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1 | INTRODUCTION

Economic downturns and shocks, whatever their originating drivers may be, have a tendency to reignite scholarly
interest in notions of regional and national resilience. Since the housing market crash and recession of 2008, an
increasing number of contributions in economic geography have, to varying degrees, aligned their perspectives of

resilience after those initiated in engineering and ecological traditions (Fingleton et al., 2012). As it is often pointed
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LLE ARBABI and PUNZO

out, across and within disciplines, resilience is defined in various subtly different ways (Punzo et al., 2020). What is
common, however, is an association with systems' ability to withstand hardship and recover afterwards. In ecology,
resilience is the ability of species, and the ecosystem to which they belong, to withstand disruptive changes,
e.g., prolonged droughts or species and resource disappearance (Holling, 1973; Pimm, 1984), moving between equi-
libria. In engineering, resilience is the ability of a system to withstand disruptions and quickly regain an acceptable
level of performance (Hale & Heijer, 2006). Similar formulations have more recently made their way into the regional
economics literature often portrayed as national or regional capacity to ‘absorb’ external shocks (Martin, 2012;
Martin & Gardiner, 2019).

The overall understanding of resilience across the three traditions is fairly similar. And yet, there are crucial dif-
ferences in expectations. Ecosystems, as complex systems in general, are more readily and frequently thought of as
networks and modelled as such. This has offered ways of quantifying and more explicitly modelling their resilience
as a function of their other structural characteristics (Levine, 1980; Pimm, 1984; Ulanowicz et al., 2014). In the eco-
nomic literature, studies have looked at the potential effects of industry structure (Delgado-Bello et al., 2023; Han &
Goetz, 2019; Psycharis et al., 2014), relatedness (Cainelli et al., 2019; Grabner & Modica, 2022), specialization and
diversification (Chen et al., 2023; Cuadrado-Roura & Maroto, 2016; Di Caro, 2017; Palaskas et al., 2015), alongside
considerations of urban/rural effects (Brakman et al., 2015; Capello et al., 2015; Grabner & Modica, 2022) as deter-
minants of resilience. These have accumulated an abundance of evidence highlighting the degree to which resilience
is affected by differences in structural composition of products and employment. Metrics used in such quantifica-
tions of relatedness, diversification or specialization implicitly think of regional economies as networks in the same
way that ecological studies do of food webs.

Trophic characteristics of food webs are similarly a collection of metrics that quantify the relationship between
the species present in the system. Some articulate the position of individual species within the system, for example,
as a hierarchy of predation or contribution of biomass to other species, while others describe the overall nature
and organization of the system. Over the last decade, the economic complexity community has to some extent
attempted at better contextualizing more generic network formulations within the economics literature (Bartesaghi
et al., 2022; Harvey & O'Neale, 2020; Hausmann & Hidalgo, 2011; Hidalgo & Hausmann, 2009) beyond the
surface-level parallels that go back to the works of Leontief and Ghosh on input-output (I0) models (Ghosh, 1958;
Leontief, 1936; Manresa & Sancho, 2012). Such generic network structures have since been modified to codify and
relate comparative advantage and relatedness of economic sectors and their products with regional growth and
performance (Cicerone et al., 2020). Though, missing is an examination of the original ecologically derived generic
structural metrics and resilience at a regional scale. This is despite McNerney (2018) having shown |O tables pro-
viding a readily mappable representation of economic systems within ecological traditions at national scales.

Here, we address the topic of regional economic resilience as a function of trophic characteristics derived from
the ecological tradition. We believe this to be among the first such attempts. More specifically, we focus on the rela-
tionship between regional resilience and trophic length, depth and coherence. We estimate these characteristics at a
regional level based on intermediate tables of sectoral interactions within and across different national and regional
economies. First, we demonstrate that resilient regions as a group consistently exhibit appreciably different trophic
structures with longer trophic chains and more entangled sectoral connections. We further quantify the magnitude
and direction of trophic effects on the likelihood of regional resilience using a simple logit formulation. Finally, we
use the directionality of these relationships to identify direct and indirect regional structural feedback loops affecting
regional and national economic performance. We show that regions with longer trophic chains are more likely to be
resilient. Meanwhile, changes to the economic output or trophic structure of these regions could foreshadow change
across a larger number of regions.

The rest of this paper is structured as follows. In the next section, we briefly outline the trophic characteristics
considered, their ecological background and methodological approach we use to estimate them. In the third and
fourth sections, we present and discuss the main empirical findings followed by a brief conclusion.
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ARBABI AND PUNZO W

2 | TROPHIC CHARACTERISTICS AND RELATED NETWORK
ABSTRACTION OF ECONOMIC INTERACTIONS

21 | Trophiclength and coherence

Trophic characteristics in systems ecology refer to metrics that quantify the position of various species within food
chains/webs or ecosystems of which they are a member. In the context of food webs, networks codify the direction
of predation, and sometimes their quantitative calorific nature, between the species involved in the system being
studied. For these networks, trophic length/level, depth and coherence are characteristics describing the position of
a single species in the chain, the overall length of the chain and how tidily the chain is stacked, respectively
(Carscallen et al., 2012; Guimera et al., 2010; Johnson et al., 2014; Levine, 1980). Let us demonstrate.

The predation relationship between species can be condensed in an adjacency matrix, A, where entry a; is 1 if
the specie on column j has the specie on row i in its diet, and O otherwise. If quantities are known about the magni-
tude of predation, a weighted adjacency matrix, W, could be used instead of A. The trophic length, s;, of each specie,
i,in W, or A, can then be formalized as

1
5i:1+ﬁzw"i5i‘ (1)
i

where wj; is the corresponding entry of the network's weighted adjacency matrix, W; s; the trophic length of species
j; and k::" = zjwi,- the overall predation pressure on specie i (Johnson et al., 2014; MacKay et al., 2020). It is clear that
the positions derived from Equation 1 are interdependent. To solve for all positions along the chain, species that do
not prey on other members of the network are designated as primary producers and assigned a trophic length of
1. Figure 1 shows a series of toy food chains with 50 species ordered based on their trophic length, s.

Trophic coherence, meanwhile, provides a measure of the homogeneity of trophic distance, i.e., xj=s;—sj,
between species of different trophic lengths. This tidiness is measured as the standard deviation of trophic distances
following the expression

where L= Z,.Jw,-j is the total interspecies exchange/flow in the network and g € [0; + o) the system's trophic inco-
herence. A network is maximally coherent when g=0 and becomes increasingly incoherent as g grows. Trophic
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FIGURE 1 Schematic representation of a toy network of 50 species with differing trophic lengths and coherence
structure. Grid lines from top to bottom denote s = 1,2, 3,4 and with networks having an increasing value of g from
left to right.
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incoherence articulates how distinctly the trophic lengths of species within a network are stacked with g=0 rep-
resenting a system where species fall within exactly a unit length of one another. Figure 1 demonstrates how differ-
ent networks with the same number of species and universal preys can have a different overall depth, max(s), and
coherence as a result of the structure of interactions between the other species. Maximum coherence, as is clear in
the figure, requires compartmentalization of species such that there is no intra-compartment interaction and each
compartment only preys on one other compartment of species. This level of network coherence is likely only when
considering non-weighted representation of systems, A. For empirical networks, e.g., food chains with calorific infor-
mation or those outside a food web context, incoherence is positive and its magnitude is an arbitrary function of net-
work size and trophic lengths. In such cases, we can ascertain the robustness of the estimates of g through
comparisons with the incoherence of a null model (Johnson & Jones, 2017). The null model expectation for network

incoherence, g, can be calculated as
q=4/—-1, (3)

where L, is now the total flow involving only the primary producers within the network. If g/q <1 the network is
coherent, if /g >1 it is incoherent, and in the event q/q=1 the network is as coherent as a randomly assembled

network of the same size and composition is expected to be.

2.2 | Empirical framework and implementation

The utility of trophic characteristics in ecological studies rests in how their analytical formulation links with ecosys-
tem equilibria and resilience in systems where interactions can be modelled using non-linear differential equations,
e.g., Lotka-Volterra prey-predator models (Fath et al., 2019; Gross et al., 2009; Pimm, 1984; Ulanowicz et al., 2014).
In this work, we are interested in exploring the impact of similar trophic characteristics when considering the resil-
ience of regional economic systems where interaction dynamics cannot easily or neatly be modelled.

One simple mapping of trophic characteristics to regional economic system would involve treating either inter-
mediate demand or supply tables as the stand-in for the calorifically weighted species interaction matrix, W. This will
allow the estimation of trophic length for individual sectors in each geography and trophic incoherence for the
regions or nations to which they belong following Equations 1 and 2. For the results discussed in this work, we make
use of the EUREGIO dataset which is a regionally extended version of the world 1O tables for European NUTS2
regional divisions (Thissen et al., 2018). The dataset has been previously used in analysing regional economic resil-
ience, including regional exposure to Brexit (Chen et al., 2018), firm productivity and relatedness (Stavropoulos et al.,
2020), and knowledge-based network structure and local productivity (Cortinovis & van Oort, 2019) among others.
Detailed explanation on content and development of EUREGIO can be found in Thissen et al. (2018) and Chen et al.
(2018).

We use the intermediate demand table from EUREGIO considering inter-sectoral trade structure of 14 industries
within 249 NUTS2 geographies across 24 states between 2000 and 2010 recorded in million euros. The dataset
includes the overall global 10 table at variable geographic resolutions with sectoral data for 24 European Union
(EU) states down to NUTS2 geographies, other major economies grouped nationally and balancing the table with an
aggregated rest-of-the-world geography. This means that our system for the EU between 2000 and 2010 includes
3486 unique species of 14 sectors across 249 NUTS2 regions that interact with one another, and other industry-
geography species present in the EUREGIO intermediate table. Since there is no industry within intermediate
demand tables that does not buy from any other industry, we do not assign any of the industrial species themselves
as the peg for trophic length of 1. To provide a peg for the trophic length of 1, we look at employees as the in-

context parallel for ‘primary producer’ specie, i.e., nodes of trophic length 1 in Figure 2, using values of

a0 ‘LS6SSEPT

sdny woxy

:sdny) SUOMIPUOY) PUT SuLa L, 3 205 “[£20Z/1 1/£T) U0 ATEIqrT UIUQ K2[1A “PIOIIAYS JO ANSIOATUN) £q 997 71°SIId/T 1 1°01/10p/w0d Ko

swsaywoo Ko K.

25URDFT SUOWIIOY) dATERI) A[qEandde A Aq PAUIAAGS AIE SAIITIE VO 15T JO SAINI 10§ ATEIIT SUIUQ AB[1AN UO (:



ARBABI AND PUNZO EJ;S

(a)

7

61 °

®

£ 57 %
=) [ ]
S { ]
4 T .
L '
-g-
Q34 ﬂé
=

2 2 ‘ ° \ °

14 i ]

T T T
Marine Food Web Andalucia Bratislavsky_kraj

(c) (b)

8 I —
o ammbme
74 . o ———
] * ] ' ¥ 3 | . t ;: . i
£ 1 t [ * t o amda——-
5 |1 o0t . ' i ' . ;
5 5] | ‘
| b i A ] 3 ) B ER) o -
o 3 vt 5
Z 4 ' ' l ! ' i .
Q - EhE—
o
F3q e l | l | l I A —
l l . . ¢ l o d——
P l ! i
Coke_refned_p . N—
14 - el -
T T T T T T T T T T T T T T T T T T T T T T T T 3 2 s s
XX WWwX JdFXD®NrkweghbtWhkD>WweE JNX
>0 noZz2 -4 o 3w < = = oo T < W o O wn Trophic Length

FIGURE 2 2000-2010 mean sectoral trophic length for two regions of typically short and long trophic depths
compared with an un-weighted toy food web (a), distribution of trophic lengths grouped by country (b) and grouped
by economic sector (c) showing mean, min, max and their 95% confidence intervals - dashed lines indicate

overall mean.

‘compensation of employees’ for each regional sector from the dataset as a singular specie that is bought from by all
sectors while not buying back within the context of an intermediate demand table.

When estimating s for each NUTS2 regional sector in the EU, we retain the entirety of the intermediate table
including non-EU aggregated countries and rest-of-the-word, only rounding interactions to the nearest million euro
as a pruning measure for relatively small interactions. This allows for a comparable estimation of trophic lengths
across the entire network of the worldwide intermediate interactions. We should note that including geographically
aggregated nodes from outside the EU, while preserving the hierarchy of the lengths, will to some extent squash the
regional trophic length for sectors within the EU due to the larger magnitude of geographically aggregated sectoral
flows. Figure 2b and c shows the distribution of regional trophic lengths estimated for the period 2000-2010.

What information, however, do these trophic lengths codify in the context of economic intermediate demand
tables? Going back to the food web analogy, trophic depths provide an interpretation of system structure based on
dependence of sectors/regions on services of other sectors and/or regions. As such links are in the direction of ser-
vices rendered, i.e., opposite of monetary flows. This supply-position-from-demand perspective is more intuitively
picked up by considering how sectors like non-market services, distribution and financial intermediation on average
occupy shorter trophic lengths with their services in demand by other sectors compared with the mining and quarry-
ing activities which have longer lengths and therefore are unlikely to provide direct intermediate services demanded
by many others (Figure 2c). Let's take the regions of Andalucia and Bratislavsky in Figure 2a as another example.
Mining and quarrying sectors exhibit very different trophic characteristics in the two regions. In Andalucia, the sector
occupies a length of s= 3 in the mid-range of trophic lengths seen in the wider region indicating it both requires in

services from other sectors/regions and is a service provider to sectors/regions which would occupy trophic lengths
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FIGURE 3 Lineplots showing the national (a) and regional (b) incoherence, g with black points and error bars
showing EU-wide mean and its 95% Cl. Cl, confidence intervals; EU, European Union; Fl, Finland; FR, France; GR,
Greece; IT, Italy; LU, Luxembourg; SK, Slovakia.

higher than its own. The same sector in Bratislavsky, on the contrary, sits at the bottom of the region's trophic depth
with s~ 7. Considering very few sectors occupy lengths higher than s=7 (Figure 2c), the sector in Bratislavsky is
likely not to be a popular and/or high volume service provider in the overall network. We can compare this with the
position occupied by the Seagull in the toy food web in panel A. The regions as a whole exhibit this difference in
overall position with sectors in Andalucia occupying shorter trophic lengths.

Unlike trophic length, we estimate the trophic incoherence, g, of each region individually by using only the sec-
toral intermediate interactions within the region for values of wj; while using the trophic lengths obtained using the
entirety of the intermediate table for values of x; in Equation 2. This allows us to retain the overall network informa-
tion when considering the variance of the trophic lengths and how tidily they are stacked without retaining non-
regional nodes outside the EU. Figure 3 shows the time series of trophic incoherence estimated both at national and
regional boundaries for European states. We note here that considering a q/q test, all regions considered throughout
2000-2010 exhibit q/q > 1. This indicates network structures to the right of Figure 1 and is in line with expectations
from highly entangled networks of economic interactions, compared with non-weighted symbolic representations of
food webs. What is interesting, but to some extent trivial, to note is the dramatic disruption of trends in trophic inco-
herence following economic shocks in the data, i.e., in 2002 and 2009, as intermediate sectoral/regional interactions
undergo a restructuring following shocks. The restructuring in 2008-2009 saw a steep drop in the trophic incoher-
ence across the overwhelming majority of the regions considered. This could also reflect the ability of the network
to respond to either shocks.! The dotcom crash of 2001 was significantly shorter, smaller and more limited in its
scope compared with the financial crisis in 2008 allowing for structural changes in the interactions as a means of
responding and adjusting to the shock (Kliesen, 2003; Kose et al., 2020).

2.3 | 10 models, inoperability, fragmentation and other parallels

As previously suggested, surface-level parallels between network representation of food webs and ecosystems and
those of the intermediate demand/supply tables in IO models are relatively easy to draw. Before proceeding with
the results, we briefly address the two other main bodies of work in economics that have similar or related

perspectives.

LIt should be noted that the larger magnitude of the discontinuity in the 2001-2002 period could alternatively suggest changes in the data collection and
treatment of the underlying IO tables (Lenzen et al., 2012).

=
&
3
b
°
b3
=
e
o

11°01/10p/wiod K1

I
3
S
EN
g
=
B
B
I
g
<}
Q
2
2
z
<3
]
&
3
&
°
Z
5
3
[
g
]
2
g
I
3
S
3
S
=
P
&
g
s
7
e
5
g
H
g
2
0
15
g
=
g
2

st Ko

25URDFT SUOWIIOY) 2ATIER) A[qEadde A Aq PAUIAAGS AIE SAIITIE VO 125T JO SAINI 10§ ATEIQIT AUIUQ AB[1AN O (:



ARBABI AND PUNZO W

The concept of inoperability and associated 10 models were introduced in studies of risk and heavily borrowed
from the engineering formulation of resilience. Defined as the ‘inability of the system to perform its intended func-
tion’ (Haimes & Jiang, 2001), the models use variations of 10 tables and multipliers to estimate the magnitude of this
‘inability’ treating shocks/events as changes to 1O entries (Okuyama & Yu, 2019). Majority of recent activities in the
space build upon existing inter-regional and inter-country IO studies and focus on examining the exposure of regions
or sectors to the propagation of shocks throughout value-chains (Tian et al., 2023). As a method, similar to any 10
model, the preoccupation is mostly with the quantification of the impacts, negative or positive, caused by this
notional redistribution of consumption and not so much with the structure of the interactions (Oosterhaven, 2017).
Typical insights from these studies point at the beneficial effect of supplier/client diversity, particularly when consid-
ering system resilience in the aftermath of environmental disasters (Todo et al., 2015).

Fragmentation studies offer a perspective more concerned with the organization of interactions. They focus on
the successive breakdown of production processes into stages the suppliers for which are highly clustered and differ-
entiated in space and production stage. Works in this space are often concerned with measures of vertical specializa-
tion with empirical works looking at the share of domestic value-added in a unit of export. Conceptually,
fragmentation is formulated as the position countries or regions take along production networks and is evidenced
through increasingly denser connectivity of sectors/regions/countries in intermediate trade (Los et al., 2015).
Increased fragmentation is often cited to amplify effects of economic shocks as they propagate through increasingly
clustered production stages nationally and regionally (Brakman et al., 2015). Fragmentation as a notion, unlike
methods such as 10 or inoperability, has closer conceptual ties with characteristics like trophic lengths and/or coher-

ence although one-to-one mapping may not be immediately meaningful.

3 | RESULTS AND DISCUSSION
3.1 | Trophic characteristics and regional economic output

We start by looking at the relationship between economic output and trophic length. We use values of the ‘value-
added’ from EUREGIO as a proxy for economic output and performance at sector level and aggregated at regional
and national levels. Previous works have already shown that, for international 10 structures, larger output multipliers
are expected for nations of longer trophic length (McNerney et al., 2018).

For interactions in the EU over the 2000-2010 period, in addition to value-added itself, we calculate the normal-

ized economic output indexed against values at 2000, Y= YZOZO, and its year-on-year change, AY. Figure 4 shows the
link between mean trophic length of regions with their output and its growth. As shown in the figure, the overall

magnitude of the output, on average, decreases with an increasing trophic length at both national and regional levels.

(b) (c)

(@)
P r:-0;24, p: 1.1e-04
12 - Fearson / p:1.1& ) 200 | Pearson r: 0.58, p: 3.1e-24 - 0.20 -| Pearson r: 0.62, p: 6.3e-28

L)
0.15
10 1.75
= —~ <
z < 1.50 3 0.10
8 1.25 0.05
1.00 0.00
6
T T T T T T T T T T T T T T T
3.5 4.0 4.5 5.0 55 3.5 4.0 4.5 5.0 55 3.5 4.0 4.5 5.0 55
Mean Trophic Length Mean Trophic Length Mean Trophic Length

FIGURE 4 Panels (a) through (c) showing the correlation between 2000 and 2010 time-averaged overall output,
Y, 2000 - normalized output, Y and growth, AY, with mean trophic length for NUTS2 regions - solid red points
show national averages.
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While not a tight trend, particularly at a regional level, the shorter average position of sectors in regions with larger
economies indicates larger intermediary roles for sectors making up these economies. Note that we calculate mean
trophic length as the average of all sectoral lengths, s, throughout 2000-2010 and not the average of the regional
trophic depth, max(s). The same mean trophic length, however, correlates positively with indicators of relative out-
put growth and change. Regions and states that have on average sectors of greater length have had larger average
growth rates and change relative to the starting point in 2000 (Figure 4b and c).

What is worth pointing out here is the direction of relationship between trophic length and network incoher-
ence. Averaged over time, similar metrics of relative growth for trophic length and incoherence are positively corre-
lated at a regional level (Figure 5). This implies regions and nations on average lose network incoherence,
i.e., become more tidy in structure, when moving to the left of panels in Figure 4. Knowing that tidier structures
require fewer interactions between sectors of similar lengths or hugely different lengths, regions and nations of
shorter mean trophic lengths and/or with larger economies are likely to have more of a ‘fragmented’ sectoral dynam-

ics internally.

3.2 | Economic shocks, resilience and trophic characteristics

Our main focus in this work is the impact of trophic characteristic of regional economic networks on their relative
resilience evidencing and highlighting the network dynamics at play with regard to regional sectoral interactions. In
considering resilience, we use a common formulation after (Cainelli et al., 2019; Lagravinese, 2015; Martin, 2012)
looking at changes in economic output relative to the levels in a base year t following

VY Yy
Y: YEU (4)
Y;UiytEU ’
o

Resilience =

where Y,T is the output of the region at year T and Ygy is the total EU-wide output. This allows for a relative and

binary indication of resilience, R,T, for each region based on whether Resilience,T is larger or smaller than zero

=

r | 1 Resiliencel >0,
0 Resilience] <0,

0.0105 Pearson r: 0.81, p: 1.1e-58
0.005
5
< 0.000
-0.005 -
-0.010 - :

T T T 1
-0.010 -0.005 0.000 0.005 0.010
Change in Mean Trophic Length

FIGURE 5 Scatterplot of change in time-averaged mean trophic length versus change in incoherence at NUTS2
level.
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ARBABI AND PUNZO W

where we consider the region, r, to have been resilient if in time of economic prosperity, when the overall EU output
increases, and in time of economic crisis, when the overall EU output declines, it shows a larger incremental growth
or a smaller loss than the EU as a whole. While the formulation in Equation 4 can be used without alteration for both
periods of contraction, as ability to resist shock, and expansion, as ability to recover, depending on the choice of t,
the absolute magnitude of Resilience] could be very sensitive to this choice. For the rest of the analysis presented,
we use a t =2000. We note that there are various other definitions that could be used as a measure of regional resil-
ience, particularly those that include comparisons with a presumed pre-/post-shock growth paths (Fratesi &
Perucca, 2018; Martin & Sunley, 2015). Here, we focus on the formulation presented in Equation 5 as it provides a
more convenient continuous measure that can be translated to whether a region is considered resilient, relatively
speaking, rather than how resilient it may be in pair-wise comparisons with other regions.

We can now test for significant differentiation in trophic characteristics when grouping regions by resilience
(Brown & Mood, 1951; Kruskal & Wallis, 1952). Resilient regions, as a cohort, consistently show both higher median
trophic lengths and greater trophic depths when compared with non-resilient regions (Figure 6a-c). Through time,
regions with economic networks of larger trophic lengths are more likely to belong to the group of resilient regions
in that temporal snapshot. Given the coupling of trophic length and incoherence growth, a similar differentiation of
regional resilience is seen with more incoherent regions more likely to belong to the resilient cohort. The larger tro-
phic lengths and network incoherence in this context provide sector-level parallels for diversification arguments
(Di Caro, 2017; Youn et al., 2016). It is likely that longer and less tidy intermediate consumption patterns allow for
greater chances of substitution when the network is subject to stress. We should point out here that by using t =
2000 in Equation 4, it could be argued that it measures the recovery and response to the 2008 crisis as part of the
recovery from the much smaller 2000 crash and as such is, strictly speaking, measuring growth and not resilience.
Nevertheless, the binary formulation in Equation 5 still provides a relative indication of resilience before and after
shocks regardless of the base year used. See supplementary information for fairly similar variants of Figure éa-c for
two alternative estimates of resilience, one where we only consider year-on-year performance, i.e., for each year we

use the previous year as the base year, and one where we divide the period in three segments to capture the periods
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FIGURE 6 Panels (a) through (c) showing the median and its 95% confidence intervals for trophic depth, max(s),
mean trophic length, 5, and incoherence, g, for regions grouped based on resilience for the period starting in 2000 -
note that for the exception of 2002 in panel (c), the two groups are statistically differentiated following both Mood's
median and Kruskal-Wallis test with p < 0.01. Panels (d) through (f) showing variations of output, Y, normalized
output, Y, and its annual change, AY, against mean trophic length from panel (b).
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LLE ARBABI and PUNZO

of contraction and expansion explicitly, i.e., indexing 2001-2004 to t =2000, 2005-2007 to t=2004 and 2008-
2010 to t = 2007 when the economy had peaked prior to the recession (Brakman et al., 2015).

The trophic-output relationship outlined in Figure 4 has further implications for regional expectations of resil-
ience. Considering cohort-averaged characteristics in each annual snapshot during 2000-2010 also reveals a stark
difference in the size of the economies and their growth rates. Panels D-F in Figure 6 suggest that, counter-
intuitively, larger European regional economies are less likely to belong to the resilient cohort. This is despite the fact
that the correlations seen in Figure 4 persist when considering the regional averages in both resilient and non-
resilient cohorts (Figure 6).

To provide an estimation of the combined effects of the trophic characteristics on resilience, we examine a logit
formulation for regional resilience a la (Cainelli et al., 2019) with a general form following

Logit(RT) = fo +B15] +B265] +Baal, (6)

T

where E,T is the average of sectoral trophic lengths in region r at time T, 55,7 = max (s,

) — min(s]) the region's absolute
length, and q] its incoherence. Note that &s in effect measures the extent to which the sectoral networks are
stretched across the trophic lengths in each region when considering the position of the region within the overall
intermediate network containing all sectors/regions considered. We implement seven variations of the model
sequentially considering each independent variable and their combinations. Table 1 shows the model estimates for
each variation including confidence intervals of the overall marginal effects for each variable. Before discussing the
implications of the model, we have to note that we are not treating the dataset during 2000-2010 as a panel. For
our estimates, we take each regional observation at a point in time as an independent data point fitting the model to
the overall 2490 observations. In our case, this only causes negligible bias compared to fitting the model to data from
each year separately or considering temporal lag effects explicitly. We would be remiss not to point out here that
since we are not controlling for other regional characteristics in the results presented here, the following discussion
is one of co-occurrence between regional resilience and trophic characteristics and not one of implied causation. See
supplementary information for a series of robustness checks where we control for year and additional regional vari-
ables with limited change to the direction of relationships reported for model 7. Datapoints are also available for
independent testing.

Considering trophic characteristics individually and without controlling for others, chances of a region having
fared better than the overall EU response in the same period increase with an increase in any of the three trophic
variables considered, models 1-3. This is consistent with the bivariate observations for mean trophic length and the
growth rate of normalized regional output. Although when considering the marginal effects, mean trophic length and
regional absolute lengths have a noticeably larger impact on chances of resilience compared with network incoher-
ence, with model 3 having also the lowest pseudo-R? estimate of near-zero. The most suitable model incorporating
all three trophic variables, however, paints a slightly more nuanced picture. When considered together, resilience
appears to favour regions that simultaneously have larger mean sectoral and absolute lengths but with a more orga-
nized and less incoherent structure.

In previous sections, we suggested that parallels exist between already-explored economic metrics such as relat-
edness and trophic characteristics with similar expectations for potential effects of trophic incoherence and related-
ness on resilience, which is in direct contrast to our observations here. While higher incoherence could imply higher
interconnections, similar to relatedness, since the trophic characteristics are directional and capture the flow of ser-
vices between trophic levels, in addition to from one industry to another, higher incoherence also implies a blurring
of distinction between levels of service provision. This is not necessarily captured traditionally in measures of relat-
edness, diversification or other measures of centrality. In more coherent systems, e.g., the two left-most networks in
Figure 3, there is a more clear and apparent hierarchy of service relations where the sectors occupying a trophic level
provide services to those in the level immediately above them and rely on services provided by those in the level

immediately below them. The more coherent the network is, the less the chances that service provision in the
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ARBABI AND PUNZO EJJ

TABLE 1 Logit model results of regional resilience against the combination of predictors in Equation 6 showing
direct estimates for coefficients and their overall marginal effects.

n=2490
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7°
Pseudo-R?>  0.09 0.06 0.01 0.13 0.11 0.06 0.15
§rT 0.76*** 0.70*** 1.13*** 1.14***
(0.05) (0.05) (0.08) (0.07)
[0.66, 0.86] [0.61, 0.80] [0.97,1.28] [1.00, 1.28]
ay/ang [0.15,0.18] [0.13,0.16] [0.22,0.27] [0.21, 0.25]
ssT 0.62*** 0.53*** 0.59*** 0.60***
(0.05) (0.05) (0.05) (0.05)
[0.52, [0.44, 0.63] [0.49, [0.50, 0.70]
0.73] 0.69]
dy/dssT [0.12, [0.09,0.13] [0.12, [0.10, 0.14]
0.17] 0.16]
al 0.26*** —0.49*** 0.19*** —0.58***
(0.05) (0.07) (0.05) (0.07)
[0.17,0.35] [-0.63, [0.10, [-0.71,
—0.35] 0.28] —0.45]
dy/dql [0.04, 0.09] [-0.13, [0.02, [-0.14,
—0.08] 0.06] —0.09]
Bo -0.10 -0.08 -0.09 -0.09 -0.09 -0.08 -0.08
(0.04) (0.04) (0.04) (0.04) (0.04) (0.04) (0.05)
[-0.18, [-0.16, [-0.17, [-0.18, [-0.17, [-0.17, [-0.17,
-0.02] 0.00] —0.02] —0.01] —0.01] 0.00] 0.00]

Model with lowest values of Akaike information criterion (AIC) and Bayesian information criterion (BIC).
***p-value < 0.001, () denotes standard errors, and [-,-] the 95% confidence intervals.

system enters a loop or cycles, with sectors at higher differentiated levels providing termination points in the service
provision paths within the intermediate supply tables. In a sense, supply-chain paths in coherent networks comprise
linear one-way paths where intermediate services/products flow upward. It is then easy to see that while networks
with increased incoherence are likely to see increased connections between sectors, unlike measures of relatedness,
this increase is not necessarily accompanied by higher chances of technologically similar or equivalent industries
which provide the intuition for the positive coupling of relatedness and resilience as redundancies in the system
increase.

Regional mean trophic length and/or absolute length, on the contrary, are the metrics that perhaps explicitly
capture the diversity of activities in the regions. The longer the trophic chain in a region, perhaps no matter how
incoherent, the more processed the services moving up the trophic levels as the number of intermediary sectors
increases. Or when considered in the context of all regions present, the higher the chances a region will have a ser-
vice/product to provide, in any economic sector, for sectors of a given trophic level, i.e., it will have a larger pool of

potential customers and service providers. When considering regional resilience, the sectors in regions with a larger

average sectoral length, §,T, by definition, consume and benefit from a larger pool of sectors at lower trophic levels,
whether within or without their home region, and as such have access to a larger pool of substitutes, whether it be a
substitute sector or product/service, should shocks affect flow of products/services they rely on from levels below.
Similarly, a larger absolute regional length, 5sT, would signal a similar potential for higher redundancy within the

region, should there be strong enough intra-regional interactions between sectors along the length of trophic levels.
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LLE ARBABI and PUNZO

This could also explain the observation in the supplementary material that in the presence of other control variables,
only average trophic length retains its high explanatory power as it reflects both intra- and inter-regional possibilities
rather than those existing only within a region.

Translating this back to the intermediary dynamics of sectors, regions appear to have better chances at resilience
when their sectors are well integrated within the wider network. This requires a mix of sectors that strongly rely on
services of other sectors interregionally, i.e., have high trophic lengths, and those that are providers of such services.
While this mirrors diversification arguments, the concurrent preference for low network incoherence suggests a
degree of ‘specialization’ needed to ensure fragmentation across trophic levels. The fact that regional data consid-
ered show an average increase in structural incoherence with an increase in mean trophic length suggests that, for
the European regions considered, there exists a balance and trade-off between the two trophic characteristics in a

pull-push effect regarding economic resilience.

3.3 | Output-coherence directionality, feedback loops and regional centrality in the EU

In this work so far, we have mostly highlighted the within-region coupling of trophic characteristics borrowed from
system ecology and regional economic output and resilience in temporal snapshots. Looking at regional responses to
the last four economic cycles up to the crash of 2008-2009, (Martin et al., 2016) have noted that it may be the
inter-/intra-regional sectoral interactions that determine regional resiliency outcomes rather their economic struc-
ture, having found the latter to exhibit inconsistent spatial or temporal patterns. Given that regional sectoral trophic
positions depend on intermediate sectoral interactions across all regions, the point of query can easily shift to
whether changes in trophic characteristics in one region lead to performance changes in others. Finally, we consider
this extension by considering potential bidirectional influence between the regional trophic incoherence and eco-
nomic output on one another through time. We note here that our main point of interest is to investigate the exis-
tence and structure/geographies of these feedback loops between trophic incoherence and economic output rather
than their magnitudes per se.

Considering regional value-added, we use Granger causality (Granger, 1969) to capture instances where trophic
incoherence affects the time evolution of regional output and vice versa. This allows us to create a characterization
of possible regional feedback loops both within the same NUTS2 region and across different regional pairs. The
Granger causality assesses whether inclusion of a ‘cause’ variable affects the predictive power of an autoregressive
model of an ‘effect’ variable (Granger, 1969). We conceptualize the feedback loops between regions as a bipartite
network made of two sets of nodes, regional outputs and regional incoherences. For each pair of nodes, where each
belongs to a different node set, we check whether one Granger-causes the other and vice versa. If yes, we consider
a directed edge to exist between the two nodes capturing this effect (Figure 7a). This process involves checking for
Granger-causality for 62,001 (249 x 249) pairs of potential Y —q Granger causalities and 62,001 pairs of g—Y
Granger causalities. Note that for this, we only check that the null hypothesis of no Granger causality is rejected at a
p-value < 0.05 threshold and not what the magnitude of the estimated coefficients for the lagged variables may
be. Given the temporally limited number of observation for 2000-2010, we use a time lag of 3 years when checking
for Granger causality (Barnett & Seth, 2014).

The resulting bipartite network, consisting of twice as many nodes as the number of the regions considered, is
captured in an adjacency matrix, Mgy of size 498x498, where each non-zero entry represents a Granger causality
between one region's output and another's incoherence or vice versa. Note that M,y does not contain any intra-
compartment edges, see grey blocks in Figure 7a, and is not symmetrical across main diagonal as we capture the
direction of Granger causality. Such a network can be used to identify regions that are potential intermediary actors
or where the regional performance is particularly influenced by the network of relations with other European
regions. To quantify these, we use the ‘method of reflections’ which in its generic form provides a means of examin-

ing the structure of bipartite networks. We first define
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FIGURE 7 Schematic showing the assembly of a bipartite g — Y regional influence network based on Granger-
causality between the two sets of variables between 2000 and 2010 (a) and an example of resulting paths of
feedback reflected through the layers (b).

k,q,o = Zqu, and
ry

krvo = ZMqu
]

where r indexes NUTS2 regions considered. k.40 and kv, are row sums that provide counts of regions influenced by

a given region, r, and as such capture the diversity of regional outputs/incoherence Granger caused by a region's tro-

phic incoherence/output, respectively. From this starting point, as suggested by the method's name, we can examine

the effects of the structure of our bipartite network of interactions by recursively tracking a number of reflections, n,

from one compartment of nodes, i.e., regional incoherence or output, to the other and back (see Figure 7b):
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1
qu,n = _ZqukrY,n—ly and (9)
qu,o ry
1
krY,n = krY,O quMqurq,nfy (10)

Here, we focus on the first-order reflection from one compartment to the other and back, kg1 and k,y1, as
higher-order reflections will become increasingly more difficult to tangibly interpret. k41 and k;v,1 in essence capture
how common a given region, r, is as potential Granger-effect of others, or how otherwise diverse, in the set of
regions they potentially impact, the regions that Granger-cause a region's output are, respectively. It is impor-
tant to remember that our approach quantifies the potential reach of regions rather than the magnitude of
impact on other regions. The metrics allow the identification of regions with potentially far reaching and/or
unique regional influence as a function of the feedback loops embedded in the bidirectional influence of
economic output and trophic incoherence. Figure 8 shows the spatial patterns of k.0 and kv for the European
NUTS2 regions. It is worth noting that the underlying method to study bipartite networks is the same as that
used by Hausmann and Hidalgo (2009, 2011) in their work on the diversity and complexity of nations' product
space.

Through 2000-2010, Opole in Poland, Sardinia and Calabria in Italy and Limousin in France had the highest
above-average number of Granger-links whereby changes in their trophic structure would affect economic output in
other parts of the network. On the contrary, Liege and Western Flanders in Belgium, Central Bohemia in the
Czech Republic, North Aegean in Greece and many of the British regions had well below the average of number of
regions within their network of trophic influence. Considering national averages and barring single region nations,
Greece, Belgium, Czech Republic and the United Kingdom showed limited regional influence in stark contrast with
Denmark, Spain and Italy.2 Looking at the inset in Figure 83, a larger network of influence nationally coincides with a
larger mean growth rate of trophic length between 2000 and 2010. This reflects the higher chances of an economic
ripple as regions move up the trophic levels and become dominant intermediary consumers of other sectors and
regions. Finally, in panel B, we look at how unique these Granger-cause/effect relationships are between regions.
Regions with a large k,y,1 are one among many others that may be Granger-affected as part of a region's influence
network, while those with a smaller k,y 1 are either the sole region affected or one of a much smaller group of regions
that may be affected. The inset also demonstrates that diversity increases with a larger absolute regional trophic
length when considering national averages. It is important to distinguish the diversity and ubiquity of these potential
feedback loops and their strength. A peripherical region, say, Opole in Poland, that we have highlighted as exhibiting
higher than average k40, has its trophic incoherence coupled with a larger than average number of regions' eco-
nomic output, and therefore a change in this region's trophic characteristics has a larger number of paths to cause
feedback in the interregional network. This does not mean that changes to trophic incoherence of Opole have larger
impacts on economic output of regions with which it is Granger-linked. Similarly, the mapping of kv indicates the
uniqueness of the region in terms of feedback loops arriving at them and not the strength of effects impacting them.
Looking back at Table 1, however, the positive influence of &s on resilience can be seen reflected back in k;y1 as an
increase in the number of alternative paths for shocks to flow through. It is worth noting that although k50 and kv 1
show coupling with trophic characteristics, their spatial patterns appear heterogeneous without considerable

clustering.

2It is important to clarify here that this does not mean that changes to trophic incoherence of these regions have impacts of smaller magnitude on
economic output of other regions with which they are Granger-linked but rather they are Granger-linked with a smaller number of regions.
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FIGURE 8 Regional distribution of k4 highlighting regions with above/below-average influence (a) and ky 1
showing how diversified the trophic influencer that affect a region's output is (b) - the insets show the correlation
between time-averaged change in regional mean trophic length and kg0 (a) and between in regional absolute trophic
length and ky 1 (b) aggregated nationally.

4 | CONCLUSIONS

Fundamental to linking general network-theoretic concepts and measures to ecological and then economic networks
are the concepts of trophic length, depth and coherence. In this paper, we set out to undertake a preliminary and
empirical examination of whether ecological characteristics that provide theoretical underpinning for concepts of
resilience in food webs show similar couplings with regional economic resilience when applied to interactions
between regional economic sectors. As such, we have examined regional economic resilience as a function of these
trophic characteristics of intermediate sectoral interactions and have shown considerable coupling between regional
resilience and ecologically defined characteristics, i.e., trophic length, depth and coherence. Our findings, here, make
even more fitting the parallel between the regional economic network and trophic networks in natural ecosystems,
where trophic length and coherence of the interactions determine how well species and the ecosystems to which
they belong fare. The positive observation of these couplings would suggest that theoretical models that mechanisti-
cally link trophic characteristics to measures of their resilience may be adapted or mapped to regional economic
structures. The potential for such interdisciplinary perspective could provide new insights and potentially similarly
mechanistic models of dynamics within regional economies to complement the existing econometric evidence. Using
the EUREGIO data from 2000 to 2010, we have analysed the effects of these characteristics on the regional
economic output and structure showing that following economic shocks, regional economic structures tend to re-
organize with faster-growing economies extending their trophic length and depth within the overall network of inter-
mediary interactions. Looking specifically at regional resilience, we have also shown a trade-off effect to exist
between diversification and specialization when considering regional resilience using ecologically inspired character-
istics. Lastly, we mapped the feedback effects that exist, as a result of the bidirectional influence of trophic charac-

teristics and economic output on one another, and their impact on regional resilience.
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