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Regional resilience and the network structure of inter-industry 
labour flows
Zoltán Elekesa,b , Gergő Tótha,b and Rikard Erikssonb,c

ABSTRACT
This paper explores how the network structure of local inter-industry labour flows relates to regional economic resilience 
across 72 local labour markets in Sweden. Drawing on recent advancements in network science, we stress test these 
networks against the sequential elimination of their nodes, finding substantial heterogeneity in network robustness 
across regions. Regression analysis with least absolute shrinkage and selection operator (LASSO) in the context of the 
2008 financial crisis indicates that labour flow network robustness is a prominent structural predictor of employment 
change during crisis. These findings elaborate on how variation in the self-organisation of regional economies as 
complex systems makes for more or less resilient regions.
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1. INTRODUCTION

While all regional economies go through periods of crisis 
and decline, some prove to be more successful than others 
in coping with such challenging times. This impacts their 
long-term capacity for growth, as a region’s level of success 
in coping with one crisis conditions its ability to deal with 
subsequent ones (Simmie & Martin, 2010). Consequently, 
the differential growth impact of a crisis ultimately con-
tributes to persistent spatial disparities. For instance, the 
2008 recession put a stop to roughly a decade of regional 
economic convergence in the European Union, driven pre-
dominantly by the catching up of member states with less 
developed economies (European Commission, 2017). 
Subsequent crises, such as the pandemic and rising energy 
prices, also had distinct and somewhat different regional 
socio-economic effects across seemingly similar regions 
(e.g., Garciá-Muros et al., 2023; Gray et al., 2023).

Knowing more about the capacity of different regions 
to both resist and recover from economic turmoil is there-
fore high on academic and policy agendas, especially in the 
expanding literature on regional economic resilience (Bris-
tow & Healy, 2020a). Despite growing empirical evidence 

that resilience is highly contingent on the structure of 
economic activities carried out in regions (e.g., Di Caro, 
2017; Eriksson & Hane-Weijman, 2017; Fusillo et al., 
2022; Martin & Sunley, 2020), previous studies seldom 
transcend the specialisation–variety continuum. More net-
work-oriented approaches, however, argue for the fact that 
shared regional capabilities, rather than structure per se, 
influence resilience (e.g., Kitsos et al., 2023; Xiao et al., 
2018). This is because regional economies can be regarded 
as (knowledge) networks in which nodes represent specific 
economic activities, while ties represent the degree of 
shared productive capabilities or the intensity of exchange 
between them (Boschma, 2015).

However, our understanding of exactly how local econ-
omic capabilities and interdependencies influence regional 
resilience remains rather limited. To remedy this, there is a 
need to assess systematically the structural heterogeneity of 
local economic networks and evaluate how their structures 
relate to resilience in terms of regional outcomes (e.g., 
employment, output or income). By now a few papers 
have engaged with this problem in the context of local 
technology capabilities (Balland et al., 2015; Rocchetta 
et al., 2022; Rocchetta & Mina, 2019; Tóth et al., 
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2022), finding that the overall density of relatedness is 
positively linked to economic outcomes during crisis. 
Other networks than those of technologies are underre-
presented in the literature, however, despite the fact that 
crisis-induced employment effects tend to be more persist-
ent than output effects (Martin, 2012). The few notable 
exceptions that go beyond technologies also find support 
for the role of relatedness density (e.g., Kitsos et al., 
2023; Moro et al., 2021; Sánchez-Moral et al., 2022), 
but mainly concern large urban areas or nationwide defi-
nitions of relatedness, both of which may cause an urban 
bias in how capabilities are defined and thus how resilience 
is interpreted. This is not a trivial bias, as non-metro 
regions are particularly important for better understanding 
regional resilience. For example, medium-sized regions 
had the highest resistance and fastest recovery in Italy in 
the context of the 2008 financial crisis (Faggian et al., 
2018), while smaller regions have been consistently struck 
harder and have struggled more to develop new growth 
paths across multiple crises in Sweden since the 1990s 
(Eriksson & Hane-Weijman, 2017). Consequently, 
there is a need of comprehensive analyses of inter-industry 
networks in local labour markets across the spatial hierar-
chy in general and of labour redeployment potentials in 
particular.

Drawing on novel methods developed in network 
science, the aim of this paper is to provide systematic evi-
dence for the link between local industrial network struc-
ture and regional economic resilience. This is done by, 
first, exploring the heterogeneity in the robustness of 
local inter-industry labour flow networks to the hypothe-
tical elimination of some of their industries and, second, 
by assessing the link between this robustness and the econ-
omic performance of regions during the economic crisis of 
2008. Specifically, building on the literatures of evolution-
ary economic geography, regional resilience and network 
science (section 2), we use a detailed individual-level 
panel dataset provided by Statistics Sweden to construct 
networks based on above-expected labour flows between 
industries within 72 Swedish functional labour market 
regions, and measure the robustness of these networks to 
the sequential elimination of their nodes (section 3). We 
then test how well this proposed structural measure, com-
pared with alternatives, predicts employment change in 
the context of the 2008 crisis (section 4). A discussion of 
implications, limitations and open questions for future 
research concludes the paper (section 5).

We thereby contribute to the literature on regional 
economic resilience by detailing how the local self-organ-
isation of labour redeployment flows acts as a determinant 
of resilience. In particular, we demonstrate the variation in 
the structural robustness of these flows even between 
regions of similar size. Contrasting theory-driven 
regression models with data-driven least absolute shrink-
age and selection operator (LASSO) inference and selec-
tion approaches, we show that labour flow network 
robustness is a prominent predictor of employment resist-
ance during crisis among established measures of industrial 
structure. Furthermore, the paper answers the call in 

evolutionary economic geography for exploring how resili-
ent regions are to the elimination of nodes and links from 
the network representation of their economic structure 
(e.g., Boschma, 2015). Thereby, the paper also connects 
these bodies of literature more tightly to advancements 
in network science.

2. LITERATURE

It is a central tenet of economic geography that various 
economic activities tend to be unevenly distributed in 
space. This is often attributed to the spatial concentration 
of these activities (agglomeration) in some places but less 
so in others, also fostering specialisation regardless of 
whether, for instance, industries, occupations or technol-
ogy and scientific domains are considered. Additionally, 
the locations of economic activities are not independent 
of each other. Instead, some pairs of activities are more 
likely than others to be found at the same place. Such a 
spatial division of labour (Massey, 1995) gives rise to dis-
tinct economic profiles of places, even among regions with 
the same degree of agglomeration. Besides cost advan-
tages, co-agglomeration patterns are rooted in ‘untraded 
interdependencies’ that create and maintain the relative 
competitiveness of cities and regions (Storper, 1997). 
These agglomeration economies, or the positive non- 
pecuniary externalities stemming from co-location, can 
be attributed to benefits from specialised local suppliers, 
specialised local labour markets and knowledge spillovers 
among similar and related activities (Glaeser et al., 1992).

2.1. The structure of local inter-industry labour 
flows
Labour is of particular importance here for at least three 
reasons. First, empirical evidence about the drivers of co- 
agglomeration among industries indicates that the relative 
importance of labour pooling has increased over the last 
century, especially for service sectors (Diodato et al., 
2018; Ellison et al., 2010). Second, workers are key in 
the accumulation and transfer of knowledge. The unstan-
dardised, tacit dimension of knowledge is accumulated 
through region-, industry- and firm-specific work experi-
ence, while even the codified component requires that 
workers be able to access, interpret and apply such knowl-
edge. Knowledge is then shared through interaction and 
mobility. Indeed, firms that are interlinked by localised 
networks of job mobility outperform similar firms outside 
these networks (Csáfordi et al., 2020; Eriksson & Lindg-
ren, 2009). Additionally, job mobility creates social con-
nections through former co-workers even between firms 
that have experienced no direct labour flows, and the 
local density of these networks boosts productivity growth 
in local labour markets (Lengyel & Eriksson, 2017). 
Hence, knowledge is not simply ‘in the air’ even in industry 
clusters (Fitjar & Rodríguez-Pose, 2017) but rather 
requires access through being part of such localised labour 
market networks (Eriksson & Lengyel, 2019).

Third, labour pooling and variety are not merely a mat-
ter of composition but also of the degree of relatedness 
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between different pairs of industries. Indeed, the job 
mobility rate as such is not conducive to regional growth. 
Instead, inflows of workers with skills related to the exist-
ing skill composition of workplaces were found to boost 
firm performance (Boschma et al., 2009). Labour linkages 
also predict industry–region employment growth and 
diversification (Diodato et al., 2018), as well as the pro-
ductivity and employment growth of regions, as compared 
with highly diverse flows (Boschma et al., 2014). Hence, 
labour flows represent an underlying structuring aspect 
of agglomeration. As labour tends to be the least mobile 
production factor even today, knowledge transfer and 
diversification through this channel remains both path- 
and place-dependent.

Besides learning, networks of labour flows can be con-
sidered to represent worker redeployment potentials. 
Inter-industry labour flows tend to cut across broader 
industrial categories as well as small geographical units 
(Guerrero & Axtell, 2013), and these flows form a modu-
lar structure in which worker redeployment is more likely 
within network communities than mobility between them 
(O’Clery & Kinsella, 2022). This property has been exten-
sively built upon in analyses of the coherence and diversi-
fication of both regions (e.g., Boschma et al., 2014; Hane- 
Weijman et al., 2022) and firms (Neffke & Henning, 
2013).

What is missing from the literature above on regional 
labour flow networks is a systematic analysis of the struc-
tural heterogeneity across different local labour markets; 
that is, whether some regions have more (or less) robust 
local labour flow networks than others, thereby having 
more (or less) conducive structural properties of worker 
redeployment during structural disturbances. Building on 
the network robustness literature, here robustness means 
the rate at which the underlying network of a complex sys-
tem is fragmented into too many disconnected com-
ponents (e.g., Barabási, 2016; Zitnik et al., 2019). 
Considering that regions have various levels of agglomera-
tion, distinctive industrial specialisation following a spatial 
division of labour, and different degrees of relatedness 
between co-agglomerating industries, we expect hetero-
geneity in the network robustness of local inter-industry 
labour flows.

2.2. Robust inter-industry labour flow networks 
of resilient regions
Assessing robustness is in and of itself an advancement of 
our existing knowledge of local labour market structures, 
but is particularly important in understanding regional 
economic resilience. Considerable effort has recently 
been devoted, in both policy and academia, to better 
understanding regional resilience (Bristow & Healy, 
2020a); yet still, it is very much an open question why 
some regions are more successful in navigating economic 
turmoil than other regions of similar size and specialis-
ation (Martin & Sunley, 2020).

While the concept of resilience has a rich interdisci-
plinary heritage (Pendall et al., 2010), the literature on 
regional economic resilience has been converging on an 

evolutionary interpretation whereby a resilient region 
shows capacity for both withstanding economic shocks 
and developing new growth paths from time to time 
(Boschma, 2015; Bristow & Healy, 2020b). Accordingly, 
the conceptual dimensions of resilience include resistance 
to and recovery from economic disruption, as well as struc-
tural change (re-orientation) in response to such disrup-
tions, which may or may not lead to the renewal of the 
regional growth path (Martin, 2012). How these dimen-
sions translate into desirable levels of output, jobs and 
income in regions is an indication of resilience, while 
structures, networks and institutions are main determi-
nants of it (Boschma, 2015). Key groups of determinants 
explored in the literature include industrial and business 
structure, labour market conditions, financial and govern-
ance arrangements, and aspects of agency and decision- 
making (Martin & Sunley, 2020).

Starting by considering the regional industrial compo-
sition along a specialisation–variety axis, specialisation is 
assumed to offer opportunities for adaptation by exploiting 
existing local capabilities in relation to a current growth 
path more effectively, while variety scores higher on adap-
tability by offering more options for opening up new 
growth paths (Boschma, 2015). Indeed, a more diverse 
industrial portfolio mitigates the impact of idiosyncratic 
industrial fluctuations in factor supply and output demand 
(Doran & Fingleton, 2018), and offers more market 
options to recombine existing local capabilities during 
recovery. Empirical evidence indicates that a diversified 
industrial structure characterises the most resilient regions, 
for instance in the US (Fusillo et al., 2022) or Italy (Di 
Caro, 2017).

Second, previous studies have also indicated that 
regional resilience is related to some key industries or 
industry segments. Specialising in industries at the fore-
front of technological change tends to improve regional 
resilience (Brakman et al., 2015), although strategies 
focusing on these industries may be more effective in 
urban regions. Agricultural and traditional manufacturing 
specialisations exhibit substantial heterogeneity in contri-
buting to resistance and recovery (Faggian et al., 2018). 
Moreover, evidence from Sweden suggests that regional 
employment in sectors associated with the foundational 
economy were more resilient to a grand recession, 
although local dependence on these sectors hindered over-
all regional employment resistance, highlighting the 
importance of a mix of foundational economy and traded 
sectors (Martynovich et al., 2023).

Third, Boschma (2015) conjectured that related variety 
may strike a balance between adaptation and adaptability 
by holding the potential for leveraging existing local capa-
bilities in periods of growth, while still allowing for diver-
sification and hence recovery, reorientation and renewal 
during and after crisis. Evidence from European regions 
in the context of the 2008 financial crisis supports this 
idea, as the related variety of industries was beneficial to 
maintaining and increasing dynamism in developing new 
growth paths both during and after crisis (Xiao et al., 
2018). However, a set of related industries may also 
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boost shock propagation among these industries, exacer-
bating the impact of even an industry-specific shock (Mar-
tin & Sunley, 2020), especially in the case of a vertically 
integrated industry portfolio (Cainelli et al., 2019). 
Indeed, when analysing the evolution of the Swedish 
and German shipbuilding industries, Eriksson et al. 
(2016) found that as the focal industry declined, so did 
many other activities related to shipbuilding. Recent 
studies also identify a weak negative association between 
related variety and employment change once the average 
relatedness of technological capabilities (Rocchetta et al., 
2022; Rocchetta & Mina, 2019), or their network robust-
ness (Tóth et al., 2022), is also considered. On the other 
hand, potentials for redeployment to related industries 
are particularly important in cases of involuntary displace-
ment of workers following major plant closures (Hane- 
Weijman et al., 2018; Nyström, 2018), and as demand 
shocks unfold (Diodato & Weterings, 2015). Hence, ten-
sion remains in the literature regarding how relatedness 
within the local economy shapes regional resilience.

Furthermore, while regional economies can be 
regarded as webs of specialised production units, largely 
dependent on the technologies, skills and tacit knowledge 
integrated into the process of value creation (Boschma & 
Martin, 2010), there is a substantial lack of systematic evi-
dence about how local economic network structures in 
general, and inter-industry labour flow networks in par-
ticular, condition the economic resilience of regions. As 
Boschma (2015, p. 714) noted, ‘in the regional resilience 
literature, it is remarkable how little attention has been 
paid to the sensitivity of regional networks to the removal 
of specific nodes or the dissolution of particular linkages’.

While this approach suggested by Boschma (2015) has 
in fact been extensively researched in network science in 
the context of various biological, infrastructural and social 
networks (Barabási, 2016), the connection to regional 
economic resilience has been forged only in a few instances 
(e.g., Gianelle, 2014; Tóth et al., 2022). In the network 
science literature, robustness is considered to condition 
the ability of a complex system to carry out its basic func-
tion even when some nodes or links are missing (Albert 
et al., 2000; Barabási, 2016; Solé et al., 2008). Progressive 
node or link failures fragment the underlying network of 
the system, which, above a threshold, translates into a 
severely compromised outcome level (Cohen & Havlin, 
2009). Given that regions can be conceptualised as com-
plex systems of interacting elements that regularly face dis-
turbances – ranging from plant closures, entries and 
structural change to major economic recessions and natu-
ral disasters (Martin & Sunley, 2007) – there are clear 
bridges between the two strands of literature. Expanding 
on the argument of Shutters et al. (2018), these networks 
represent solutions to particular coordination problems in 
the production of economic output in regions. In the con-
text of local inter-industry labour flows, a node failure can 
be thought of as an industry-specific shock from plant clo-
sure(s) affecting regional employment that is highly 
dependent on one (or a few) dominating firms; or more 
generally, a temporary inability of one or more firms in a 

given industry to change their human capital composition, 
hence ceasing to be part of the labour redeployment flows. 
Similar cascading failures across a wide range of local 
industries would hinder previous levels of labour redeploy-
ment efficiency and scope, translating into diminishing 
employment opportunities at the systemic level of a local 
labour market. In this sense, the robustness of the local 
inter-industry labour flow networks, capturing their differ-
ential capacity to tolerate serial disturbances in their indus-
tries, would translate into more or less resilient regional 
economies.

Findings on local networks of technological capabili-
ties indeed indicate that the average degree of shared capa-
bilities is conducive to resilience in knowledge production 
in US metro areas (Balland et al., 2015), and employment 
growth in regions of the UK and European Union (Roc-
chetta et al., 2022; Rocchetta & Mina, 2019). Addition-
ally, the network robustness of technology networks in 
European metro areas was found to have a positive associ-
ation with employment during the 2008 financial crisis 
(Tóth et al., 2022). Far fewer studies have considered 
the network structure of local labour markets, although 
the labour market is a main channel through which 
regional change can come about. Some insights from pre-
vious empirical literature suggest that the density of skill- 
related occupations in US metro areas had a negative 
association with peak unemployment during the 2008 
recession (Moro et al., 2021). Sánchez-Moral et al. 
(2022) also found that Spanish regions with a higher den-
sity of skill-related industries both resisted and adapted to 
the 2008 recession better than less cohesive regions did. 
Finally, and most related to our approach, Gianelle 
(2014) analysed the firm-level labour flow network of 
the Veneto region in Italy and identified that the robust-
ness of the regional system was highly dependent on 
which node (firm) was eliminated – thus suggesting that 
the regional network structure of labour market interde-
pendencies strongly influences the capacity to manage 
firm closures.

Despite these important contributions, several caveats 
remain. First, networks of local technological capabilities 
are overrepresented in this particular segment of the litera-
ture, while patent-based information can be considered 
more accurate in places with intensive patenting activity 
(predominantly urban areas) and tends to represent par-
ticular industries due to the heterogeneity in the propen-
sity to patent. Second, and related to the first, many of 
these findings specifically concern large urban areas, typi-
cally using nationwide projections of relatedness on the 
regional economies, while smaller regions tend to be neg-
lected despite being more vulnerable to economic shocks. 
Hence, there is a lack of systematic analysis of inter-indus-
try labour flow networks in local labour markets across 
space. This is precisely what we take up in this paper. 
Based on the arguments above, our expectation is that 
the robustness of local labour flow networks can predict 
their economic resilience in terms of resistance during cri-
sis. We test this expectation in the context of Swedish 
functional labour markets during the recession of 2008. 
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The sudden demand shock resulting from the financial cri-
sis hit some firms and regions hard, but in different ways. 
In urban regions the financial sector was put under 
pressure, while outside the metropolitan regions the crisis 
especially hit in regions where lead firms (e.g., automo-
tives) were heavily reliant on the US market. Thus, 
while national unemployment peaked at around 9% (simi-
lar to during the pandemic), the regional effects were 
highly asymmetrical (Hörnström, 2011).

3. RESEARCH DESIGN

We rely on a detailed dataset provided by Statistics Swe-
den, pooled from multiple Swedish registers. This 
matched employer–employee dataset covers all workers 
and workplaces in the Swedish economy between 2002 
and 2012 on an annual basis. Workers are linked to one 
of 264 industries, corresponding to three-digit industry 
codes in the NACE Rev. 2 classification system, and one 
of 72 functional labour market regions (FA regions) 
through the characteristics of their workplaces. These 
regions were identified by the Swedish Agency for Econ-
omic and Regional Growth (2011) by aggregating munici-
palities based on observed commuting flows around an 
urban core and consistent economic structures. They rep-
resent local labour markets where people reside and work 
(about 95% of the workforce work and live in the same 
FA), hence mitigating the risk of spatial dependence 
from labour flows across geographically proximate labour 
markets (e.g., Boschma et al., 2014; Hane-Weijman 
et al., 2022).

Building on this dataset, we first construct region- 
specific labour flow networks to capture the local specifici-
ties of labour reallocation between industries. We then 
assess the robustness of these networks against the sequen-
tial elimination of nodes (i.e., industries), employing a 
novel method adapted from network science. Finally, we 
validate the relationship between labour flow network 
robustness and regional resilience through regression 
analysis.

3.1. Network construction
We rely on labour flow networks to capture the economic 
structure of these local labour markets. Such networks are 
considered to reveal the similarity of industries in terms of 
the worker skills they rely on, as workers are more likely to 
move between industries where they can still benefit from 
most of their accumulated skills and expertise (e.g., Neffke 
et al., 2017). The common procedure of constructing skill- 
relatedness networks is to consider normalised labour 
flows between industry pairs over a period of time, 
throughout the national economy. Local labour market 
structures can be derived by considering industries in 
which a particular region exhibits relative specialisation, 
as measured by revealed comparative advantage (location 
quotient > 1), and normalised labour flows between indus-
try pairs throughout the national economy over a period of 
time. This way of constructing the network is particularly 
useful when analysing the related diversification of regions 

(Hidalgo, 2021), as information about the relatedness of 
potential new industries to the existing regional portfolio 
cannot be assessed on the basis of industries that are 
already present. Hence, relatedness is inferred based on 
patterns of other regions across the national economy, 
and these represent conceivable overlaps of worker capabili-
ties between industries.

However, when assessing the robustness of the local 
industry structure there are arguably two problems, one 
theoretical and one practical. First, relatedness based on 
national patterns assumes that these apply uniformly 
across space. This may hold on average, and may be the 
case for some industries like basic local services. It may 
also be misleading in others, such as traded sectors, 
where the functional specialisation of regions plays a 
more explicit role. Indeed, calls have been made to apply 
more ‘geographical wisdom’ when deriving relatedness 
measures (Boschma, 2017; Fitjar & Timmermans, 
2017). Second, from a practical perspective, the local sub-
networks of a national skill-relatedness network are 
instances of the same underlying network structure and 
essentially represent different stages and sequences of 
node elimination applied to the same network. This in 
turn limits the variation across local labour market struc-
tures that are captured by them.

Motivated by these considerations, we opt to construct 
normalised labour flow networks based only on local 
labour flows. These networks then more closely represent 
actual location-specific labour reallocation between indus-
tries, and locally feasible transition options for workers. We 
identify these networks based on local labour flows across 
the period 2002–07 prior to the crisis (see Figure A2 in the 
supplemental data online). More specifically, two indus-
tries are considered connected by labour flows locally, if 
the observed labour flows between them (Fij) exceed 
what we would expect based on the propensity of these 
industries to experience labour flows ((Fi.F.j)/F..):

SRij =
Fij

(Fi.F.j)/F..
(1) 

where Fi.is the total outflow of workers from three-digit 
industry i, F.j is the total inflow to industry j, and F.. is 
the total flow of workers in the local labour market. To 
arrive at the final measure of relatedness between indus-
tries in the local labour market, as is common in research 
using skill-relatedness (e.g., Neffke et al., 2017), we first 
consider the average of SRij and SR ji to obtain a sym-
metric measure. Second, the distribution of the raw 
skill-relatedness measure is strongly right-skewed, as 
many industry pairs are weakly related while few are 
strongly connected; thus, we normalise the measure to 
have its range between –1 and +1.1 Hence, in this frame-
work a normalised skill-relatedness of above 0 corresponds 
to an above-expected labour flow, on which the network 
representations of local labour markets are based.
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3.2. Network robustness
We then assess the topological robustness of these net-
works to the sequential hypothetical elimination of their 
nodes. Specifically, following the approach of Zitnik 
et al. (2019), we measure a scaled version of the Shannon 
entropy index of the distribution of industries across iso-
lated components in local networks. As more industries 
are removed, the local labour flow network fragments 
into increasingly disconnected components. Depending 
on the initial network structure, some local labour flow 
networks fragment more quickly than others, and our 
final measure of network robustness captures this variation 
across regions. Figure 1 shows a schematic overview of the 
measurement approach.

Formally, consider the local labour flow network 
Gi = (Vi, Ei) of region i with N number of industries Vi 
and M edges Ei. Let f denote the rate of the proportion 
of the removed industries, which ranges on f [ [0, 1]. 
As it is, f = 0 captures the initial network state when 
all industries were present in the region and there were 
no node failures. Accordingly, f = 1 represents the 
case when a region’s labour flow network becomes comple-
tely fragmented. When an industry network Gi undergoes 
a failure f, it is fragmented into multiple components of 
different sizes. Let Cf

i,k be the number of nodes that belong 
to component k in a fragmented network Gf

i with f fail-
ures. We then calculate the Shannon entropy of node dis-
tribution across the isolated components of Gf

i (Ck):

S(Gf
i ) = −

K

k=1
pk logpk (2) 

where K is the number of isolated components in the net-
work at every given failure rate f, and pk is the proportion 
of nodes belonging to the component Ck. To make the 
entropy measure comparable across regions with differ-
ently sized industry portfolios, we scale the Shannon 
entropy with the log number of industries present in the 
region:

S′(Gf
i ) = S(Gf

i )/log N (3) 

To determine the network robustness of each local labour 
market, we vary the failure rate f on the whole range of the 
possible values f [ [0, 1] with 1% steps and then recalcu-
late the scaled Shannon entropy using equations (2) and 
(3). As a result, we get a robustness curve that captures 
the degree of fragmentation of the local industry network 
at each possible failure rate. The final measure of robust-
ness V can be calculated as 1 minus the area under this 
curve:

V(Gi) = 1 −
1

0

S′(Gf
i ) df (4) 

The measure ranges from 0 to 1, where a higher value 
refers to a more robust labour flow network structure.

In this paper we use two different industry elimination 
sequences to stress test local labour flow networks. As is 
common in the network science literature (Barabási, 

2016), nodes are removed randomly or following the 
degree sequence of local industries, targeting the most 
connected first. For random elimination, the average of 
500 runs produces our robustness measure. These two 
approaches represent extreme cases for measuring the 
capacity of local labour flow networks to withstand shocks, 
while actual shocks are likely to unfold as a combination of 
the two. While for the remainder of the paper we present 
our findings for both random and targeted elimination, we 
also consider a combined elimination strategy as a robust-
ness check (see Table A3 in the supplemental data online).

Figure 2 presents descriptive information on network 
robustness based on random and targeted elimination. 
Figure 2A, B show that the normalised entropy of indus-
tries over disconnected network components increases 
with the fraction of nodes removed from local labour 
flow networks. One minus the area under these curves 
yields the measure of network robustness, reflecting that 
more robust networks are fragmented more slowly. 
According to Figure 2C, D, regions show heterogeneity 
in the robustness of their labour flow networks for both 
random and targeted elimination, but on a much larger 
range in the latter case. Based on Figure 2E, F, while 
more densely populated labour markets have more robust 
networks on average, especially among smaller regions 
there is considerable variation within the same size range.

3.3. Econometric model
We test the association of our measure of network robust-
ness with employment change, a commonly used proxy for 
regional resilience (e.g., Martin, 2012; Martynovich et al., 
2023; Rocchetta et al., 2022; Rocchetta & Mina, 2019), in 
the context of the 2008 recession. Initially, we use the fol-
lowing ordinary least-squares (OLS) regression:

Empi,t+s
Empi,t

= a+ Empi,t + g1V(Gi)R/T
+ b1[Zi,t]

+ ei,t (5) 

where the dependent variable 
Empi,t+1
Empi,t 

refers to the 

employment change in region i from the base year of 
2007 to 2012 (s ¼ 5) in the main specification. We adjust 
for the baseline level of the dependent variable by includ-
ing Empi,t . Zi,t is a collection of control variables and ei,t is 
a normally distributed error term. Our main variable of 
interest is denoted by V(Gi)R/T , which captures the net-
work robustness V of an industry network Gi to random 
and targeted removal of industries (superscripts R and T , 
respectively).

Additional variables include population density to con-
trol for the scaling of economic activities, as larger and 
more densely populated regions tend to have more econ-
omic activities and more dense network representations 
(Shutters et al., 2018). Second, the level of human capital 
in regions is included, measured by the share of workers 
between 25 and 65 years of age who have a tertiary edu-
cation, as higher educated workers tend to have a more 

6  Zoltán Elekes et al.

REGIONAL STUDIES 



advantageous labour market status both in and out of crisis 
(Hane-Weijman et al., 2018), and more broadly, the abil-
ity of regions to repeatedly reinvent themselves in the face 
of economic adversity has been linked to the presence of a 
skilled workforce (Glaeser, 2005). Third, various 
additional measures of local industrial structure have 
been established in the literature that may be conducive 
to resilience. Accordingly, we include the absolute diver-
sity and relative regional specialisation of the local industry 
mix (Grillitsch et al., 2021), the economic complexity of 
regions (Hidalgo, 2021), and the related and unrelated 
variety within them (Fitjar & Timmermans, 2017; Fren-
ken et al., 2007) in a set of extended models that aim to 
assess the relative predictive power of these variables on 
regional resilience (for a formal definition of these vari-
ables, see Section A4 in the supplemental data online). 
The pairwise correlations of these variables are often 
high (see Table A1 online) and, together with the rela-
tively high variance inflation factor (VIF) values (see sec-
tion 4) in the initial regression models, indicate a high 
risk of multicollinearity.

To overcome this potential problem, as well as to 
identify the key structural predictors of regional resilience, 
we extend the basic linear models with a set of least absol-
ute shrinkage and selection operator (LASSO)-based 
models. LASSO is most useful in conditions such as 
ours, with a relatively small sample size and many covari-
ates with potential collinearity, and when the relative 
importance of variables is unclear (Tibshirani, 1996), as 
is the case with the variables on local industry structure. 
In summary, a LASSO selection iteratively adds and 
removes variables to and from a model, while maximising 
R2 and minimising the mean squared error (for a detailed 

technical description, see Section A3 in the supplemental 
data online). As LASSO selection needs multiple runs and 
offers several parametrisation options, those variables were 
included in the final regressions that were selected in at 
least 85% of the 500 runs of the LASSO variable selection 
(see Figure A1 online).

4. RESULTS

Figure 3 displays the regional distribution of robustness to 
random and targeted elimination. In general, the larger 
city regions (Stockholm in the east, Malmö in the south 
and Gothenburg in the west) have higher robustness, fol-
lowed by smaller regions in the south and regional centres 
along the northern coast. It is generally the more remote 
and sparsely populated regions in the north (apart from 
the mining region of Kiruna) and in central Sweden that 
have the lowest robustness. This general robustness pat-
tern resembles the regional effects of previous crises in 
recent decades. The metro regions and large regional 
centres tend to be more resilient to general crises, while 
more sector-specific shocks (e.g., the information and 
communication technology (ICT) crisis in the early 
2000s) mainly entail an urban crisis (Eriksson & Hane- 
Weijman, 2017). Thus, the robustness derived from 
2002–07 data seems to reflect a more long-lasting regional 
capacity to manage crises. The regional difference between 
random and targeted elimination is not stark; instead, the 
difference in scale should be noted. That is, while the most 
robust regions are as robust to random as to targeted elim-
ination, the least robust regions are far more sensitive to 
targeted elimination, indicating a more specialised and 
coherent industry structure.

Figure 1. Network components and the robustness of local labour flow networks.
Note: S′ indicates the normalised Shannon entropy of the distribution of nodes across disconnected components in the network.
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Based on these observations and those made in section 
3, there is a substantial heterogeneity in the robustness of 
local labour flow networks across Swedish local labour mar-
kets. The question, then, is whether this network robustness 
conditions their resilience to an economic shock. To test 
this, we turn to the regression results on the association 
between robustness and change in employment in the con-
text of the 2008 economic crisis. This context was chosen 
because this is the most recent economic crisis event for 
which we have sufficient data covering its aftermath as 
well. As such, our results pertain to the resilience of regions 
particularly in the context of a grand recession.

Tables 1 and 2 present the results of our regression 
analyses, including robustness to random and targeted 
elimination of industries (VR and VT ), respectively. 
Model 1 in both tables represents a theory-driven employ-
ment growth model whereby coefficients are obtained 
using an OLS estimator. Model 2 extends this basic 
model by adding multiple variables on local industrial 
structure that are also considered in the resilience litera-
ture. As discussed in section 3, there is a high correlation 
among the covariates, and average VIF values in the base-
line linear models exceed the tolerable range (model 1 of 
Tables 1 and 2). This potential problem of 

Figure 2. Descriptive information about the robustness of local labour flow networks: (A, B) normalised entropy as the fraction 
of nodes removed increases; (C, D) distribution of network robustness measures against random and targeted elimination strat-
egies, respectively; and (E, F) population density and network robustness against random or targeted elimination.
Note: Blue represents the results on random elimination, red on targeted elimination.
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multicollinearity further increases once we include alterna-
tive measures that capture aspects of local industrial port-
folios. To mitigate this problem, the next set of models 
report the results of the LASSO inference that identifies 
the most stable predictors of the outcome variable in the 
case of a small number of observations, compared with a 
larger number of potentially collinear predictors. Model 
3 in Tables 1 and 2 reports the coefficients obtained 
from LASSO inference, while model 4 indicates the vari-
ables that were selected by the LASSO inference as the 
main predictors of employment change. Model 5 reports 
the coefficients obtained from an OLS specification with 
LASSO-selected variables. As reported in Tables 1 and 
2, mean VIF values in these final models are well within 
the acceptable range.

Control variables in model 1 in Tables 1 and 2 show 
the expected signs, but significant coefficients are found 
mainly for the model with network robustness based on 
random elimination. The stepwise introduction of 

variables shows that these signs are consistent despite 
the likely presence of multicollinearity in the case of multi-
variate analysis (see Table A2 in the supplemental data 
online). The results of the LASSO selection indicate 
that the robustness of local labour flow networks is the 
most consistently present predictor among all the variables 
considered (see Figure A1 online). In the linear models 
with LASSO-selected variables, we find that the robust-
ness of the local labour flow network to both random 
and targeted removal of industries has a significant positive 
association with employment change. Hence, regions with 
a higher capacity to withstand disturbances to the local 
capability base of their workforce tend to exhibit higher 
economic resilience in terms of resistance. This is because, 
due to labour pooling across industries, disturbances in a 
particular industry will likely leave others that are still reli-
ant on similar worker capabilities operational. Addition-
ally, workers belonging to industries that are more 
isolated in the local labour flow network have fewer 

Figure 3. Mapping the robustness of local inter-industry labour flow networks across Sweden: (A) network robustness (random 
elimination); and (B) network robustness (targeted elimination) of industries.
Note: Based on labour flows aggregated across the period 2002–07.
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redeployment options in the case of job loss in the wake of 
the crisis. Thus, our results complement previous findings 
indicating that the availability of skill-related alternatives 
makes the re-employment of workers after plant closures 
easier (e.g., Diodato & Weterings, 2015; Hane-Weijman 
et al., 2018; Morkutė et al., 2017), by taking a more aggre-
gate and systemic perspective.

Importantly, both interpretations above depend on the 
structure of labour flow networks among local industries. 
In this way our findings are in line with those of recent 
contributions regarding local network structures and resi-
lience (Moro et al., 2021; Tóth et al., 2022), while expand-
ing on these analyses by considering the regional industrial 
structure in particular, as well as by moving beyond the 
analysis of metropolitan regions. We also find that robust-
ness to random elimination of industries has a greater 
coefficient compared with robustness to the removal of 
the most connected industries. While this is admittedly 
unexpected, one must consider that the relative 

importance of random and targeted robustness depends 
on the interplay between the local network structure and 
how an economic crisis unfolds over it. While shock 
propagation likely follows through related links early on, 
it does not necessarily follow the degree distribution of 
industries, especially when the outcome in terms of 
employment change is aggregated across years.

With respect to other variables on the industrial struc-
ture of regions, we find first that the Theil index 
(THEIL2007) is consistently selected as a predictor that 
captures regions that are more specialised than the average 
in the Swedish context. Second, local labour markets with 
a more complex industrial structure (ECI2007) fared better 
during the crisis. This is an interesting and novel finding, 
expanding on previous results showing that regions 
branching into more complex occupations also saw faster 
employment growth after the recession (Hane-Weijman 
et al., 2022). Complexity thus seems to be associated 
with resilience, at least in the Swedish case. It is important 

Table 1. Least absolute shrinkage and selection operator (LASSO) inference and LASSO-selection-based ordinary least squares 
(OLS) results for random removal.

Dependent variable: Employment change 2007–2012

(1) (2) (3) (4) (5)
OLS 

(baseline) OLS
LASSO inference 

(adaptive)
LASSO 

selection
OLS with LASSO 

selection

log10 REGEMP2007 −0.076* −0.004 −0.022

(0.038) (0.063) (0.065)

POPDENS2007 0.001 0.000 0.000

(0.000) (0.000) (0.000)

HUMCAP2007 0.355** 0.100 0.107

(0.146) (0.163) (0.150)

VR 1.996** 2.195** 2.299** × 1.725***

(0.903) (0.864) (0.925) (0.434)

RELVAR2007 −0.041 −0.046 × −0.066**

(0.041) (0.038) (0.026)

UNRELVAR2007 −0.147 −0.142

(0.140) (0.154)

THEIL2007 0.002 0.002 × 0.002*

(0.001) (0.002) (0.001)

DIV2007 0.017 0.015

(0.017) (0.020)

RSR2007 −0.005 −0.002

(0.010) (0.010)

ECI2007 0.081 0.083 × 0.092**

(0.070) (0.061) (0.035)

Constant 0.369 0.560 0.423***

(0.235) (0.386) (0.125)

Regions 72 72 72 72 72

R2 0.280 0.462 0.446

Adjusted R2 0.237 0.374 0.413

Mean VIF 13.84 29.88 3.69

F-statistic 6.52*** 5.25*** 13.47***

Note: Standard errors are shown in parentheses; *p , 0.1; **p , 0.05; ***p , 0.01. VIF, variance inflation factor.
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to note, though, that this finding is sensitive to the 
inclusion of large metro regions in the sample (see 
below). Finally, we find that RELVAR2007 is a LASSO- 
selected predictor of employment change when consider-
ing network robustness especially to random elimination 
(and is barely below the cut-off for inclusion in the tar-
geted case). It has a sign similar to that of other instances 
when an entropy-base variety measure is included in 
models along with network-based measures of relatedness 
(e.g., Rocchetta et al., 2022; Rocchetta & Mina, 2019; 
Tóth et al., 2022). That is, the measure based on explicit 
relatedness captures the conceptual core of related indus-
tries with shared local capability base. Further, as indus-
trial classifications tend to classify activities that use 
similar technologies together, this coefficient may express 
the downside of relatedness during crisis in terms of shared 
supplier linkages. In sum, the LASSO selection models 
return a set of variables representing existing approaches 
to local economic structure in terms of industrial 

specialisation (THEIL2007), content (ECI2007) and inter-
dependencies (V), the last of which is a prominent predic-
tor of employment outcomes during crisis. It should also 
be noted that, although only a limited number of concep-
tually relevant variables are included, R2 is almost doubled 
in both cases compared with the initial OLS regressions.

We have tested the robustness of our findings to 
changes in key features of the analysis. In sum, these 
alternative specifications lent support to our main con-
clusions. First, the metro regions in our sample have an 
outstanding structural diversity in terms of industries, 
which makes them very different from the rest of the 
sample (Figure 2). To test whether these urban areas 
drove our results, we reran the models presented in Tables 
1 and 2 after excluding these regions (see Table A4 in the 
supplemental data online). The findings of the main 
models remained in place, except that economic complex-
ity (ECI2007) lost its statistical significance, likely because 
complex economic activities tend to concentrate in large 

Table 2. Least absolute shrinkage and selection operator (LASSO) inference and LASSO-selection-based ordinary least squares 
(OLS) results for targeted removal.

Dependent variable: Employment change 2007–2012

(1) (2) (3) (4) (5)
OLS 

(baseline) OLS
LASSO inference 

(adaptive)
LASSO 

selection
OLS with LASSO 

selection

log10 REGEMP2007 −0.027 0.046 0.026

(0.026) (0.066) (0.072)

POPDENS2007 0.000 −0.000 −0.000

(0.000) (0.000) (0.000)

HUMCAP2007 0.290* 0.064 0.067

(0.154) (0.170) (0.161)

VT 0.334 0.216 0.267 × 0.280***

(0.252) (0.249) (0.283) (0.097)

RELVAR2007 −0.031 −0.036

(0.042) (0.042)

UNRELVAR2007 −0.111 −0.105

(0.146) (0.153)

THEIL2007 0.002* 0.002 × 0.003***

(0.001) (0.002) (0.001)

DIV2007 0.014 0.011

(0.018) (0.019)

RSR2007 −0.003 −0.000

(0.010) (0.020)

ECI2007 0.071 0.074 × 0.091**

(0.073) (0.068) (0.040)

Constant 0.917*** 1.075*** 0.874***

(0.051) (0.358) (0.026)

Regions 72 72 72 72 72

R2 0.248 0.413 0.377

Adjusted R2 0.203 0.316 0.350

Mean VIF 7.65 29.12 1.67

F-statistic 5.51*** 4.29*** 13.72***

Note: Standard errors are shown in parentheses; *p , 0.1; **p , 0.05; ***p , 0.01. VIF, variance inflation factor.

Regional resilience and the network structure of inter-industry labour flows  11

REGIONAL STUDIES 



cities (Balland et al., 2020). Second, the capacity to toler-
ate random and targeted removal of industries entails two 
extreme cases for these local labour flow networks. There-
fore, in a further test, we combined targeted and random 
removal (50% chance for either in a series of removals), 
leading to findings similar to those reported above (see 
Table A3 online).

Third, our dependent variable covers the period 2007– 
12, in an aim to capture the early stage of the crisis and its 
immediate aftermath. In a set of robustness checks, we 
tested whether the results would hold for alternative 
periods. As the main employment effects of the crisis 
were expressed in 2009 for the vast majority of Swedish 
regions (see Figure A2 in the supplemental data online), 
we tested an alternative period in which employment 
change between 2007 and 2009 is considered (see Table 
A5 online). This would correspond to a conservative esti-
mate of the resistance stage during this particular crisis, 
and has been used in previous studies on the resilience of 
Swedish regions (e.g., Martynovich et al., 2023). With 
respect to the beginning of the period, 2007 represents 
the last pre-crisis year in our main specifications. To test 
the robustness of this choice we reran our models using 
2005 and 2006, respectively, as base years for calculating 
subsequent employment change. The results of these 
tests left our main findings in place.

Finally, we tested whether spatial dependence was an 
issue in our modelling setting. A mapping of the residuals 
from the main models reported in Tables 1 and 2 indicates 
that our models overall perform reasonably well in predict-
ing employment change in crisis (see Figure A3 in the sup-
plemental data online). Notable exceptions include the 
northern mining regions, which performed better in 
terms of resistance in employment compared with what 
we would expect based on their labour flow network struc-
tures, as well as some areas around the metro regions of 
Stockholm, Gothenburg and Malmö. The linear models 
with LASSO selection tended to yield less extreme predic-
tion errors for the mining regions in particular, also yielding 
a higher overall explained variance (see adjusted R2 values in 
Tables 1 and 2), but with more regions with higher predic-
tion errors compared with the basic linear models. 
Additionally, we formally tested the local clustering of 
high and low values (Getis–Ord general G) of labour flow 
network robustness, as neighbouring regions may have 
developed labour-flow interactions between industries 
that would effectively create structural dependencies across 
these networks despite our using functional labour market 
regions as spatial units. However, as we find no statistically 
significant support for such local clustering of labour flow 
network robustness to either random or targeted elimin-
ation (see Table A6 in the supplemental data online), 
spatial dependence should not be an issue in our models.

5. CONCLUSIONS

In this paper we proposed an approach to engaging with 
which arrangements of interdependencies between local 
economic activities are conducive to resilience. This was 

done by drawing on advancements in evolutionary econ-
omic geography and the rich toolbox on network robustness 
developed in network science. The paper has thereby pro-
vided hitherto scarce systematic evidence, in the context 
of local labour markets of an entire national economy, on 
the link between local industrial network structure and 
regional economic resilience. Specifically, building on rich 
administrative data covering the universe of workers in 
Sweden, we stress tested 72 local labour markets against 
the progressive hypothetical elimination of industries 
from their local inter-industry labour flow networks.

The explorative part of the analysis indicates a substan-
tial heterogeneity between the regional labour flow net-
works in terms of robustness to random disturbances as 
well as the targeted removal of their most connected 
industries. As these networks represent worker redeploy-
ment potentials within the context of local labour markets 
(Gianelle, 2014; O’Clery & Kinsella, 2022), this finding 
indicates that the same economic shock would isolate 
workers into disconnected segments of the labour market 
more easily in some regions than in others. Importantly, 
apart from a clear metropolitan premium, we find that 
this goes beyond being a matter of regional size, stressing 
instead that emergent local solutions to coordinating 
labour across economic activities yield structural strengths 
and vulnerabilities even among otherwise similar regions. 
We thereby advance previous studies based on nationwide 
relatedness (e.g., Sánchez-Moral et al., 2022) or a specific 
regional case (Gianelle, 2014). Given that the regional 
reallocation of workers is a prerequisite for smoothing 
the process of creative destruction at regional scale and 
lowering the adjustment costs for both individuals and 
society (Aghion et al., 2009), from a policy perspective 
this makes it imperative to have a clear understanding of 
the existing structure of local labour flows so that the frag-
mentation of redeployment potentials during crisis can be 
mitigated through targeted retraining programmes that 
counteract workers being isolated in disconnected seg-
ments of the labour market.

Moreover, we find that regions where inter-industry 
labour flows constitute a network that fragments more 
slowly into disconnected components when facing a series 
of economic disturbances fared better in terms of employ-
ment during a grand recession. In such local labour mar-
kets, workers are comparatively less likely to be isolated 
into a particular segment of related activities as an asym-
metric crisis unfolds. The paper thereby advances the con-
ceptualisation of regional economies as complex systems 
(Martin & Sunley, 2007) by showing that the self-organ-
isation of local labour markets into labour flow networks of 
different structures is linked to regional economic per-
formance during crisis. The findings from LASSO selec-
tion models also show that network robustness is a 
prominent predictor of employment change among several 
structural measures of local economic activities, indicating 
the importance of region-specific arrangements of labour 
redeployment potentials. Therefore, while structural fea-
tures of regional economies are a well-established determi-
nant of regional resilience (Martin & Sunley, 2020), there 
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is more to this structure than the distribution of workers 
across economic activities, or relatedness based on national 
aggregates between them, would indicate.

In highlighting the regionally varying structural fea-
tures of labour redeployment potentials, our paper contrib-
utes to an emerging stream of empirical research exploring 
the role that local economic network structures play in 
regional economic resilience (e.g., Balland et al., 2015; 
Kitsos et al., 2023; Moro et al., 2021; Tóth et al., 2022). 
Focusing on labour market realignments rather than out-
put, our findings push the existing frontier by elaborating 
on the variation that exists in the self-organisation of 
regional economies as complex systems through inter- 
industry labour flows and how this makes for more or 
less resilient regions.

However, our study has limitations, which correspond 
to still open questions in the literature. First, our proposed 
measure of robustness was derived from a static network 
defined by normalised labour flows prior to the crisis. 
The conceptual breadth of regional economic resilience 
includes the ability of regions to develop new growth 
paths and not only withstand a shock (Boschma, 2015), 
which implies a change of economic structures (Martin, 
2012). While such changes could entail changes of indus-
trial compositions as well as the intensity of labour flows 
between pairs of industries, within the confines of this 
paper it was not possible to take up the task of exploring 
the dynamics of network robustness and its relation to resi-
lience. Hence, our results apply to the resistance and 
recovery dimensions of resilience in particular, rather 
than to the dimensions of renewal and reorientation. 
That being said, without knowing more about heterogen-
eity in the network robustness of local inter-industry 
labour flows in a static sense, we cannot discuss dynamic 
processes of change to any greater degree. Second, labour 
flows are only one instantiation of the interdependencies 
or forms of relatedness between different industries. 
With our data we could not assess the degree of supply 
chain relatedness between different local industries, 
which may have led to omitted variable bias. Considering 
both labour flows and supply chain connections in the 
same framework, however, might resolve the conundrum 
around related variety; that is, whether it allows for the 
emergence of novel combinations of local capabilities 
during crisis, or facilitates shock propagation between 
related segments of the local economy.
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