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Abstract

Polycentric urban regions have been advocated for, and justified as enhancing both economic growth and
overall competitiveness while also creating more equitable and balanced metropolitan regions. We examine
the role of regional polycentricity in effectuating certain desirable outcomes, specifically enhancing economic
productivity and minimizing spatial disparities simultaneously in German urban regions (GroBstadtregionen) as
a case study. Using econometric analysis of both functional and morphological polycentricity measures, our
results indicate that polycentric development can effectively reduce regional disparities in urban regions, but
not simultaneously promote economic productivity. These findings confirm previous studies that progress
toward one goal hampers progress toward another. Further investigation at a finer scale suggests that the
borrowed size effect is essentially a “win-loss” game between peripheries and urban core(s) within the same
urban region. Peripheries benefit from the spillovers generated by nearby urban core(s), thereby narrowing
regional economic gaps and leading to more equitable regions. However, the gains of the peripheries are
canceled out by the losses of the urban cores, and polycentric development has an insignificant overall effect
on regional economic productivity.
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Introduction

Scholarly debates on polycentric urban regions have moved beyond methodological discussions of
operationalization and measurement to explaining urban spatial structure and discussing the outcomes
of spatial patterns. The concept of a polycentric urban region, initially articulated to explain contem-
porary urban spatial structure, has been infused with a more normative agenda, serving as an organ-
izing framework for policy intervention and planning paradigms to pursue more efficient, sustainable,
and cohesive regional development (Boussauw et al., 2018; Davoudi, 2003; Faludi, 2005; Kloosterman
and Musterd, 2001; Veneri and Burgalassi, 2012). This is particularly true in European regions, where
the spatial policy of the EU and member states has regarded polycentric development as an integral
policy tool to promote both economic competitiveness and social cohesion (BMVBS, 2006; ESDP,
1999; EU Ministers, 2020).

Despite the lofty ambitions to and realize more sustainable development, existing studies have
tended to focus on evaluating a single policy objective (see, e.g. Meijers and Burger, 2010; Ouwehand
et al., 2022; Sun et al., 2019; Volgmann and Miinter, 2022; Wang et al., 2019). Few studies have inte-
grated the varied goals of polycentrism to provide more comprehensive multi-objective evaluations.
In fact, it remains unclear whether simultaneously creating economic efficiencies and overcoming
regional inequalities is achievable (Faludi, 2005; Veneri and Burgalassi, 2012). These two goals are
often interpreted as incompatible in economic literature; promoting economic competitiveness may
often result in an exacerbation of regional equity (Davoudi, 2003). Policymakers could be misled by
the empirical evidence of single-objective evaluations and ignore the possible adverse effects on
others.

The primary focus of this study is to examine whether or not polycentric development can result in
greater economic growth and fewer regional inequalities in German urbanregions (Grofistadtregionen),
utilizing cross-sectional regressions for 2007 and 2017. Our result suggests that while polycentricity
may effectively reduce regional disparities, it may not necessarily lead to higher economic productiv-
ity. To explore potential reasons for this finding, we conduct an additional district-scale analysis,
examining whether peripheral locations within polycentric urban regions are more likely to borrow
size from the nearby urban core(s), enhancing economic performance, compared with their monocen-
tric counterparts. Methodologically, this study, as far as we know, represents the first quantitative
attempt to examine the “win-win” hypothesis of polycentricity in Germany using reliable economet-
ric models. We pursue causal inference using the two-stage least square regression (2SLS) and care-
fully review the robustness of estimates using functional and morphological measures of polycentricity
and three measures of regional disparities.

The paper is structured as follows. Section “Literature review” discusses the theoretical underpin-
nings of polycentricity in achieving the benefits of economic efficiencies and regional equalities.
Section “Methods and data” describes the data and methods, emphasizing the empirical strategies that
validate the causal inference between polycentricity and social and economic goals. Section “Results
and findings” interprets the results of two types of regressions, one at the urban region scale and
another at the district scale. The last section discusses the findings and policy implications.

Literature review

Polycentricity and economic productivity

Essential to the debate of monocentric versus polycentric models are two countervailing forces—
agglomeration economies and agglomeration diseconomies. Agglomeration economies, defined as
the cost-saving due to the colocation of economic activities, have been viewed as crucial in driving
urban productivity and urban spatial structure (Fujita and Thisse, 2002; Rosenthal and Strange, 2020).
However, the relationship between city size and economic productivity usually represents an inverted



Liet al. 3

U-shape curve, suggesting that, as cities exceed their optimal sizes, agglomeration diseconomies
occur such that firms’ production suffer from decreasing returns as congestion and factor prices
increase (Capello and Camagni, 2000; Lee, 2007). Firms and households then relocate to peripheral
regions, forming suburban subcenters and edge cities that ultimately establish polycentric urban
regions. Research has suggested that a polycentric configuration is preferred over a monocentric one
with equivalent size, as it enables greater capacity to keep agglomeration costs under control and
continues to reap benefits from agglomeration economies (Hall and Pain, 2006; Meijers and Burger,
2010).

More recently, a growing literature, inspired by the success of the globally recognized polycentric
regions, such as the Randstad in the Netherlands, the Yangtze River Delta of China, and the Rhine-
Main (Frankfurt) region in Germany, suggests that global economic competitiveness is enhanced
through larger urban agglomerations in which distinct cities form integrated functional regions char-
acterized by an extensive geographical area, polycentric urban structure, and active involvement in
the global economy (Hall and Pain, 2006; Parr, 2008). These empirical realities suggest that the
advantages of agglomeration, traditionally constrained to local economic activities, are able to be
scaled up to regions (Meijers et al., 2018; Parr, 2002; Phelps, 2004).

Several new theoretical concepts have been suggested to explain the spatial diffusion of agglomera-
tion benefits as urban spatial patterns have become more decentralized and polycentric. For instance,
Parr (2004) proposed the notion of “regional externalities” to describe the externalities generated by
the spatial diffusion of economic activities at regional scales. Similarly, “urban network externalities”
proposed by Capello (2000) suggests that functional networks between proximate cities could spatially
extend the benefits of agglomeration through regional synergies and complementarities. Polycentric
urban regions, characterized by less pronounced hierarchical differentiation and multidirectional link-
ages, have been regarded as a more economically efficient urban configuration at the regional scale, as
they are better suited to realize the network/regional externalities than monocentric regions.

However, the empirical literature assessing the economic benefits of polycentric urban regions has
drawn mixed conclusions. Meijers and Burger (2010) found polycentric regions have higher labor
productivity than monocentric ones in the US, with small regions benefiting more from polycentricity
than large regions. Veneri and Burgalassi (2012) drew a similar conclusion by investigating the eco-
nomic productivity of Italian NUTS-2 regions. In contrast, Brezzi and Veneri (2015), in a study of
OECD functional regions, concluded that monocentric structures promote economic productivity.
This finding has been recently corroborated by Ouwehand et al. (2022) in a pan-European study that
utilized NUTS-2 regions. Empirical studies in China have consistently shown a negative relationship
between polycentricity and economic/labor productivity (Li et al., 2019; Li and Liu, 2018; Wang
et al., 2019), suggesting that monocentric development is more favorable for boosting economic
growth in China.

Polycentricity and regional inequalities

The potential of polycentricity to promote regional equality has been mentioned in various EU spa-
tial policy documents, including the CEC (2004), ESDP (1999), and in European Union (2011).
Among them, polycentrism is regarded as a more efficient urban configuration to realize regional
networks and cooperation so that the economic growth of large cities would trickle down to medium-
and small-sized cities and ultimately to peripheral and lagging areas. In other words, the polycentric
configuration would lessen regional economic gaps because multiple cities could benefit from
regional economic growth rather than merely the urban core (Meijers and Sandberg, 2008; Rauhut
and Humer, 2020).

The theoretical basis for the use of polycentrism in achieving regional economic convergence is
closely related to Krugman’s (1991) core-periphery model, which employs two opposing forces,
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agglomeration and dispersion, to explain spatial inequalities (Fujita and Thisse, 2002). The agglom-
eration force generates divergent growth of regional wealth, as firms and jobs cluster in the urban core
with higher local demand, thereby driving wages up. Conversely, the dispersion force promotes
regional convergence, as firms and jobs relocate to peripheries due to intense competition and high
factor costs in the urban core (Tabuchi and Thisse, 2002). The level of inequality is contingent upon
which forces dominate.

The effect of polycentrism on regional equality has been studied in several countries with mixed
results. Meijers and Sandberg (2008) conducted one of the earliest studies for EU countries and found
no significant relationship between the two. However, a recent update by the authors using panel
model and more robust polycentricity measures found that polycentricity could indeed reduce regional
disparities (Meijers and Sandberg, 2021). Maly (2016) examined functional regions in the Czech
Republic and suggested that the relationship depends on the indicators to measure regional disparities.
Veneri and Burgalassi (2012) found that polycentricity is associated with larger regional gaps in their
investigation of Italian NUTS-2 regions. Recent studies by Sun et al. (2019) observed that regional
wealth distributes more evenly in monocentric prefectural regions in China because they can share the
benefits of agglomeration through labor mobility, whereas polycentric regions did not “borrow func-
tions or performance” from one another.

“Borrowed size™: Linking regional inequalities and economic productivity

Although the assumed simultaneous outcomes of polycentricity have yet to find a sound theoretical
underpinning and universal supports from empirical studies, one concept that could shed light on con-
nection between regional inequalities and economic productivity is the notion of “borrowed size,”
first introduced by Alonso (1964) and more recently reinterpreted as a positive outcome of network
externalities (Meijers et al., 2016; Meijers and Burger, 2017). Borrowed size suggests that smaller
cities can achieve better economic performance by leveraging network spillovers from nearby large
cities. The antithesis of this concept is known as “agglomeration shadows,” which refers to the situa-
tion where the development of small cities is inhibited by the competition of nearby large cities.

The definition of polycentric urban regions (PURs) highlights the importance of balanced and
multidirectional connections among member cities, which generate mutual spillovers and facilitate
borrowing of size from adjacent cities. Peripheral cities in monocentric regions, in contrast, are
expected to be more associated with the agglomeration shadows due to the dominant urban core. That
said, in the presence of borrowed size, spillovers from large cities could stimulate the growth of
nearby small cities, narrowing the economic gap between urban cores and peripheries and ultimately
leading to greater regional equality. The prosperity of the regional economy in PURs hinges on
whether the growth of peripheries comes at the expense of large urban cores or if both cores and
peripheries borrow size via mutual spillovers. Conversely, if the agglomeration shadows prevail,
regional core(s) would compete with peripheral subcenters for resources, resulting in higher regional
gaps and exacerbating regional disparities. The overall economic performance of the monocentric
urban region primarily relies on traditional agglomeration economies and the economic productivity
of the urban core.

To this end, we anticipate that the simultaneous outcomes for large metropolitan regions (in this
contribution the German Grofistadtregionen) would be largely attributed to the interplay between the
effects of “borrowed size” and “agglomeration shadows” of subregional districts. If the hypothesis
holds that PURs are more conducive to small and peripheral districts for “borrowing size,” PURs
would be economically more equitable than monocentric urban regions (MURs); otherwise, PURs
would not demonstrate the advantages over MURs in mitigating regional disparities. Scenarios in
which PURs promote economic productivity are somewhat more nuanced. This is because MURs
subject to agglomeration shadows may also demonstrate good overall economic performance, as
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urban cores may develop at the expense of peripheries. As such, we expect that if both urban cores
and peripheries could borrow size from each other, PURs would perform better than MURs, whereas
the winner is uncertain if only peripheries could borrow size or if they are better off at the expense of
urban cores.

Methods and data
Study regions

We choose German urban regions (Grofstadtregionen) as the appropriate regional delineation to
investigate the simultaneous outcomes of polycentricity. Grofistadtregionen are defined by the Federal
Institute for Research on Building, Urban Affairs, and Spatial Development (BBSR) as a region con-
sisting of one or multiple urban cores with a population greater than 100,000 and hinterlands (periph-
eries) with strong commuting relationships with the core cities. They are, therefore, a good
representation of the regional labor market and the functional urbanized area. However, a spatial
mismatch occurs in data processing, as the urban regions are delineated and aggregated from munici-
palities, whereas the regression variables we collected are at the district (Landkreis) scale. To ensure
that the variables reflect the social and economic status of the urban region they represent, we re-
delineate urban regions following the borders of districts while referencing the official municipality-
based urban regions. The final product of urban regions consists of 45 regions and should be considered
a good approximation of the original urban regions' (see Figure 1).

Operationalizing polycentricity

Measuring polycentricity has stimulated extensive debates in the literature primarily due to the ambi-
guity around defining an urban center and measuring the degree of balance between these centers
(Derudder et al., 2021; Miinter and Volgmann, 2021; Thomas et al., 2022). This study uses the munici-
pal association (Verbandsgemeinde) as the basic spatial unit to measure polycentricity, relying on
three commonly used measures from both morphological and functional perspectives. Functional
polycentricity is defined as the extent to which commuting flows between identified centers are
evenly distributed, following the standard deviation method introduced by Green (2007). The method
is expressed in equation (1):

Pe(n)=(1-0,/0 4 ) *A (1)

where P, ( n) represents the functional polycentricity for a region incorporating n centers. 0, is
the standard deviation of the commuting flows between these centers, and ©,,, is the standard
deviation of the commuting flows of an absolute monocentric scenario with two nodes; one has zero
commuting flows, and another has the highest commuting flows within the region. A is the density of
the network, defined as the ratio of actual commuting flows to the maximum commuting flows that
are theoretically possible within the region.

Morphological polycentricity, on the other hand, utilizes patterns of employment distribution
within a region and operationalizes polycentricity using the rank-size distribution method following
Meijers and Burger (2010) and the standard deviation method introduced by Liu and Wang (2016).
The detailed steps of quantifying these metrics are available in the Supplemental Materials.

According to Zhang and Derudder (2019), polycentricity measures are sensitive to the number of
centers incorporated. We include a fixed number of large centers sorted by total employment in each
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Figure |. The re-delineated German urban regions following the borders of districts. Urban cores are
marked in red, and the peripheries are in blue.

region, as polycentricity tends to be judged by the size distribution of just a handful of large cities. We
consider the polycentricity values of the top two, three, and four centers (namely P, (2),PF (3), and
P (4)) of each region and average them to obtain the final polycentricity indices for the three meas-
ures, following precisely the method used by Meijers and Burger (2010), Ouwehand et al. (2022), and
Wang et al. (2019). To ensure the robustness of our conclusion, we further generate polycentricity
indices that incorporate the top six and eight centers for each region, and compare the results obtained
with these measures against those obtained using the top four centers. Our investigation indicates that
the inclusion of additional centers in operationalizing polycentricity produce only minor differences,
with little impacts on the regression results, irrespective of whether morphological or functional
polycentricity measures are used.

Empirical estimation strategy

Ordinary least square (OLS) model. The econometric analysis to test the simultaneous outcomes of
polycentricity starts with the cross-sectional regressions for urban regions. Equation (2) presents the
basic model to investigate the impact of polycentricity on regional equalities.

Gini; = c; + o,y Poly, + o, GDPpc; + o, Pop; + a;Unemploy; + o, Redistr, + o, +¢; 2)
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where Gini, is the dependent variable defined as the Gini coefficient for urban region i. We meas-
ure regional economic inequalities using three inequality indicators: Gini coefficient (Gini), coeffi-
cient of variation (Cov), and population-weighted Gini coefficient (pwgini), following Gluschenko
(2018). The steps for generating these measures are shown in Appendix 1. Poly, represents the degree
of polycentricity for the urban region 7, and is measured by a functional polycentricity index, Poly
Fun, and two morphological polycentricity indices, Poly morp and Poly Ranksize. The control vari-
ables include GDP per capita, total population to control for agglomeration, unemployment rate to
control for regional economic structure, and fiscal equalization funds from states to municipalities
(Schliisselzuweisungen) (Redistribution per capita) as a control for policy invention. In addition, we
include four regional dummies (¢, ), east, north, west, and south, as controls for unobserved varia-
tions? in price, technology, and climate, following previous studies by Meijers and Burger (2010) and
Ouwehand et al. (2022).

The model to examine the impact of polycentricity on the economic productivity of urban regions
is shown in equation (3):

GDPpc; = c; + By Poly; + B Phylnv _ pc, + B, Pop, + B;Education; +a, +¢, (3)

where GDPpc,, is the proxy for economic productivity measured as GDP per capita for urban
region . We include a number of widely accepted control variables, including per capita physical
investment expenditure (Ausgaben fiir Sachinvestitionen) (investment per capita) as a proxy of public
capital input, the share of employees with a college degree as a measure of human capital (Education),
and total population (Population) as a measure of urbanization economies, following the studies of Li
and Liu (2018) and Meijers and Burger (2010). Expenditure on physical investment captures the pub-
lic investment in real estate, infrastructure, and construction, which is considered important capital
input of local economic growth. The positive effects of human capital and agglomeration on eco-
nomic growth have been well-documented in previous studies (Baldwin and Martin, 2004). Similar to
the model of regional disparities, we include four regional dummies to control for unobserved effects
caused by price, technology, and climate differences.

The third model at the district scale is designed to investigate whether districts embedded in
polycentric urban regions are able to borrow size from each other, thereby enhancing economic per-
formance, compared to their monocentric counterparts. Specifically, we aim to examine whether such
benefits are shared by both urban cores and peripheries, resulting in a “win-win” scenario, or whether
they favor one at the expense of the other, leading to a “win-loss” scenario. The basic model is quite
similar to the model of urban regions as equation (3) but at the district scale. The model extension, as
expressed below, includes an interaction term to assess the heterogenous effect of polycentricity on
urban cores and peripheries.

GDPpc, =c, +y,Poly, xUrbanCore, +y,Poly, +y,UrbanCore, + yx, + s, +¢, “)

where UrbanCore,; is a dummy variable denoting whether a district d 1is an urban core (equal
one) or a periphery within an urban region. Poly, represents the polycentricity degree of the urban
region in which the district 4 is embedded. Whether peripherals or urban cores (or both) can borrow
size, depend on the significance and signs of ¥, and 7,. x, stands for a vector of district-level con-
trols that are identical to those used in equation (3), and s, is the state fixed effects to control for
unobserved variance at district scale.

Two-stage least squares (2SLS) regressions. A broad range of studies have documented the endogeneity
issue arising from possible reverse causation; that is, polycentricity can be regarded as both a cause
and consequence of regional socio-economic realities (Meijers and Burger, 2010; Wang et al., 2019).
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We employ the 2SLS estimates and instrumental variables to correct the estimation bias resulting
from the endogeneity issue in the OLS model. The two instrumental variables (IVs) we generated are
the historical degree of polycentricity for urban regions in 1871, measured based on the municipality
population collected in the 1871 census, and the natural topography, defined as the second derivative
of elevation. Using historical urban spatial structure and natural conditions as I'Vs follows the classic
works by Baum-Snow (2020) and Ciccone and Hall (1993). The instrumental variables should meet
the exclusion restriction requirement to resolve the endogeneity issue. That is, the instruments would
affect the current economic realities (the dependent variable) only through their impacts on the cur-
rent urban spatial structure. We believe the exclusion restriction is met in our case because Germany
has experienced dramatic changes during the past 150years, including economic collapses and
rebuilding as well as massive population migrations due to the World Wars. It is thus highly unlikely
that the degree of polycentricity in 1871 is related to the current economic conditions. In addition, it
is well-documented that topographic factors, such as elevation, slope, and soil types, could signifi-
cantly influence land uses and urban spatial structure while exerting no direct effects on current eco-
nomic conditions (Wang et al., 2019).

Datasets

The datasets for the econometric analysis come from the INKAR data platform of the Federal Institute
for Research on Building, Urban Affairs, and Spatial Development (BBSR). The commuting flow
data used to generate the polycentricity indices are collected from the Federal Employment Agency
of Germany and is only available for 2007 and 2017. As for the instrumental variables, we access the
historical local population database provided by Roesel (2022)° to generate the historical polycentric-
ity index, and the DEM for computing the terrain curvature from the SRTM DEM product released by
NASA. See Table 1 for the descriptive statistics and data sources.

Results and findings

The spatial patterns of the degree of polycentricity for urban regions

Our analysis begins with mapping the degree of polycentricity for urban regions using one functional
polycentricity index (Poly Fun) and two morphological polycentricity indices (Poly Morp, Poly
Ranksize), as illustrated in Figure 2a to c. We readily observe that the spatial patterns of polycentricity
for the three measures are quite similar, depicting a trend of increasing polycentricity from northeast
to southwest. Moreover, the top five most polycentric and monocentric regions largely overlap across
different measures. The most monocentric regions measured by functional polycentricity include
Berlin, Hamburg, Bremen, Miinchen, and Dresden, widely recognized as some of the most populous,
monocentric, and economically vital regions in Germany. The two morphological measures replace
Dresden with Rostock on their list while retaining the other four regions. The most polycentric regions
identified by the functional measure are the well-known polycentric region of Essen-Bochum-
Dortmund-Hagen located in the broader Rhine-Ruhr area, the Ludwigshafen-Mannheim located in
the broader Rhine-Neckar area, and the three smaller regions in the southwest, Reutlingen, Heilbronn,
and Saarbriicken. The morphological measures yield an almost identical list, with the only exception
being the Diisseldorf-Duisburg-Krefeld polycentric region within the broader Rhine-Ruhr area, which
does not appear based on the functional measure.

Furthermore, we examine the relationship between the three measures of polycentricity to deter-
mine whether the degree of polycentricity according to different methods differs significantly from
each other. As depicted in Figure 2d, the three measures present a perfect linear relationship, with
73% of the variation in functional polycentricity (Poly Fun) explained by Poly Morp, and 72%
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Figure 2. (a—c) The spatial patterns of the degree of polycentricity measured by functional polycentricity
(Poly_Fun) and morphological polycentricity (Poly_morp and Poly_Ranksize) and (d) the relationships
between three polycentricity measures, as shown by scatterplots and fitted lines.
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Table 2. Cross-sectional regressions to test the effect of functional polycentricity (Poly_Fun) on regional
disparities, as measured by the Gini coefficient in 2007 and 2017 using OLS and 2SLS estimators.

OLS 2SLS

2007 2017 2007 2017
Variables®
(in logarithmic form) Model (1) Model (2) Model (3) Model (4)
Poly_Fun -0.359* (0.1426) -0.4787** (0.1471)  —0.3145 (0.1633) —0.5552** (0.163)
Population -0.2594** (0.0727) —0.1627** (0.0583) -0.2519** (0.0631) —0.1733** (0.0544)
GDP per capita 1.9814%* (0.4302)  2.0449** (0.2464)  1.9379%F (0.3669)  2.0841** (0.2345)
Unemployment 0.6553* (0.322) 0.2798 (0.3382)  0.5987* (0.2934) 0.3336 (0.3258)
Redistribution per capita ~ —0.0418 (0.1823) 0.2467 (0.149) -0.0848 (0.1531)  0.2989* (0.1425)
Kleibergen-Paap F-statistics (Weak IV test) 16.366 14.032
Sargan-Hansen statistics (overidentification test) 0919 0.480
Endogeneity test 0.584 0.470
Regional dummies? Yes Yes Yes Yes
Constant -6.5294%* (2.2097)  —9.802** (1.8894) -6.0319** (1.883) —10.323** (1.8695)
Observations® 44 44 44 44
R? 0.5964 0.6773 0.5935 0.6741

Robust standard errors are in parentheses.

2All regressions include regional dummy variables (East, North, West, South).

The urban region Aachen is removed from all models due to missing values of the Gini coefficient.
All variables, except the dummy variables, are in logarithmic form.

*p<0.01. *p < 0.05.

explained by Poly Ranksize. The two morphological measures show an even higher correlation, with
95% of the variation in one measure explained by the other. Our analysis indicates that, for German
urban regions, functional and morphological polycentricity do not produce significant variation.

Regression analysis for urban regions

Table 2 presents the OLS and 2SLS estimates of the impact of functional polycentricity on regional
inequalities measured by the Gini coefficient, which controls for economic, policy, and demographic
differences as well as regional variations. We report robust standard errors to address heteroskedastic-
ity and a series of tests to validate the instrumental variables and the consistent 2SLS estimates. The
Kleibergen-Paap F-statistics of 2SLS regressions (Models 3 and 4) indicate that our IVs are highly
relevant to the endogenous variable, and thus are not weak. We use the over-identification test to
assess the exogeneity of the IVs, as we include two IVs for one endogenous variable. The insignifi-
cant Sargan-Hansen statistics suggest that our IVs are exogenous. Moreover, the endogeneity test
assesses whether our assumed endogenous variable, the functional polycentricity, is truly endogenous
in the OLS model. The insignificant results indicate it is exogenous; thus, the OLS estimates are reli-
able and more efficient than the 2SLS estimates. Nonetheless, we report both OLS and 2SLS results
for robustness.

The significant and negative OLS estimates in models 1 and 2 suggest that functional polycentric-
ity (Poly Fun) can effectively reduce regional inequalities in both researched years (2007 and 2017).
In other words, polycentric development leads to a more equalized distribution of regional wealth
than a monocentric pattern. A doubling of the degree of polycentricity (a 100% increase) reduced
regional inequalities by 35.9% and 47.8% in 2007 and 2017, respectively. The 2SLS regressions
(models 3 and 4) show similar estimates of a 31.4% and 55.5% reduction in regional disparities, even
though the coefficient of polycentricity in model 3 is insignificant at a 5% significance level (r=1.92).
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To further examine the robustness of the effects of different polycentricity measures on regional
disparities, we report in Table 3, panel A, the 2SLS estimates of the three polycentricity measures
using various regional disparity measures as dependent variables. Our results demonstrate that, among
the three measures, the coefficients of polycentricity are significant in all models of 2017, regardless
of the polycentricity and regional disparities measures used. Most of the models in 2007 exhibit sig-
nificant coefficients with expected signs, including all models employing population-weighted Gini
coefficient (pwgini) as the measure of regional disparities and two out of three models using the coef-
ficient of variation (Cov). However, all models employing the Gini coefficient as the measure of
regional disparities are statistically insignificant at a 5% level, suggesting that the effects of polycen-
tricity may differ depending on the measures of regional disparities. Nevertheless, since the majority
of models yield consistent results in multiple robustness check, we can generally conclude that both
functional and morphological polycentric development could effectively reduce regional disparities
in German urban regions. This further implies that small cities in polycentric regions could benefit
from the spillovers generated by the nearby large cities, thereby narrowing the economic gaps between
the affluent urban cores and peripheries. We will provide further evidence for this claim in section
“Regression analysis for districts” using district-level regressions.

Table 4 presents the effect of functional polycentricity on economic productivity measured as GDP
per capita while controlling for physical investment, human capital, and population, as well as regional
variations caused by climate, price, and technology. We report robust standard errors and use a set of
tests to validate the use of IVs. Our control variables reveal that a larger population (in 2007), a higher
proportion of educated workers, and increased physical investment are positively associated with
economic growth. In particular, a doubling of a region’s population in 2007 contributed to a 6.5%
(OLS) and 7.2% (2SLS) increase in GDP per capita, suggesting the positive effect of urbanization
economies. This result is comparable to estimates from studies on US metropolitan areas (7%—10%)
by Meijers and Burger (2010) and slightly lower than those from a pan-European study (15%—18%)
by Ouwehand et al. (2022). However, in the 2017 regressions, we do not observe a significant effect
of population on economic productivity. A closer examination of the data reveals that two small
regions, Wolfsburg and Ingolstadt, with relatively high GDP per capita, have heavily influenced the
regression results. Both regions are home to large automobile manufacturers, and their prosperity sug-
gests that localization economies within the automobile industries have profoundly influenced certain
German regions.

Concerning our variables of interest, the insignificant coefficients of functional polycentricity for
both the OLS and 2SLS models suggest that a polycentric region may not produce greater economic
productivity compared with a monocentric region. Morphological polycentricity measures results in
similar outcomes, as shown in Table 3 panel B. The insignificant results raise doubts about the exist-
ence of the borrowed size effect and suggests two possible explanations regarding the mutual spillo-
vers of cities within polycentric regions. The first involves the rejection of the borrowed size
hypothesis and the notion of regional external scale economies, concluding that no mutual spillovers
exist between cities within polycentric regions. The second assumes that small cities may benefit
from spillovers of nearby large cities, while their growth is achieved at the expense of the large ones,
thereby neutralizing the effect of borrowed size. We will further demonstrate the validity of the sec-
ond scenario in the following section.

Regression analysis for districts

Table 5 illustrates the impact of functional polycentricity on economic productivity at the district
scale. The purpose here is to investigate whether cities/districts situated within polycentric urban
regions have a greater capacity to borrow size, thereby enhancing performance; if so, whether the
benefits accrue to both urban cores and peripheries or whether one gains at the expense of the other.
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Table 4. Cross-sectional regressions to test the effect of functional polycentricity (Poly_Fun) on economic
productivity measured by GDP per capita in 2007 and 2017 using OLS and 2SLS estimators.

Variables (in OLS 25LS

logarithmic form)
2007 2017 2007 2017
Model (I) Model (2) Model (3) Model (4)

Poly_Fun

Population

Investment per capita®
Education

-0.0435 (0.0537)
0.0723* (0.0351)
0.1459* (0.0539)
0.2722* (0.1222)

Kleibergen-Paap F-statistics (VWeak IV test)

Sargan-Hansen statistics (overidentification test)

Endogeneity test
Regional dummies®
Constant
Observations®

R2

Yes

0.5563 (0.4443)
42
0.6703

~0.0201 (0.058)

0.0427 (0.0311)
0.2148* (0.0966)
0.3432* (0.1272)

Yes

0.7583 (0.5914)
45
0.5534

0.0347 (0.0805)
0.0656* (0.0288)
0.1263** (0.0477)
0.3363* (0.1399)
30.293
0.741
2.305
Yes
0.6981 (0.4767)
42
0.646

0.0847 (0.0868)
0.0407 (0.0301)
0.205* (0.0899)
0.4407** (0.1565)
36.150
2.043
3.187
Yes
0.7263 (0.5733)
45
0.5095

Robust standard errors are in parentheses.

?All regressions include regional dummy variables (East, North, West, South).

®The missing values in the 2007 physical investment per capita variable are replaced by the corresponding values in 2009
and 2013.

“Three urban regions, Saarbriicken, Erfurt, and Jena, are dropped from the 2007 regressions due to missing data.
*p<0.01. ¥p<0.05.

We use robust standard errors, and a battery of tests, including weak 'V, over-identification, and endo-
geneity tests, have confirmed the validity of our IVs. The significant coefficients of functional
polycentricity in the basic models of 2017 (models 3 and 7) suggest that districts situated in more
polycentric urban regions exhibit higher economic productivity than those in monocentric regions,
providing direct evidence of the borrowed size effect. A doubling of the degree of polycentricity con-
tributes to an 8.05% (OLS) or 10.06% (2SLS) increase in districts’ economic productivity. However,
the 2007 coefficients (models 1 and 5) are insignificant, which suggests that not all types of districts
are able to borrow size and that it is highly probable that one’s better-off status comes at the expense
of another’s.

To determine the relationship between peripheries and urban cores, we examine the heterogenous
effects of polycentricity on both of these geographies. The significant coefficients on the interaction
terms in both years indicate that the impact of polycentricity on economic productivity differs sig-
nificantly between peripheries and urban cores. While peripheries benefit from polycentricity, urban
cores suffer losses. The OLS regression with the interaction term (model 4) reveals that a 100%
increase in regional polycentricity in 2017 can contribute to a 10.55% increase in economic produc-
tivity for peripheries but also a decrease of 5.4% (10.55% minus 15.92%) for urban cores. Likewise,
the 2SLS 2017 regression (model 8) indicates a 12.27% increase in economic productivity for
peripheries and an approximately 0.5% decrease for urban cores, given a 100% increase in regional
polycentricity. Similarly, the interaction terms in OLS and 2SLS models in 2007 (models 2 and 6)
estimate an approximately 8% positive effect of polycentricity on economic productivity for periph-
eries and an 8%—12% negative effect for urban cores. For a robustness check, we further use the
same functional form to test the heterogenous effects of morphological polycentricity (Poly Morp
and Poly Ranksize) on peripheries and urban cores, and the regressions produce very similar results,
as shown in Appendix 2.
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Figure 3. The scatterplots and corresponding fitted lines display the relationship between the degree of
polycentricity and the economic productivity of peripheral districts and urban cores.

The results demonstrate that polycentric development produces a “win-loss” outcome between
the peripheries and urban cores. That is, peripheries in polycentric regions can borrow size from
the urban core, thereby enhancing economic performance; however, urban core(s) may suffer
consequent economic losses due to the same effect, and potentially are disadvantage compared
with their monocentric counterparts. Figure 3 illustrates the gains of peripheries and the loss of
urban cores more intuitively. The peripheries fit a positive trend line as the degree of polycentric-
ity increased, while the fitted line of urban cores displayed a moderately decreasing trend. The
convergence between the two fitted lines as the degree of polycentricity increases suggests that
the economic gaps between peripheries and urban cores have narrowed, ultimately resulting in
more equitable urban regions. This trend may explain our result in sectional “Regression analysis
for urban regions,” which suggests that polycentric development can effectively reduce regional
economic disparities, as the effects of borrowed size outweigh agglomeration shadows in
polycentric regions.

However, as the borrowed size only benefits the peripheries while exerting negative effects on
urban cores within the same region, the economic productivity of the entire region is neutralized due
to the existence of two countervailing forces. Similarly, the agglomeration shadows effect works the
other way around: it benefits urban cores at the expense of the peripheries, as evidenced by the wider
gaps between the two fitted lines as the degree of polycentricity decreases. Given that both effects
result in winners and losers simultaneously, there exist no significant differences in economic produc-
tivity between polycentric regions that facilitate borrowed size effects and monocentric regions with
agglomeration shadows.
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Conclusions and discussion

This paper examines the influences of polycentricity on regional inequalities and economic produc-
tivity in German regions. Using three polycentricity measures, 2SLS estimators, and German urban
regions as the appropriate regional delineation, we contribute several major findings to the theoretical
and policy aspects of polycentric development.

First, the differences between measures of functional and morphological polycentricity in German
urban regions are not as significant as those observed in other regions or countries. Functional
polycentricity, generally speaking, displays a good fit with the morphological ones, and the different
measures produce consistent results. This suggests that the German polycentric urban regions have
not only maintained continual polycentricity in physical shapes but also exhibited a significant level
of interconnectivity and multidirectional relations that produces functional polycentricity.

Second, we find that polycentric development can effectively reduce regional disparities for
German urban regions, thereby achieving a more cohesive and balanced regional development as
advocated by EU spatial planning policies. A similar conclusion was drawn by Meijers and Sandberg
(2021) in a recent study that used panel models to analyze EU countries. Other studies conducted at
regional scale, in the Czech Republic, Italy, and China, have suggested either insignificant or adverse
effects of polycentrism on reducing regional disparities (Maly, 2016; Sun et al., 2019; Veneri and
Burgalassi, 2012). We find that polycentric development can not simultaneously improve regional
economic productivity, suggesting that the desired “win-win” scenario suggested by the ESDP
remains elusive. Ouwehand et al. (2022) drew a similar conclusion in a pan-European study, as did
Brezzi and Veneri (2015) in studying OECD countries, while Meijers and Burger (2010) found oppo-
site effects in US metropolitan regions. Given the mixed results of polycentricity on both regional
disparities and economic performance, we recommend further research be conducted within each
European country to enrich the across-country comparison within the EU.

Third, a further investigation of the heterogeneous effects of polycentricity at the district scale sug-
gested possible explanations for the failure to achieve simultaneous outcomes. Specifically, polycen-
tric development produces a “win-loss” game between peripheries and urban core(s) within the same
urban region. Peripheries develop at the expense of urban core(s), narrowing the economic gaps
between peripheries and urban cores and creating more economically equitable regions. However,
polycentricity does not improve the overall economic performance of the region, as the losses of
urban cores cancel out the gains of the peripheries. Therefore, we argue that the borrowed size effect,
facilitated by polycentric development, yields similar overall economic outcomes to the agglomera-
tion shadow effect, as the latter benefits urban cores at the expense of peripheries, whereas the former
operates in a reverse manner by bolstering peripheries at the expense of urban cores.

Polycentric development is clearly not a panacea to address various regional issues simultane-
ously. That said, spatial policies can profit from the results in attempting to balance simultaneous
regional goals. Policymakers in monocentric regions may consider polycentric development as an
effective way of minimizing regional economic disparities but may also be aware of its negative
effect on urban cores. Meanwhile, policymakers should be prudent when considering polycentric-
ity as a policy instrument to promote economic performance. Although our result has not sug-
gested it is effective in regional economic policies, polycentric development might be effective
when the gains of peripheries outweigh the losses of urban cores, which may be the case in certain
urban regions.
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Notes

1.  We made several minor changes in re-delineating the urban regions based on district boundaries to bet-
ter measuring polycentricity and regional disparities. These include merging the small urban region
Halle into the nearby urban region Leipzig, merging the independent city Salzgitter into the urban region
Braunschweig, and merging the city Pforzheim into the urban region Karlsruhe.

2. The East includes the urban regions in the states of Thiiringen, Brandenburg, Mecklenburg-Vorpommern,
Sachsen, Sachsen-Anhalt. The North includes Niedersachsen, Schleswig-Holstein. The West includes Hessen,
Nordrhein-Westfalen, Rheinland-Pfalz, Saarland. The South include Bayern and Baden-Wiirttemberg.

3. The Germany local population to construct the instrumental variable is available at: https://leopard.tu-
braunschweig.de/receive/dbbs_mods 00071017.
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Appendix |

Generating the measures of regional inequalities

We rely on the GDP per capita at the district scale to generate the measures of regional inequalities for
each urban region. Specifically, the calculation of the Gini coefficient is shown as:

Gini = Zi:le:l'yi _yk| (A1)

2m*y

where »; is GDP per capita for district § (i =1,.. .,m) . m 1s the total number of districts in an urban
region. y is the arithmetic average of the regional GDP per capita. The equations for calculating the
coefficient of variations (Cov) and the population-weighted Gini coefficient follow the works by
Gluschenko (2018) and Lessmann (2009).
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