States

• Supplier Development
• Supplier Feedback
• Supplier Selection
• Kanban
• SPC
• Employee Input
• Employee Teams
• Lean Systems
• External Pull
• Customer Development

Detail
• # Inputs
• # Products
• # Customers
Dynamic
• Flow Variability
• Supply Variability
• % International Purchases
• Life Cycle Variability
• Customer Heterogeneity

• Unit Cost
• Schedule Attainment
• Margin
• Customer Satisfaction
• Plant Competitiveness
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4.3.2  Dependent variables

Five dependent variables measured aspects of plant perfor-
mance. Unit cost, schedule attainment, and customer satis-
faction were measured using multi-item measures that rated 
how well a plant performed on a particular measure, relative 
to its competitors. Operating margin was calculated for each 
plant as:

Plant competitiveness was operationalized as a 
weighted index, as follows. Plant managers were asked to 
assign a level of criticality to ten strategic and operational 
goals: unit cost of manufacturing, conformance to product 
specifications, on-time delivery performance, fast deliv-
ery, flexibility to change product mix, flexibility to change 
volume, inventory turnover, cycle time, development lead 
time, and product capability and performance. Relative 
importance (Imp)  is rated from 1 = Least Important to 
5 = Absolutely Critical. The managers were then asked 

Operating
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=

⎡

⎢

⎢

⎢
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Operating
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+
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and equipment
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⎤

⎥
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⎥
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how well the plant had achieved these goals (Ach), rated 
from 1 = Poor to 5 = Superior. The goals and achievement 
scores were standardized across each response (by row in 
the dataset), then multiplied. Thus, the competitiveness of 
a plant is operationalized as:

Table 2 lists the variables analyzed in the regression equa-
tions and shows the principal components factor loadings.

5  Analysis and results

5.1  Descriptive statistics and correlations

Table 3 shows the descriptive statistics and correlation 
matrix for the measures. It reveals that there is no multi-
collinearity between the dimensions of supply chain com-
plexity, although several of them are correlated with Lean. 

Plant Competitivenessn =

10
∑

i=1

[

Impi − Avg(Imp(1−10))

StDev(Imp(1−10))

×
Achi − Avg(Ach(1−10)

)

StDev(Ach(1−10))

]

Table 2  Supply Chain Complexity Factor Loadings

Final Supply Chain Complexity Measures

Original 
Measures

Flow 
Variability

# Inputs  Supply 
Variability

# Customers % International 
Purchases

Life Cycle 
Variability

Customer 
Heterogeneity

# Products Communality 
Estimate

Demand 
variability

0.817 0.021 0.063 -0.019 -0.108 0.104 0.175 0.131 0.742

Process type 0.705 0.210 -0.106 0.290 0.291 -0.029 -0.270 -0.039 0.796
Schedule 

instability
0.675 0.217 0.081 -0.239 0.018 -0.128 0.225 -0.027 0.634

# Suppliers 0.087 0.847 -0.078 0.076 0.000 -0.128 0.118 0.076 0.773
# Parts 0.264 0.696 -0.052 0.320 -0.277 0.213 0.084 0.068 0.985
Leadtime 

variability
-0.042 -0.217 0.886 0.119 -0.085 0.061 -0.140 0.097 0.888

Supplier 
delivery 
reliability

0.312 0.461 0.624 -0.295 0.208 -0.049 0.027 -0.040 0.835

# Customers -0.047 0.181 0.032 0.911 -0.054 -0.049 0.057 0.007 0.875
% International 

purchases
0.024 -0.091 -0.008 -0.062 0.943 0.091 0.095 0.019 0.920

Life cycle 
variability

-0.007 -0.022 0.037 -0.039 0.089 0.967 -0.051 0.110 0.961

Customer 
heterogeneity

0.171 0.161 -0.127 0.065 0.102 -0.053 0.900 -0.041 0.901

# Products 0.069 0.097 0.069 0.010 0.017 0.111 -0.037 0.976 0.767
Prob > ChiSq < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.000 0.002 0.013 0.023
Variance 1.83 1.63 1.23 1.19 1.11 1.06 1.02 1.01
% variance 

explained
15% 14% 10% 10% 9% 9% 9% 8%
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For the dependent variables, Unit Cost was significantly 
correlated with Schedule Attainment and Plant Competi-
tiveness, and Schedule Attainment was correlated with 
Customer Satisfaction.

5.2  Criterion‑related validity

To confirm the criterion validity of the supply chain com-
plexity measures and the Lean index, we ran a direct effects 
regression model. The model regressed the eight sup-
ply chain complexity measures and Lean against the five 
performance measures, using seemingly unrelated regres-
sion (SAS 2018), which allows simultaneous estimation of 
multiple regression equations and mitigates against biased 
estimators related to correlated dependent variables. In the 
first step, the OLS estimates are calculated. The residuals 
are then used to determine the correlation between the six 
equations. In the second step, these correlations are used to 
determine unbiased parameter estimates.

Table 4 indicates that various measures of supply chain com-
plexity were related to all five measures of performance. With 
one exception, all the relationships were negative, confirming 
the finding of the prior research that higher levels of supply 
chain complexity are related to lower levels of performance 
(Akin Ateş et al. 2022). Similarly, Lean is positively related 
to dimensions of performance, replicating prior findings that 
higher levels of Lean are related to higher levels of performance 
(Mackelprang and Nair 2010). Thus, the findings in Table 4 
support the criterion-related validity of our measures.

The significant positive relationship between number of 
customers and both Plant Competitiveness and Schedule 
Attainment warrants further discussion. It indicates that plant 
competitiveness and schedule attainment are enhanced by 
the number of customers, a measure of detail complexity. 
Combined, the findings in Table 4 suggest that most of our 
supply chain complexity measures represent dysfunctional 
complexity, but that the number of customers may be a meas-
ure of strategic complexity. For example, while having more 

Table 3  Descriptive Statistics and Correlations

*p < .05; **p < .01; ***p < .001

(a) Independent Variables

Lean Flow Variability # Inputs Supply 
Variability

# Customers % International 
Purchases

Life Cycle 
Variability

Customer 
Heterogeneity

# Products

Lean 1 -0.280*** -0.218** -0.629*** -0.003 -0.016 0.076 0.011 -0.053
Flow variability 1 0.030 0.005 -0.035 -0.011 0.017 0.030 0.007
# Inputs 1 -0.001 0.008 0.011 -0.050 0.002 0.009
Supply variability 1 -0.017 0.015 -0.004 -0.009 0.020
# Customers 1 -0.025 0.022 0.017 0.010
% International 

purchases
1 -0.006 0.021 -0.032

Life cycle 
variability

1 -0.006 0.045

Customer 
heterogeneity

1 0.000

# Products 1
n 210 210 210 210 210 210 210 210 210
Mean 0 -0.005 -0.040 0.008 -0.009 -0.003 0.007 0.013 -0.008
Std. Dev 1 0.982 0.927 0.927 0.927 0.938 0.873 0.976 0.889

(b) Dependent Variables

Unit Cost Schedule Attainment Customer Satisfaction Operating 
Margin

Plant Competitiveness

Unit cost 1 0.233** 0.128 0.114 0.228***
Schedule attainment 1 0.378*** -0.025 0.142*
Customer satisfaction 1 0.057 -0.015
Operating margin 1 0.136
Plant competitiveness 1
n 210 210 210 210 210
Mean 0 0 0 0 0
Std. Dev 1 1 1 1 1
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customers increases the complexity of managing relation-
ships with them, there are undeniable benefits to competi-
tive performance of having a greater number of customers. 
Thus, our analysis of criterion-related validity suggests that 
flow variability, number of inputs, and supply variability are 
valid measures of dysfunctional complexity, while number of 
customers is a valid measure of strategic complexity. Thus, 
we expect that number of customers may function differently 
as a mediator or moderator than the other measures of sup-
ply chain complexity. Our findings did not support criterion-
related validity for percent of international purchases, life 
cycle variability, customer heterogeneity, and number of 
products as measures of supply chain complexity.

5.3  Analysis of moderation effects

After confirming criterion-related validity of our factors, we 
ran the moderated regression model. Table 5 contains the 
results from the SAS Proc Syslin procedure, in which the con-
trol variables, direct effects, and interaction effects were all 
mean-centered. A robustness check was performed using the 
SAS Proc Process (Hayes 2017) and the SAS Mediation Macro 
(Valeri and VanderWeele 2013) yielding similar results.

The results for the main effects of Lean and supply chain 
complexity were similar to the results described in Table 4. 

Measures of supply chain complexity were associated with 
four of the five dimensions of performance (the coefficient 
for flow variability decreased slightly in the presence of the 
interaction terms and was no longer significant). Dimen-
sions of supply chain complexity were negatively associ-
ated with Unit Cost, Schedule Attainment, and Operating 
Margin, illustrating the effect of dysfunctional complexity. 
Interestingly, both significant measures of detail complexity 
(number of inputs and number of customers) were positively 
associated with Plant Competitiveness, functioning as meas-
ures of strategic complexity. Number of customers continued 
to be positively associated with Schedule Attainment.

Our results revealed a single moderating effect. Customer 
heterogeneity, although nonsignificant as a main effect, mod-
erated the relationship between Lean and Schedule Attain-
ment, such that it was stronger in the presence of more hetero-
geneous customers. Overall, our results suggest that support 
for supply chain complexity moderating the relationship 
between Lean and performance is weak, failing to support  H1.

5.4  Analysis of mediation effects

Mediation was tested using the SAS Proc Syslin two-stage 
least squares regression procedure. Each equation was run 
separately, due to d.f. limitations in the first stage equation. 

Table 4  Regression Results for Criterion-Related Validity

*p < .05; **p < .01; ***p < .001

Unit Cost Schedule Attainment Customer 
Satisfaction

Operating 
Margin

Plant Competitiveness

Intercept -0.19 0.31 0.38 0.16 -0.21
Industry1 0.42** -0.27 0.3 0.11 0.3
Industry2 0.25 -0.08 0.3 -0.19 0.2
Country1 -0.06 -0.34 -0.58** -0.38 -0.03
Country2 -0.15 -0.18 0.02 0.37 0.55
Country3 0.04 -0.06 -1.32*** -0.21 0.01
Country4 0.19 -0.11 -0.23 0.18 0
Country5 -0.36 -0.25 -0.51 -0.85* -0.53
Country6 0.03 -0.51 -1.05*** -0.27 0.29
Lean 0.07 0.32*** 0.39*** -0.1 0.11
# Inputs -0.04 -0.18** 0.05 -0.18* -0.19*
# Products -0.13 0.09 -0.02 -0.02 -0.13
# Customers -0.01 0.17** -0.02 0.02 0.18*
Flow variability -0.33*** -0.20** -0.17* -0.02 -0.13
Supply variability -0.17 -0.41*** -0.1 -0.08 -0.02
% International purchases -0.07 0.05 0 0.1 -0.12
Life cycle variability 0.09 -0.09 -0.1 -0.07 0.03
Customer heterogeneity 0.09 -0.03 -0.01 0.02 0.14
d.f 187 187 187 187 187
F 2.56 12.22 8.3 2.23 3.1
Adj.  R2 0.12 0.5 0.4 0.1 0.16
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For each equation, the supply chain complexity variable was 
set as endogenous, with the control variables and Lean as 
predictors. The first stage of mediation analysis regresses 
the predictors on the endogenous variable to form the pre-
dicted value of the supply chain complexity variable in ques-
tion. In the second stage, the control variables and Lean 
are regressed on the performance variable and added to the 
first stage’s predicted variable. SAS Proc Syslin is similar 
to Baron and Kenny's (1986) well-known approach, with 
several important distinctions. Proc Syslin simultaneously 
estimates the second stage equations and allows for correla-
tion of the error terms among the predicted endogenous, 
exogenous, and dependent variables. This relaxation of 
the standard ordinary least squares (OLS) independence 
assumption reflects more recent thinking on mediation, 
based on the possibility of missing effects (Valeri and Van-
derWeele 2013). This approach can be viewed as hybrid of 
structural equation modeling (SEM) and OLS. Like regres-
sion, control variables can easily be entered into the equation 
and standard fit statistics for regression are used to assess 
significance. Like SEM, this approach also allows the analy-
sis to address the possibility of non-independent errors.

We find that multiple supply chain complexity variables 
mediate the relationship between Lean and performance. 
These mediated effects are substantial and, in many cases, 

negate the positive effects driven by Lean implementation. 
For example, the first stage analysis predicts that plants 
that are one standard deviation higher in Lean should 
expect to be 0.29 standard deviations more competitive 
in Unit Cost (in the upper  60th percentile). However, if a 
plant is one standard deviation higher in supply variability, 
it will perform slightly below average (0.29–0.38 = –0.09) 
in Unit Cost. Similar results are seen throughout Table 6., 
which reveals that the relationship between Lean and Unit 
Cost is negatively mediated by flow variability, supply 
variability, and number of products. The relationship 
between Lean and Schedule Attainment is mediated by 
all measures of supply chain complexity except flow vari-
ability. Number of inputs, supply variability, number of 
customers and number of products negatively mediate this 
relationship while international sourcing, life cycle vari-
ability, and customer heterogeneity positively mediate this 
relationship. Lean’s effect on Operating Margin is fully 
mediated by number of customers (positive) and number of 
products (negative). Lastly, supply chain complexity medi-
ates Lean’s effect on Plant Competitiveness; international 
sourcing, customer heterogeneity, and number of products 
negatively mediate this relationship, whereas number of 
customers and product life cycle variability positively 
mediate it. Thus,  H2 was strongly supported.

Table 5  Moderated Regression Results

Control variables were entered in the first step of this analysis, but their effects are not shown here, in the interest of space
*p < .05; **p < .01; ***p < .001

Unit Cost Schedule Attainment Customer 
Satisfaction

Operating 
Margin

Plant Competitiveness

Lean 0.10 0.33*** 0.41*** -0.09 0.09
# Inputs -0.02 -0.16** 0.05 -0.20* 0.20*
# Products -0.15 0.06 -0.02 -0.04 -0.14
# Customers 0.00 0.19*** -0.02 0.02 0.20*
Flow variability -0.32* -0.20** -0.16 -0.01 -0.16
Supply variability -0.16 -0.40*** -0.07 -0.09 -0.06
% International purchases -0.06 0.05 0.01 0.10 -0.13
Life cycle variability 0.09 -0.09 -0.10 -0.05 0.02
Customer heterogeneity 0.10 -0.03 -0.02 0.02 0.14
Lean x # Inputs 0.00 0.07 0.04 0.04 0.12
Lean x # Products -0.04 -0.03 0.04 0.03 -0.04
Lean x # Customers -0.03 -0.09 -0.01 -0.05 -0.09
Lean x Flow variability 0.05 0.02 -0.01 0.02 -0.05
Lean x Supply variability -0.01 -0.06 0.10 -0.09 -0.09
Lean x % Int’l. purchases -0.04 -0.10 -0.07 0.06 -0.03
Lean x Life cycle variability 0.02 0.00 0.03 0.09 -0.09
Lean x Cust. heterogeneity -0.02 0.12* 0.09 0.01 -0.06
d.f 187 187 187 187 187
F 1.75 9.19 5.87 1.63 2.53
Adj.  R2 0.09 0.52 0.39 0.08 0.17
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6  Discussion

6.1  Summary of results

This research focuses on the role played by supply chain 
complexity in the relationship between Lean and plant 
performance. This is important because Lean, although 
widely implemented, sometimes yields performance that 
is not as strong as expected. We examine the role of supply 
chain complexity in this relationship through two lenses. 
First, we position supply chain complexity as moderat-
ing the relationship between Lean and plant performance, 
taking a “complex and Lean” perspective. This perspec-
tive positions supply chain complexity as inevitable in 
today’s dynamic global business environment, examining 
whether Lean will be as effective as expected in such an 
environment. Thus, it views supply chain complexity as an 
exogenous factor upon which plant-level managers have 
limited influence. Alternatively, we position supply chain 
complexity as mediating the relationship between Lean 
and plant performance, taking a “Lean and complex” per-
spective. It views increasing supply chain complexity as 
a consequence of Lean that potentially has a direct effect 

on plant performance. In other words, practices meant 
to reduce waste may have the unintended consequence 
of also increasing a plant’s supply chain complexity. If 
the negative effect of increased complexity exceeds the 
benefits of Lean, it will be reflected in diminished plant 
performance. Thus, the mediation approach views sup-
ply chain complexity as endogenous to a plant, capable 
of being influenced by managerial decisions. Combined, 
these two perspectives allow us to dig into the nuances of 
supply chain complexity, to explore mechanisms behind 
the relationship between Lean and performance.

There were several important findings. First, our criterion-
related validity analysis found that Lean, considered in iso-
lation, was positively related to several measures of perfor-
mance. This is consistent with the extensive prior literature 
supporting the expected benefits of Lean (Mackelprang and 
Nair 2010). Also, as expected, we found that supply chain 
complexity was related to plant performance. Similar to 
results found by Akin Ateş et al. (2022), aspects of supply 
chain complexity were significantly associated with every 
measure of plant performance, and different aspects of sup-
ply chain complexity were related to each measure of plant 
performance, illustrating the importance of measuring this 

Table 6  Mediated Regression Results

*p < .05; **p < .01; ***p < .001

Unit Cost Schedule Attainment Customer 
Satisfaction

Operating Margin Plant 
Competitiveness

Est Est Est Est Est

(SE) R2 (SE) R2 (SE) R2 (SE) R2 (SE) R2

FIRST STAGE:
Lean 0.29** 0.12 0.61*** 0.40 0.47*** 0.43 -0.09 0.15 0.17*** 0.15

(0.08) (0.06) (0.06) (0.08) (0.07)
SECOND STAGE:
# Inputs -0.13 0.00 -0.90*** 0.08 -0.50** 0.03 0.09 0.00 -0.08 0.00

(0.21) (0.21) (0.20) (0.19) (0.19)
# Products -0.33* 0.02 -0.27 0.01 -0.32* 0.02 -0.53** 0.05 -0.33* 0.02

(0.15) (0.15) (0.15) (0.18) (0.15)
# Customers 0.29 0.02 0.02 0.00 -0.65*** 0.06 0.37* 0.03 0.58*** 0.06

(0.17) (0.16) (0.18) (0.18) (0.16)
Flow variability 0.21* 0.02 -0.41*** 0.08 0.03 0 0.12 0.01 -0.04 0

(0.10) (0.10) (0.10) (0.11) (0.10)
Supply variability -0.38*** 0.06 -0.81*** 0.28 -0.68*** 0.18 0.09 0.00 -0.16 0.01

(0.11) (0.09) (0.10) (0.12) (0.11)
% International purchases -0.18 0.01 -0.11 0.00 0.48** 0.05 -0.19 0.01 -0.43** 0.04

(0.16) (0.14) (0.15) (0.15) (0.15)
Life cycle variability -0.19 0.00 0.56 0.02 0.65* 0.02 -0.48 0.00 0.51 0.01

(0.30) (0.31) (0.32) (0.56) (0.31)
Customer heterogeneity 0.07 0.00 0.15 0.00 0.37* 0.03 -0.19 0.01 -0.43* 0.03

(0.16) (0.15) (0.16) (0.18) (0.18)
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multi-dimensional construct by its individual elements, rather 
than as a formative measure. Most of the significant relation-
ships were negative, supporting the literature on the expected 
detrimental effect of supply chain complexity on performance. 
However, number of customers (a measure of detail complex-
ity) was positively associated with both Schedule Attainment 
and Plant Competitiveness. This suggests that the number of 
customers may represent strategic supply chain complexity, 
while the other significant aspects represent dysfunctional 
complexity.

Second, although our moderation analysis revealed direct 
effects similar to those described above, there was very lit-
tle evidence supporting moderation effects of supply chain 
complexity in the relationship between Lean and plant per-
formance. This result differs from several studies that have 
found that Lean’s performance improvements are moder-
ated by aspects of supply chain complexity (e.g. Azadegan 
et al. 2013; Birkie and Trucco 2016). Only a single aspect 
of supply chain complexity (customer heterogeneity) had a 
significant moderating effect. At first glance, this is a sur-
prising result. The level of supply chain complexity in the 
business environment has certainly increased and continues 
to increase; however, this is not related to the relationship 
between Lean and plant performance. We believe that this 
indicates that managers have grown accustomed to increas-
ing levels of supply chain complexity in the business envi-
ronment and have been able to successfully accommodate 
it. Thus, although supply chain complexity continues to 
increase, managers are able to implement Lean effectively 
within this changing environment. This is supported by prior 
empirical findings on the benefits of Lean (Browning and 
de Treville 2021).

Third, our mediation analysis strongly supported a medi-
ating role for supply chain complexity. The first stage of the 
analysis revealed a positive relationship between Lean and 
almost every measure of plant performance. However, the 
second stage analysis indicated that higher levels of Lean 
were associated with many aspects of supply chain com-
plexity, reflected in their significant increases to  R2. This 
was true for multiple aspects of supply complexity for every 
dimension of performance. Thus, we conclude that supply 
chain complexity mediates the relationship between Lean 
and plant performance. Further, this may explain the statisti-
cal results from the two meta-analyses in the Lean and sup-
ply chain complexity domains. Both Mackelprang and Nair 
(2010) and Akin Ateş et al. (2022) tested for the likelihood 
of additional contextual variables using heterogeneity analy-
sis. These studies found evidence that moderating or miss-
ing variables are required to explain relative performance 
across the studies in their samples. Our results indicate that 
supply chain complexity may be the missing variable in the 
Lean–performance relationship and alternatively, the chosen 

production system is the missing variable in the complex-
ity–performance relationship.

Fourth, examination of the significant mediating rela-
tionships yields additional insights. Although most of the 
mediation effects were negative, implying that Leaner 
plants tend to have higher levels of dysfunctional supply 
chain complexity, which in turn has a detrimental associa-
tion with plant performance, some of the significant medi-
ating relationships were positive, indicating the presence 
of strategic supply chain complexity. Specific examples of 
strategic supply chain complexity and associated positive 
performance include % international purchases, life cycle 
variability and customer heterogeneity for Customer Sat-
isfaction; number of customers for Unit Cost; number of 
customers for Operating Margin; and number of custom-
ers for Plant Competitiveness. Though these results appear 
counterintuitive, they may indicate that Lean plants focus 
on placing emphasis on maximizing customer value. To 
accomplish this, Lean plants decrease costs through inter-
national purchases, manage product life cycles, and sell to a 
large and diverse customer base. Though they face penalties 
from dysfunctional supply chain complexity, Lean plants 
are rewarded with customer satisfaction and margins. How-
ever, these trade-offs must be carefully managed (Browning 
and Heath 2009; Sharma et al. 2020). The negative effect of 
dysfunctional supply chain complexity on performance can 
easily negate the benefits from strategic complexity. Many 
of the coefficients for dysfunctional supply chain complex-
ity were highly significant, including supply variability and 
number of products for Unit Cost, number of inputs and sup-
ply variability for Schedule Attainment, number of inputs, 
supply variability and number of customers for Customer 
Satisfaction, and percent international purchases, customer 
heterogeneity and number of products for Plant Competitive-
ness. Critically, the combined effects for ten of the mediating 
relationships were negative. The trade-off between strategic 
and dysfunctional supply chain complexity may be difficult 
to manage, as demonstrated by examining the combined 
effects of Lean and supply chain complexity on Operating 
Margin. The direct effect shows that a Lean plant improves 
Operating Margins by increasing the number of customers 
its serves (+ 0.37). However, if managers of a Lean plant 
increase the number of customers by increasing the number 
of products (–0.53), the net effect is to lower operating mar-
gins by –0.16 (0.37–0.53). Thus, increasing the number of 
customers by increasing the number of products can result 
in lower performance.

Fifth, the robust design of the HPM project and its data 
supports the reliability and validity of these findings. Spe-
cifically, because the data was collected from manufacturing 
plants in seven countries, the generalizability of the findings 
is enhanced. In addition, the use of multiple well-informed 
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respondents within each plant and our detailed inter-rater 
reliability analysis supports the reliability of our findings.

Finally, our results show the importance of broadly defin-
ing supply chain complexity to include both detail (num-
ber of inputs, number of customers, number of plants) and 
dynamic (flow variability, supply variability) complexity. 
This allows a more nuanced examination of the role of sup-
ply chain complexity in the relationship between Lean and 
plant performance We found examples of both dysfunctional 
and strategic complexity among the significant mediating 
effects for all four performance measures with significant 
first stage effects. In addition, some aspects of supply chain 
complexity functioned as strategic supply chain complexity 
for some measures of plant performance and as dysfunc-
tional supply chain complexity for others. For example, 
number of customers (detail supply chain complexity) was 
a strategic source of complexity for Plant Competitiveness, 
but a dysfunctional source of supply chain complexity for 
Customer Satisfaction. Similarly, customer heterogene-
ity (dynamic complexity) was a source of strategic supply 
chain complexity for Customer Satisfaction, while it was a 
source of dysfunctional supply chain complexity for Plant 
Competitiveness.

6.2  Contributions to research

Our findings make important contributions to the litera-
ture on both Lean and supply chain complexity. While 
our findings generally support the beneficial relationship 
between Lean and plant performance, we find that Lean 
may contribute to increased supply chain complexity in 
some cases, with a detrimental effect on performance. 
This complements previous research on the negative 
effect of uncertainty and variability on Lean but expands 
the explanation to include detail complexity. Thus, our 
research provides an important and more complete expla-
nation for why Lean is not always associated with expected 
performance improvements. We contribute to the supply 
chain complexity literature through our comparison of the 
potential moderating vs. mediating effects of supply chain 
complexity with a specific production system. While sup-
ply chain complexity is typically positioned as a modera-
tor, our findings provide very little support for this and 
strongly support supply chain complexity as a mediator in 
this context. Looking at supply chain complexity as an out-
come of various initiatives with the potential to influence 
performance may provide important insights to research 
on other initiatives.

Our work also contributes to the literature by synthesizing 
two seminal studies. The Shah and Ward (2007) paper is the 
gold standard for empirical research on Lean, with over 3000 
citations in other research studies, while the Bozarth et al. 
(2009) article is widely cited as a foundation for empirical 

research on supply chain complexity, with almost 1000 
citations. We replicate Shah and Ward's (2007) measures of 
Lean, then use them to develop a Lean index that reflects 
the holistic approach used in implementing Lean. We also 
replicate, as well as improve upon, the in-depth quantita-
tive and qualitative measures of supply chain complexity 
developed by Bozarth et al. (2009). Synthesizing measure-
ment and theoretical backgrounds from these two important 
studies provides important insights about the role of sup-
ply chain complexity in the relationship between Lean and 
performance.

Additionally, measuring Lean practices using the diver-
sity of respondents in the HPM dataset allows us to measure 
practices from the perspective of both shop floor employ-
ees and managerial employees. We found that several Lean 
scales demonstrate diminished validity when measured at 
the shop floor employee and supervisor level. We suspect 
that, when viewed from the front line, variance in the level 
of Lean is less detectable. However, there is also a possibil-
ity that shop floor workers focus primarily on their own 
tasks, without developing a good understanding of the big 
picture regarding Lean, compared with managers. Future 
research is necessary to clarify this result.

Our measurement analysis expands upon Bozarth et al.'s 
(2009) operationalization of supply chain complexity. We 
show that seven of the twelve components of supply chain 
complexity initially proposed in their study are highly cor-
related. This means that firms tend to face these factors 
simultaneously and that reducing just one aspect would be 
difficult. From a measurement perspective, we found that 
normality for six measures of supply chain complexity was 
improved by transcendental transformations. As a result, 
our results indicate that additional supply chain complex-
ity factors impact a manufacturing plant’s performance.

Along these lines, our research generates interesting 
insights regarding the effects of Lean practices on plant 
performance in the presence of varying levels of supply 
chain complexity. Since several variables were log-trans-
formed in our analysis, it implies that those measures may 
exhibit non-linear relationships with plant performance. 
For example, if we focus on the relationship between detail 
complexity and plant performance, we can use the results 
of Table 5 to build a simplified expression to show how 
Lean practices and a focused measure of detail complexity, 
such as the number of components managed by the plant, 
affect a focused measure of plant performance, such as 
Schedule Attainment. From Table 5, we see that a one-
unit increase in the log-transformed, mean-centered value 
of “number of inputs” leads to a –0.9 unit decrease in 
the schedule attainment index. Working to mitigate this, 
a one-unit increase in the Lean practices index leads to a 
0.6 unit increase in schedule attainment. Mathematically, 
this can be stated as:
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While we recognize that this expression does not capture 
the other effects from the regression results, it does dem-
onstrate the Lean interplay with supply chain complexity. 
Figure 3 displays a response plot of this relationship using 
the mean-centered Lean index score, number of parts (as the 
measure of detail complexity), and the mean centered index 
score for Schedule Attainment (as our measure of plant per-
formance), where µLn(#parts) = 8.2 and σLn(#parts) = 2.0.

As the figure shows, the drop in performance is steep up 
to approximately 4,000 parts and then the slope levels off, 
though still negative, through the median number of parts in 
our sample (6,000) and up to 10,000 parts (the  90th percen-
tile). Though very lean plants can still see improved Sched-
ule Attainment over their less lean competitors, plants in the 
lower quartile of number of parts realize a significant com-
petitive advantage over their competitors with more inputs 
to manage. These non-linear results are supported by the 
quadratic (inverted-U) relationships found in studies such as 

SchedAttain
STD

= 0.6 × LeanIndex
STD

− 0.9

×

[

Ln(#Parts) − �
Ln(#Parts)

�
Ln(#Parts)

]

Eroglu and Hofer (2011) and Lu and Shang (2017), which 
indicate that there may be tipping points in supply chain com-
plexity. Once these tipping points are passed, supply chain 
disruptions may overwhelm production systems, causing sys-
temic degradation in performance (Bode and Wagner 2015). 
Thus, our research complements previous works that hypoth-
esize and test theoretical models that provide researchers and 
practitioners with more detailed information on the expected 
results from supply chain and operations strategy.

We also contribute to the literature by showing Lean is 
sensitive to multiple forms of supply chain complexity. Our 
results indicate that Lean’s effect on plant performance is 
both positively and negatively mediated by supply chain 
complexity. The negative mediation is important not just 
theoretically, but also methodologically. When negative 
mediators are missing from regression analyses, positive 
direct effects can become insignificant. Our results may 
explain why prior research has not found stronger relation-
ships between Lean and certain types of performance – the 
missing variable effect.

Finally, our research provides an overview of the recent 
thoughts on testing for moderation and mediation. The use 

Fig. 3  Standardized Schedule Attainment vs. Number of Parts and Standardized Lean Index
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of simultaneous estimation for testing effects on multiple 
dependent variables and seemingly unrelated regression for 
endogenous mediating variables increased the validity and 
interpretability of our analysis. Our robustness checks dem-
onstrated that these statistical techniques possess similar or 
increased ability to detect moderators and mediators.

6.3  Managerial implications

By understanding why and how supply chain complexity 
impacts the performance outcomes of Lean, we can begin 
to understand the extent to which performance can be 
improved by taking managerial actions (Chand et al. 2022; 
Hoole 2005). Further, by understanding that supply chain 
complexity has a mediating effect, managers can be alert 
for ways in which Lean has the unintended consequence of 
increasing supply chain complexity. Although some of the 
resulting increases in supply chain complexity can likely be 
reduced through approaches related to this understanding, it 
implies the importance of developing approaches for accom-
modating supply chain complexity. In other words, while 
dysfunctional supply chain complexity resulting from Lean 
should be reduced to the extent possible, strategic supply 
chain complexity will need to be accommodated to avoid 
compromising performance.

Our findings indicate that there is probably more strate-
gic complexity on the downstream side, at least for detail 
complexity. As a general guideline, managers should look 
for strategic complexity in downstream supply chains and 
focus on accommodating it. Upstream and internal supply 
chain complexity is probably better reduced, for the most 
part, since it is more likely to be dysfunctional.

Typically, after a plant begins to implement Lean, 
there are many visible signs of progress on the shop floor. 
Although things may look different, several key operational 
performance indicators may not change, or perhaps get 
worse. Manufacturing plants that have implemented Lean 
but not addressed higher levels of dynamic supply chain 
complexity (flow variability, supply variability) are unlikely 
to see improvements in Unit Cost and Schedule Attainment. 
Further, supply variability negates Lean’s potential to signif-
icantly improve Customer Satisfaction. Types of detail sup-
ply chain complexity (number of inputs, number of products) 
have a similar detrimental effect. Both can negate Lean’s 
positive benefits on Schedule Attainment and Customer 
Satisfaction, and number of products also reduces Lean’s 
impact on Unit Cost.

Operating Margin and Plant Competitiveness, which are 
more strategic measures of performance, appear less sensi-
tive to dynamic forms of supply chain complexity. Detail 
supply chain complexity has a more interesting and mixed 
effect on these strategic measures of performance. While the 
number of customers positively mediates the relationship 

between Lean and Plant Competitiveness, customer het-
erogeneity almost negates this improvement and number of 
products negatively mediates the relationship for both Oper-
ating Margin and Plant Competitiveness. These downstream 
drivers of supply chain complexity provide two valuable 
insights for managers of Lean plants:

1. Add Customers, not Products
  Lean provides quantifiable improvements to tangi-

ble measures of performance with higher levels of cus-
tomers. Larger numbers of similar customers provide 
volume and economies of statistics – a pooling-based 
reduction in the variance of demand. These two factors 
promote “swift even flow” which is the hallmark of effi-
cient production systems (Schmenner and Swink 1998). 
Adding too much product-based complexity, however, 
can lead to significant challenges in achieveing higher 
levels of manufacturing performance, as evidenced by 
our development and discussion of Fig. 3, above.

2. Replace, rather than Support
  Contrary to expectations, Lean works synergistically 

with shorter life cycles. A manufacturing plant that con-
tinues to produce older products faces a dilemma. With 
each new product offered, the catalogue of products that 
must be supported increases. Supporting a larger number 
of products makes it more difficult for a plant to dedicate 
operations to technologically similar products that are 
then sold to homogenous customers. As new products 
are introduced, older products should be discontinued, 
or their production outsourced.

These two findings are particularly salient as reshoring 
increases in prevalence. Tariffs, coupled with lead-time 
variability of extended supply chains and supply risks stem-
ming from black swan events like a global pandemic, have 
motivated many companies to purchase or produce closer 
to sources of demand. Manufacturing plants in advanced 
economies are seeing new demand from existing customers 
and new orders from new customers (Branicki et al. 2021). 
Lean manufacturing plants should accept such new orders 
with caution. The addition of customers with special require-
ments may negatively impact a Lean plant’s performance. 
Adding customers that increase detail and dynamic supply 
chain complexity may ultimately decrease the plant’s abil-
ity to meet delivery dates and hit its cost targets. Ultimately, 
these types of customers can drive down a Lean plant’s com-
petitiveness and margins.

6.4  Limitations and opportunities for future research

As with all research, there are a number of limitations 
to this project, many of which provide opportunities for 
future research. The first is the limitations of survey-based 
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research. This research attempted to overcome some of 
these limitations by employing multiple respondents and 
using a combination of perceptual reports and objective 
measures in operationalizing Lean, supply chain complex-
ity, and plant performance. Additionally, the sample was 
drawn from three industries and multiple countries, which 
supports generalizability, at least within this sampling 
frame, compared with survey studies employing more of a 
shotgun approach.

A second limitation is the sample size relative to the num-
ber of statistical tests that were performed. Therefore, sev-
eral of our analyses may have suffered from diminished sta-
tistical power, potentially leading to an increased chance of 
Type II errors. However, it is important to note that although 
we analyzed data from a sample of 209 plants, each meas-
ure aggregated responses from at least three well-informed 
respondents and that we carefully analyzed inter-rater reli-
ability before aggregating them. Thus, the responses were 
more reliable than individual responses normally are.

This sample is from the third round HPM survey conducted 
between 2005 and 2007. Though the data is over a decade 
old, the Lean practices studied and drivers of supply chain 
complexity are still present in today’s manufacturing plants. 
The concurrence of our criterion validity test results with 
Akin Ateş et al.'s (2022) meta-analysis and the fact that this 
recent meta-analysis confirmed the findings from Bozarth 
et al. (2009), which uses the same dataset as we did, demon-
strates that this dataset is still relevant and that the underly-
ing co-variance between the variables can provide new and 
additional insights to researchers and managers. It could be 
argued that several drivers of supply chain complexity, such 
as international sourcing, product life cycle, and supply lead 
time, have become more pronounced since the data was col-
lected, and we expect that the relationships between Lean, 
plant performance, and supply chain complexity persist and 
have likely intensified since the time the data was collected. 
Updating these findings is an important opportunity for future 
research. We note, however, that the Lean scales used in the 
HPM survey are still considered one of the most complete and 
valid measures of Lean (Schroeder and Flynn 2002).

In addition, internal, upstream, and downstream supply 
chain complexity can interact, with a negative impact on 
firm performance (Chedid et al. 2021; Prater et al. 2001), as 
a firm simultaneously faces complexity in its internal and 
external networks. Potential interactions are an important 
topic, since plants do not face individual sources of supply 
chain complexity; rather supply chain complexity sources 
exist as a Gestalt. The potential for interactions is especially 
relevant to dynamic complexity, since interactions may pro-
duce unexpected results in other parts of a system (Bode and 

Wagner 2015). This complicated topic is beyond the scope 
of this research but is an interesting opportunity for future 
research.

The impact of Covid-19 on supply chains illustrates dra-
matic, sudden increases in supply chain complexity, rather 
than gradual increases (Shen and Sun 2021). Other types of 
supply chain disruptions can also cause dramatic, sudden 
increases in supply chain complexity. Case analysis will be 
useful in studying the effects of sudden changes to supply 
chain complexity on the relationship between Lean and plant 
performance. For example, there may be more evidence of a 
moderating effect when exogenous supply chain complexity 
changes suddenly.

Akin Ateş et al.'s (2022) meta-analysis describes under-
standing the effects of upstream dynamic complexity, down-
stream detail complexity, and internal dynamic complex-
ity on performance as “untouched territory (p.18).” They 
also discuss the importance of investigating the potential 
for trade-offs in the presence of aspects of supply chain 
complexity that have both positive and negative mediating 
effects, depending on the dimension of performance. These 
are both very relevant extensions to our research on the role 
of supply chain complexity in the relationship between Lean 
and plant performance.

One final interesting extension is the topic of reshoring. As 
companies carry out more reshoring, what is the impact on 
upstream and internal supply chain complexity? Does internal 
supply chain complexity immediately increase, then return 
to stasis, or is there an enduring increase? Does the resulting 
increase in internal supply chain complexity have less impact 
on the relationship between Lean and performance than the 
increase in upstream supply chain complexity?

7  Conclusions

Overall, our results indicate that many forms of supply chain 
complexity dampen or negate the positive effects of Lean 
production practices. Supply chain complexity acts as a tax 
on Lean, reducing its effectiveness at both the operational 
and strategic levels of a plant. The good news is that, as 
most of the effects that we found were mediating effects, 
managers have the opportunity to influence the sources of 
complexity. We support the recommendations of Turner 
et al. (2018) that emphasize accommodating strategic supply 
chain complexity, while reducing sources of dysfunctional 
supply chain complexity. In this way, the negative implica-
tions of strategic supply chain complexity can be reduced 
without affecting its beneficial effects on performance.
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Appendix A. Items and respondents

Constructa HPM Items HPM Respondentsb

Setup time reduction Our crews practice setup to reduce the time required PC, IM, SP
We are aggressively working to lower setup times in our plant PC, IM, SP
We have low setup times of equipment in our plant PC, IM, SP

Total productive/ preventive 
maintenance

We upgrade inferior equipment, in order to prevent equipment problems PE, SP, PS

In order to improve equipment performance, we sometimes redesign equipment PE, SP, PS
We estimate the lifespan of our equipment, so that repair or replacement can be planned PE, SP, PS
We use equipment diagnostic techniques to predict equipment lifespan PE, SP, PS
We do not conduct technical analysis of major breakdowns (reverse-scored) PE, SP, PS

Statistical process control A large percent of the processes on the shop floor are currently under statistical quality 
control

DL, PE,QM

We make extensive use of statistical techniques to reduce process variance DL, PE,QM
We use charts to determine whether our manufacturing processes are in control DL, PE,QM

Employee involvement During problem solving sessions, we make an effort to get all team members’ opinions 
and ideas before making a decision

DL, QM, SP

Our plant forms teams to solve problems DL, QM, SP
In the past three years, many problems have been solved through small group sessions DL, QM, SP
Problem solving teams have helped improve manufacturing processes at this plant DL, QM, SP
Employee teams are encouraged to try to solve their own problems, as much as possible DL, QM, SP
We don’t use problem solving teams much, in this plant (reverse-scored) DL, QM, SP
Management takes all product and process improvement suggestions seriously DL, SP, PS
We are encouraged to make suggestions for improving performance at this plant DL, SP, PS
Management tells us why our suggestions are implemented or not used DL, SP, PS
Many useful suggestions are implemented at this plant DL, SP, PS
My suggestions are never taken seriously around here (reverse-scored) DL, SP, PS
Employees are cross-trained at this plant, so that they can fill in for others, if necessary HR, SP, PS

Pull Our customers are linked with us via JIT systems PC, IM, SP
Our customers have a pull-type link with us PC, IM, SP
We use Kanban squares, containers, or signals for production control PC, IM, SP
We use a Kanban pull system for production control PC, IM, SP

Continuous flow We have laid out the shop floor so that processes and machines are in close proximity to 
each other

PC, IM, SP

Our machines are grouped according to the product family to which they are dedicated PC, IM, SP
We have organized our plant floor into manufacturing cells PC, IM, SP
The layout of our shop floor facilitates low inventories and fast throughput PC, IM, SP
Our processes are located close together, so that material handling and part storage are 

minimized
PC, IM, SP

We have located our machines to support JIT production flow PC, IM, SP
JIT delivery by suppliers Our suppliers deliver to us on a just-in-time basis PC, IM, SP

We receive daily shipments from most suppliers PC, IM, SP
We can depend upon on-time delivery from our suppliers PC, IM, SP
Our suppliers are linked with us by a pull system PC, IM, SP
Suppliers frequently deliver materials to us PC, IM, SP
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Constructa HPM Items HPM Respondentsb

Supplier feedback We are comfortable sharing problems with our suppliers IM, SP, PS
In dealing with our suppliers, we are wiling to change assumptions, n order to find more 

effective solutions
IM, SP, PS

We believe that cooperating with our suppliers is beneficial IM, SP, PS
We emphasize openness of communications in collaborating with our suppliers IM, SP, PS
We work as a partner with our suppliers, rather than having an adversarial relationship IM, SP, PS
We strive to establish long-term relationships with suppliers IM, SP, PS

Supplier development We maintain cooperative relationships with our suppliers DL, IM, QM
We provide a fair return to our suppliers DL, IM, QM
We help our suppliers to improve their quality DL, IM, QM
Our key suppliers provide input into our product development projects DL, IM, QM
We strive to establish long-term relationships with our suppliers DL, IM, QM
Our suppliers are actively involved in our new product development process DL, IM, QM
Quality is our number one criterion in selecting suppliers DL, IM, QM
We use mostly suppliers that we have certified DL, IM, QM
We maintain close communication with suppliers about quality considerations and design 

changes
DL, IM, QM

How many suppliers does this plant have? QM
We actively engage suppliers in our quality improvement efforts DL, IM, QM
We would select a quality supplier over one with a lower price DL, IM, QM

Customer involvement We frequently are in close contact with our customers DL, QM, SP
Our customers seldom visit our plant (reverse-scored) DL, QM, SP
Our customers give us feedback on our quality and delivery performance DL, QM, SP
Our customers are actively involved in our product design process DL, QM, SP
We consider our customers’ forecasts in our supply chain planning IM, SP, PS

a Based on Shah and Ward (2007)
b PC production control manager, DL direct labor, IM inventory manager, SP supervisor, PE process engineer, PS plant superintendent, QM qual-
ity manager, HR human resource manager
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Appendix C. Varimax PCA lean factors 
comprising the lean index

Item Name Item Factor Score Reliability

Suppfeed_01 We are comfortable sharing problems with our suppliers 0.76 0.795
Suppfeed_02 We believe that cooperating with our suppliers is beneficial 0.76
Suppfeed_03 We emphasize openness of communications in collaborating with our suppliers 0.69
Suppfeed_04 In dealing with our suppliers, we are willing to change assumptions, in order to find 

more effective solutions
0.55

ExtPull_01 Our customers are linked with us via JIT systems 0.79 0.807
ExtPull_02 Our suppliers deliver to us on a just-in-time basis 0.71
ExtPull_03 We receive daily shipments from most suppliers 0.72
ExtPull_04 We can depend upon on-time delivery from our suppliers 0.52
ExtPull_05 Our suppliers are linked with us by a pull system 0.52

SuppDev_01 We maintain cooperative relationships with our suppliers 0.74 0.883
SuppDev_02 We provide a fair return to our suppliers 0.54
SuppDev_03 We help our suppliers to improve their quality 0.73
SuppDev_04 We take active steps to reduce the number of suppliers in each category 0.78
SuppDev_05 Our key suppliers provide input into our product development projects 0.53
SuppDev_06 We strive to establish long-term relationships with suppliers 0.58
SuppDev_07 Our suppliers are actively involved in our new product development process 0.58
SuppDev_08 We maintain close communications with suppliers about quality considerations and 

design changes
0.64

SuppDev_09 We maintain close communication with suppliers about quality considerations and 
design changes

0.78

SuppDev_10 We actively engage suppliers in our quality improvement efforts 0.70
SuppSel_01 Quality is our number one criterion in selecting suppliers 0.62 0.764
SuppSel_02 We would select a quality supplier over one with a lower price 0.77

CustDev_01 We frequently are in close contact with our customers 0.62 0.644
CustDev_02 Our customers are actively involved in our product design process 0.78
CustDev_03 We consider our customers’ forecasts in our supply chain planning 0.47

Kanban_01 We use a kanban pull system for production control 0.86 0.859
Kanban_02 We use kanban squares, containers or signals for production control 0.81

LeanSys_01 We have laid out the shop floor so that processes and machines are in close proximity to 
each other

0.80 0.844

LeanSys_02 The layout of our shop floor facilitates low inventories and fast throughput 0.77
LeanSys_03 Our processes are located close together, so that material handling and part storage are 

minimized
0.71

LeanSys_04 We have located our machines to support JIT production flow 0.53
LeanSys_05 We are aggressively working to lower setup times in our plant 0.52
LeanSys_06 We have low setup times of equipment in our plant 0.53

SPC_01 A large percent of the processes on the shop floor are currently under statistical quality 
control

0.81 0.844

SPC_02 We make extensive use of statistical techniques to reduce variance in processes 0.74
SPC_03 We use charts to determine whether our manufacturing processes are in control 0.61
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Item Name Item Factor Score Reliability

EmpInp_01 During problem solving sessions, we make an effort to get all team members’ opinions 
and ideas before making a decision

0.53 0.875

EmpInp_02 Management takes all product and process improvement suggestions seriously 0.74
EmpInp_03 We are encouraged to make suggestions for improving performance at this plant 0.72
EmpInp_04 Management tells us why our suggestions are implemented or not used 0.79
EmpInp_05 Many useful suggestions are implemented at this plant 0.70
EmpInp_06 My suggestions are never taken seriously around here 0.51

EmpTBPS_01 Our plant forms teams to solve problems 0.74 0.89
EmpTBPS_02 In the past three years, many problems have been solved through small group sessions 0.71
EmpTBPS_03 Problem solving teams have helped improve manufacturing processes at this plant 0.72
EmpTBPS_04 Employee teams are encouraged to try to solve their own problems, as much as possible 0.56
EmpTBPS_05 We don’t use problem solving teams much, in this plant 0.77

Appendix D. Inter‑rater correlation

Respondents to the various measures in the HPM project were 
selected based on the following objectives: 1) Most knowl-
edgeable respondents for the content included in the measure, 
and 2) At least three respondents per measure, in order to min-
imize the potential for common method bias. Thus, respond-
ents in different respondent groups (direct labor, supervisor, 
production control manager, plant superintendent, inventory 
manager, process engineer, quality manager, and human 
resource manager) provided responses to each measure. This 
necessitates assessing inter-rater reliability to ensure that all 
respondents provided valid responses. For some measures, 
we put together the set of items that was closest to the items 
used by Shah and Ward (2007), rather than using the measures 
originally developed for the HPM project.

To assess the validity of the measures, we first per-
formed principal components analysis with varimax 
rotation within each respondent group. Exploratory fac-
tor analysis was used since the proposed items were not 
initially designed as complete measures, the wording of 
some items did not correspond exactly with those used 
by Shah and Ward (2007), and respondents from differ-
ent respondent classes could potentially have different 
perspectives. Factor scores, loadings (both in the table 
below), and Q-sort results (Appendix B) for each item 
were compared within respondent groups. The number of 
factors was chosen based on content analysis, eigenvalues, 
and scree-plots. Factor loadings were then used to assess 
the convergent and discriminant validity of the factors.

The results were satisfactory with three exceptions. 
Direct labor and supervisor respondents tended to view 
the Employee Involvement measure as being composed 

of two factors, while quality manager respondents did 
not. This is not surprising, since Employee Involvement 
is a twelve-item measure constructed from two HPM 
measures: Team Problem Solving and Employee Sug-
gestions. Because of the content concordance with Shah 
and Ward's (2007) Employee Involvement measure, we 
kept this measure intact. There were also two examples 
of cross-loadings. There was some cross-loading of 
responses by direct labor and quality manager respond-
ents between the Customer Development and Supplier 
Development measures; similarly, the inventory man-
ager responses for Supplier Development and Supplier 
Feedback showed some cross-loading. However, previous 
research has shown that companies tend to integrate their 
supply chains upstream, downstream, or both upstream 
and downstream simultaneously (Schoenherr and Swink 
2012). Therefore, finding a degree of cross loading 
within and between supply facing and customer facing 
activities is not surprising.

Factor scores were then calculated for each respondent 
group, followed by examining the intra-rater correlation 
matrix below for the ten factors. It revealed that seven of 
the ten factors demonstrated a high degree of inter-rater cor-
relation. Plant superintendent responses for Total Produc-
tive Maintenance (TPM) and Supplier Feedback correlated 
with Supplier JIT, Lean Flow, and Setup Reduction, with 
an average cross-factor correlation of 0.316. However, TPM 
correlated at 0.591 between the plant superintendent and 
supervisor responses, showing that these respondents had 
a high level of agreement on the level of TPM occurring in 
their plants. Thus, we were confident we had adequately 
measured the operational definition of Lean as composed 
of the ten practices identified by Shah and Ward (2007).
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Data availability The data that support the findings of this study are 
not openly available due to a non-disclosure agreement with the par-
ticipating firms. Descriptive statistics, correlations, and sample char-
acteristics are available from the corresponding author upon reasonable 
request.
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