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Abstract

The underlying central theme that drives this thesis is endogenous
technological progress and its contributions to long run economic growth. Over
the past four hundred years we have seen dynamic patterns of growth that have
varied across countries and over time. In the eighteenth and nineteenth centuries
Britain was the technological leader, with Germany and France catching up, and
then in the twentieth century the world saw a new technological leader, where the
United States forged ahead of Europe. This thesis is a collection of three self-
contained studies where in each chapter one important technological epoch is
examined back in time. Moreover, to understand the different forces of economic
growth and to characterize each stage of development a time series estimation
method is chosen, using dynamic time series techniques and estimation methods.

The first study of this thesis is a journal article co-authored with my thesis
supervisors (revised and resubmitted to Journal of Economic Growth), where,
using long historical data for Britain over the period 1620-2006, we seek to
explain the importance of innovative activity and population growth in inducing
the transition from the Malthusian trap to the post-Malthusian growth regime in
Britain. Furthermore, the paper tests the ability of two competing second-
generation endogenous growth models to explain the British Industrial
Revolution. The results suggest that innovative activity was an important force in
shaping the Industrial Revolution and that the British growth experience is
consistent with Schumpeterian growth theory.

The second study in this thesis is a chapter solely written by me; however
findings from this chapter have also been written up as a journal article and
submitted to “European Economic Review”, where the article is currently under
review. The journal paper titled “Innovation, Technological Change and the
British Agricultural Revolution” and is co-authored with my thesis supervisors. In
the second study, the roles of technological progress in advancing the productivity
growth in British agriculture in the period 1620-1850 are examined. Two different
indicators of technological progress are considered, namely, agricultural patents
issued and number of technical books published on farming. In doing so, the



modern endogenous growth models have been tested, namely, the Schumpeterian
and Semi-endogenous models of economic growth, where support was acquired in
favour of Schumpeterian growth model.

The third and final study explores the contributions of technological
progress on a sectoral basis to shed some light on the phenomenon of ‘America’s
catching-up and forging ahead of Britain’. This study finds that agriculture and
service sectors contributed significantly to the US take-off period. Furthermore,
increased research intensity, R&D investments, together with increasing returns to
land in the agricultural sector; and major transformations in the transport sector,
paved the way for the American economy to grow faster than its counterparts in
Britain.

Overall, contributions from all three chapters fill a number of important
gaps in the literature and show that accurate explanations of the mechanisms
behind technological epochs back in time can have significant policy implications

for both advanced and currently growing economies.
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Chapter 1

INTRODUCTION

“If macroeconomists look only at cross-country regressions deployed in the convergence
controversy, it will be easy to be satisfied with the neoclassical models in which market
incentives and government policies have no effect on discovery, diffusion, and
technological advance. But if we make use of all the available evidence, economists can
move beyond these models and begin once again to make progress toward a complete
understanding of the determinants of long-run economic success. Ultimately, this will put
us in a position to offer policy-makers something more insightful than the standard
neoclassical prescription--more saving and more schooling.”

- Romer, 1994, page 20.

Economic growth, in general, is defined as the annual rate of increase in a
nation’s per capita gross domestic product (GDP). The progress of a nation is
intimately tied up with improvements in its overall stock of technical knowledge.
Since the British industrial revolutions, the world has experienced enormous
changes in terms of living standards and affordability, where some countries have
become very rich and others have remained poor. The poorest countries currently
have per capita income that is less than five percent of the per capita income in the
developed world (Jones, 2002). Furthermore, the growth rates have varied
substantially over time and across countries where the forerunners have
leapfrogged others to become new leaders of the technological frontier. Thus, to

understand these complex issues in the context of macroeconomic policies, it is

! See Aghion and Howitt (2009)



Chapter 1 Introduction

essential to know what drives growth in an economy and how this process can be
sustained in the long run.

Section 1.1 will discuss briefly the evolution of growth theories starting
from neoclassical to second generation endogenous growth models. Moreover,
this section will demonstrate the intense debate that exists among various kinds of
growth models and their applications to the real world. Section 1.2 will briefly
discuss the main objectives of this study. Finally section 1.3 will provide a

summary of each of the following chapters in this dissertation.

1.1. Evolution of New Growth Models

Every growth theory has a basic proposition that, in the long run, there
must be continual advances in technological progress in the form of new goods,
new markets, or new processes (Aghion and Howitt, 1998). But each theory has a
different set of assumptions about the progress in technology or knowledge.
Significant development in theories of growth economics started with the
neoclassical model pioneered by Solow (1956) and Swan (1956). Since then this
framework has offered a foundation for many subsequent models developed over
the following decades. In terms of their origin, theories of economic growth can

be classified under four broad categories:

. Neoclassical or Exogenous Growth Models.
Il. AK Models and First Generation Endogenous Growth Models.
M. Second Generation Semi-endogenous Growth Models.

V. Second Generation Endogenous Growth Models.
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Figurel. 1: Evolution of New Growth Models
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l. Neoclassical or Exogenous Growth Models:

The central spirit of the neoclassical growth models lies in two basic

equations; the production function and the capital accumulation equation:

Y = AK“L

K =sY -

(1.1)
(1.2)

where in equation (1.1), aggregate production (Y) is a function of the productivity

parameter A, and current stocks of capital (K) and labour (L) and 0 < a < 1 is the

share of capital in total income. Equation (1.2) shows that capital accumulation

depends upon investment, which is equal to aggregate savings (saved at a rate s),

minus capital depreciation (at a rate 0). This model implies that growth will occur

3
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through economic policies that induce people to save more. But due to
diminishing marginal productivity, growth in national income will be less than the
growth in capital stock, implying that the savings rate is less than the depreciation
rate of capital. Over time the depreciation rate will catch up to the savings rate and
growth will cease in the long run. Thus the model predicts that saving induced
growth is short-lived and growth will continue in the long run only if there is
some technological progress. However, in this class of model, technology is
assumed to be exogenous to all economic forces. In other words, long run growth
depends on unpredicted and disjoined shocks that cannot be altered by any
economic policy. This conclusion led economists to a dead end, where nothing
further could be predicted about the sources of technological progress.
Paradoxically, the same conclusion gave theorists new hope to look at the
system through the lens of endogenous technological change, where economic
policies have significant impacts on long run growth. Hence, the neoclassical
model has remained a remarkable success that gave theorists the right beginning,
even though the theory itself was incomplete in explaining growth in the long run.
In the next few decades a series of models started to develop using the
neoclassical model as their benchmark. An extensive literature is found in the
handbook article of Jones and Manuelli (2005) and Aghion and Howitt (1998).

Il. AK Models and First Generation Endogenous Growth Models:

To overcome the limitations of neoclassical growth models, the first
version of fully endogenous growth models, called the AK model, was advanced
by Frankel (1962). The model combines the features of neoclassical models and
the Harrod-Domer models (Harrod, 1939; Domer, 1946), but unlike the latter,
here long run growth rate depends permanently on higher savings rates in the
economy. However, the basic feature of this model is that there is no clear
distinction between capital accumulation and technological progress. Further
versions of AK model were developed by Romer (1986), Lucas (1988), King and
Rebelo (1990), Rebelo (1991), and more recently by Jones et al. (2000) and
Acemoglu and Ventura (2002). Adding knowledge externalities to a firm’s capital

4
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accumulation, these models are mainly dominated by the neoclassical models, but
fail to provide an explanation for convergence of economies in the long run.?

AK theory was followed by a wave of first generation endogenous growth
theories in the 1990s, generally known as ‘innovation-based’ growth models,
which recognize that intellectual capital — the source of technological progress, is
distinct from physical and human capital (Romer, 1990; Segerstrom et al., 1990;
Grossman and Helpman, 1991a; 1991b; Aghion and Howitt, 1992). Romer (1990)
develops a ‘product variety model’ of endogenous growth where new innovations
come through new products in the market but not through improved product
varieties. The ‘innovation-based’ growth models were further advanced by the
first generation Schumpeterian theory of Segerstrom et al. (1990) and Aghion and
Howitt (1992), which focuses on quality-improving innovations that render old
products obsolete through the process of ‘creative destruction.” Innovation-based
theory implies that the way to grow rapidly is not to save a large fraction of output
but to devote a large fraction of output to research and development. What makes
these growth theories ‘endogenous’ is that growth is a consequence of
endogenous R&D. These models predict scale effects where, for sustained growth
in productivity, continuous increases in R&D inputs are necessary.

However, for the US after the 1950s, Jones (1995) finds evidence that
refutes the first generation Schumpeterian growth model. He proposes the semi-
endogenous growth model discussed below.

M. Semi Endogenous Growth Models:

In 1995, Jones argued that the evidence for the United States after 1950
refutes the ‘scale effect’ of first generation endogenous growth theory.® While the
number of workers engaged in R&D is constantly increasing over time, TFP
growth is almost constant. To reconcile the facts, he developed a semi-

endogenous growth model where he assumed diminishing returns to knowledge,

2 Jones and Manuelli (2005) detail the limitations of AK models as compared to other endogenous
growth models.

* Jones (2002) argued that productivity growth in the US had remained stationary during a period
when population, and in particular the number of people engaged in R&D, had risen dramatically,
which contradicts the first generation endogenous growth theory (Aghion and Howitt, 1992).

5
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as opposed to constant returns in the first generation models. * The scale effect
that is present in the first generation models vanishes due to this assumption,
where the growth path of TFP is now bounded to a finite period. The model
becomes consistent with the US evidence presented by Jones (1995).

Technology inputs, such as the number of workers engaged in R&D, are
inextricably tied to the overall population in the economy. The higher is the
population growth, the greater the proportion of workers engaged in R&D and the
greater is the chance of finding new ideas or innovations. As growth rate of R&D
workers cannot exceed the growth rate of the population in the long run, in
equilibrium, economic growth is governed by population growth, which is
exogenous to an economy. This justifies the name ‘semi-endogenous’ in this
model. Although the growth rate of the economy turns out to be a function of
parameters that are typically thought of as exogenous, growth in the model is
endogenously derived from the pursuit of new technologies by rational, profit-
maximizing agents. Semi-endogenous growth models were further developed by
Kortum (1997) and Segerstrom (1998), based on the idea that a positive growth in
R&D inputs is required to maintain sustained growth in TFP due to the
assumption of diminishing returns to knowledge.

These models were quite intuitive; however policy makers remained
puzzled that policies stimulating R&D would have, at most, transitory effects on
productivity growth. Ha and Howitt (2007) show that, although semi-endogenous
theory predicts that sustained productivity growth requires sustained growth in
R&D input, in a limiting case when the growth rate of R&D inputs is falling, the
theory implies an inverse U-shaped growth path for productivity over time, where
productivity growth is falling initially but rising in the latter half of the period.
Hence, in the second half, TFP growth becomes sustainable even with falling
growth in R&D inputs. This finding becomes critical because R&D input, when
measured as R&D labour implies that increased TFP growth would be associated
with falling population growth in the long run. Since growth rate in R&D labour

is equal to the population growth rate in the long run, the above finding

* See Jones (2005) “Growth and Ideas” for an extensive discussion of semi endogenous growth
theory.
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contradicts the main proposition of the semi-endogenous growth model, which
states that, for maintaining sustained growth in productivity, sustained growth in

R&D labour is necessary.

V. Second Generation Endogenous Growth Models:

The newer version of endogenous growth models was developed by
Aghion and Howitt (1998) and later extended by a number of authors, e.g., Peretto
(1998), Howitt (1999), Peretto and Smulders (2002). They propose the second
generation fully endogenous Schumpeterian growth models, where the
assumption of constant returns to knowledge is retained from the first generation
models, but they assume that the varieties and complexities of new innovations
are increasing. Their argument follows the Schumpeterian growth models, where
to ensure sustained TFP growth, the level of R&D has to increase over time to
counteract the increasing range of products that lowers the productivity effects of
R&D activity, otherwise called the ‘product proliferation effect’. Product variety
can be approximated by any variable that grows at the same rate as population in
the long run. The model is consistent with US evidence presented by Jones
(1995a). However, instead of focusing on an exogenous variable like population,
these models are fully endogenous and retain most of the implications of first
generation Schumpeterian growth models. With constant returns to knowledge,
anything that increases the fraction of resources allocated to R&D will increase
long run productivity growth.

Although this leads to an intense debate between Schumpeterian and semi-
endogenous growth theories, in recent times the second generation Schumpeterian
growth models have obtained most empirical support for the modern growth
period after 1870. While Ha and Howitt (2007) test them for the US economy
using data from 1950-2000, Madsen (2008b) test the two theories using panel and
time series data from OECD countries from 1870 onwards, and Madsen et al.
(2010) examine them using Indian data in the post 1950 period. All three studies
acquired support in favour of Schumpeterian growth theory as against the semi-
endogenous growth model.
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Goodfriend and McDermott (1995), Galor and Weil (2000) and Galor
(2005) take another major challenge to find a unified growth theory with
underlying micro foundations that are consistent with the entire process of
economic development from a period of Malthusian epoch, defined as pre-
industrialization period before the mid eighteenth century, to modern economic
growth. Although detailed discussion of these kind of theories is beyond the scope
of this dissertation, the key elements in their model are the Malthusian elements,
the engines of technological progress, the origin of human capital formation and
the determinants of parental choice regarding the quantity and quality of children.
They proposed a dynamic system where the growth rate of output per capita is
nonlinear and evolution occurs through structural change permitting the economy
to take-off and to converge to modern growth steady-state equilibrium. However,
empirical specifications for this kind of model are yet to be investigated in the
literature. The next section will discuss the aims and objectives of each chapter of

this thesis.

1.1. Objectives of this Thesis

In search of a long run growth theory, the above discussion of various
theoretical models suggests an intense ongoing debate among the second
generation endogenous growth models. This thesis mainly focuses on the two
competing second generation endogenous growth models, namely Schumpeterian
and semi-endogenous growth models and tries to investigate empirically how
these models best fit into technological epochs back in time such as the ‘Industrial
and Agricultural Revolution in England’, the ‘Great Divergence’ and the
‘American catching-up and forging ahead of the UK’. To the best of my
knowledge, this study is the first that attempts to test the modern growth theories
using long historical data spanning over more than three centuries.

While every theory has its own limitations, there is need for a search for a
theory that can at least explain some of the biggest epochs back in time. Empirical
testing of theoretical models and reasons behind technological revolutions would

provide greater scope for modern theorists to explain these events back in history
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and for episodes that are yet to occur. Greasley and Oxley (1997) demonstrate that
output fluctuations were very persistent during the period 1780-1851, and forces
that are internal to the economy shaped the Industrial Revolution for Britain. This
provides evidence that endogenous growth models could be more relevant in
accounting for the glorious period of British industrialization than the neoclassical
growth models. In a similar view, using cointegration and causality techniques,
Oxley and Greasley (1998) suggest that the Industrial Revolution was shaped
mostly by technological progress. This thesis has three essential objectives, in the
form of three separate empirical studies, and contributes to the literature on
economic growth and economic history.

The first and foremost objective pertains to the rigorous analysis of the
role that innovative activity played in raising the productivity growth of Britain at
the time of the First and Second Industrial Revolutions. Using long historical data
for Britain, which spans for more than three centuries, the importance of
innovative activity and population growth in inducing the transition from the
Malthusian trap to the post-Malthusian growth regime in Britain is explained.
Furthermore, the study tests the ability of two competing second-generation
endogenous growth models, namely Schumpeterian and semi-endogenous growth
models, to account for the British growth experience. This study is, to the best of
my knowledge, the first that attempts to formally test whether there is a significant
relationship between growth, innovative activity and population growth during the
first and the second-phases of industrial revolutions in Britain, by using a direct
measure of innovative activity and by allowing for land as a factor of production.

The second objective relates to examining the roles of technology in
advancing productivity growth in British agriculture over the period 1620-1850.
Theory, historiography and empirical evidence suggest that agriculture is the key
to economic development. In explaining the different stages of economic
development, Rostow (1959) claims that one of the essential conditions for
successful take-off for the British economy was the technological revolution in
agriculture. Deane (1969) and Overton (1996a; 1996b) argue that for England the
Agricultural Revolution was closely associated with the Industrial Revolution,

however, no empirical study has been conducted so far, which accounts for this
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particular event. This study examines the extent to which productivity advances in
British agriculture in the period 1620-1850 were driven by technological progress,
where technology is measured by 1) agricultural patents issued and 2) number of
new book titles published on agricultural methods. To explain the roles of
technological progress in British agriculture, Schumpeterian and semi-endogenous
growth models are discriminated and tested empirically. The above objectives
complement the uniqueness of this kind of studies to investigate such an event in
history through the lens of modern growth theories.

The third and final objective of this thesis pertains to the rigorous analysis
to find the sources of growth on a sectoral basis that closed the gap between the
US and the UK at the start of the twentieth century. After the Industrial
Revolutions, Britain was termed the ‘workshop of the world’. However, the US
leapfrogged the UK and became the world leader by the end of the nineteenth
century. What has helped this economy to flourish so quickly and achieve that,
which Europe took sixteen centuries to breakthrough? What went wrong that the
British productivity lead could not be maintained?

Many studies in the literature, starting from the famous dissertation work
of Habakkuk (1962) and later by Rosenberg (1981), Oxley and Greasley (1995),
Abramovitz and David (1996), Greasley and Oxley (1998), Broadberry (1998)
and more recent studies such as Broadberry and Irwin (2006), have tried to
explain the phenomenon of ‘American catching-up and forging ahead’. However,
little attention has been given to investigating the sources of productivity
advancements in sectors, particularly in those sectors that led the US to catch up
and finally forge ahead of other economies in the twentieth century. This study
seeks to answer these questions through the lens of the sectoral productivity gap
between the US and the UK and R&D augmented investments in the advanced
sectors of the American economy over the period 1840-2008.

Contributions from all three chapters fill a number of important gaps in the
literature and have significant policy implications for both advanced and currently
growing economies. The next section will detail the structure of the thesis

followed here.
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1.2. Structure of this Thesis

This study is a collection of three self-contained essays. However, they
share a common theme in terms of the emphasis they place on productivity
growth, technological progress and population growth, in the context of
macroeconomic policies followed in the UK and in the US, over different phases
in time. Further, the studies examine a sequel of events, which starts with the First
Industrial Revolution in Britain along with the British Agricultural revolution in
the period 1760-1850, followed by the Second Industrial Revolution in Britain in
the period 1850-1913, and then followed by the transfer of technological
leadership to the US at the start of the twentieth century, which continues in the
twenty-first century. The thesis is organized as follows.

Chapter 2, a joint paper with my thesis supervisors, is motivated from the
episode of ‘Industrial Revolution of Great Britain’, whose existence is still of
great importance to the modern developing economies in achieving sustained
growth over the long run. ° It is always difficult to comprehend why Industrial
Revolution happened at that time and in what respect Britain was special
compared to other pre-industrial economies. Being one of the most significant
events in world economic history, various contrasting theoretical explanations are
offered by different growth theorists.® This makes our task of reconciling the facts
with theories of economic growth more challenging. This chapter attempts to
solve this puzzle through endogenous growth models allowing for land as an
additional factor of production. Chapter 2 empirically investigates the following:
i) whether the second-generation endogenous growth theories, augmented to allow
for the population growth path, are useful in explaining the British Industrial
Revolution; ii) whether the British growth experience during the period 1620-
2006 can be used to discriminate between the second-generation endogenous

® Chapter two is submitted in a form of a paper, which is jointly written with my thesis supervisors
Prof Jakob Madsen and A/Prof James Ang, Monash University, Australia. The paper is currently
under ‘revise and resubmit’ decision at ‘Journal of Economic Growth’ (from May 2010). | fully
acknowledge the credit of this paper under all our three names.

® See Clark (2007) for a comprehensive discussion of different growth models of British Industrial
Revolution.
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growth models; and iii) the role played by population growth during the whole
transitional period.

Chapter 3 is a logical sequel of chapter 2”. While Deane (1969) and
Overton (1996a; 1996b) support the view of the simultaneous existence of
Agricultural and Industrial revolution in Great Britain, Allen (1999) describe it as
a two-phase development, one before the First Industrial Revolution and the
second after it. Clark (2002), with a more pessimistic view, raises doubt about the
term ‘Agricultural Revolution’ itself in the context of England. This chapter seeks
to contribute to the debate regarding the existence of an ‘Agricultural Revolution’
in terms of increased technological progress at the same time as the First
Industrial Revolution in England. The primary objectives of this paper are to
examine the role played by innovative activity during the British Agricultural
Revolution and to test whether any second-generation innovation-based growth
models can adequately explain British agricultural growth during the period 1620-
1850.

Chapter 4 turns to a new episode in the literature of economic growth,
where the factors behind the sectoral productivity growth are examined for the
US and the UK from the mid-nineteenth century onwards to shed some light on
the phenomenon of ‘America’s catching-up and forging ahead of the UK’. In this
chapter, two hypotheses are proposed and formally tested, which are expected to
contribute to closing the gap between these two economies. The hypotheses are:
(1) US agricultural productivity increased to a great extent due to increasing
returns to land coming from enormous land resources present in the US and
technology augmented equipment investments in agriculture; (2) The US transport
sector went through major transformations, for example, intensive use of
highways and trucking, that increased the productivity in the service sector. While
the agricultural miracle intensified the take-off process, revolution in the service

sector sustained the lead until 1970. Inadequate land resources in the UK as

" Although chapter 3 is submitted as a chapter in the thesis, solely written by me, | have written
another paper out of it, co-authored with my thesis supervisors, Prof Jakob Madsen and A/Prof
James Ang, Monash University, Australia. This paper is currently under review at ‘European
Economic Review’ (from February 2010).
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compared to the US could not generate any advantage for the former with low
investments in technology embodied machinery.

Finally chapter 5 closes this discussion and brings together the findings
from all the three empirical chapters and their relevance to the literature on
economic growth and economic history. It also provides contributions made by

this thesis and directions for future research.

13



Chapter 1 Introduction

References

Abramovitz, M. and P. A. David (1996), Convergence and Deferred Catch-Up:
Productivity Leadership and the Waning of American Exceptionalism. The
Mosaic of Economic Growth. R. Landau, T. Taylor and G. Wright, (eds.),
Stanford, Stanford University Press, Ch-1, pp. 21-62.

Acemoglu, D. and J. Ventura (2002), "The World Income Distribution." The
Quarterly Journal of Economics, 117(2), pp. 659-694.

Aghion, P. and P. Howitt (1992), "A Model of Growth through Creative
Destruction." Econometrica, 60(2), pp. 323-351.

(1998), Endogenous Growth Theory. Cambridge, The MIT Press.
(2009), The Economics of Growth. Cambridge, London, The MIT Press.

Allen, R. C. (1999), "Tracking the Agricultural Revolution in England.”
Economic History Review, 52(2), pp. 209-235.

Broadberry, S. N. (1998), "How Did the United States and Germany Overtake
Britain? A Sectoral Analysis of Comparative Productivity Levels, 1870-
1990." The Journal of Economic History, 58(2), pp. 375-407.

Broadberry, S. N. and D. A. Irwin (2006), "Labour Productivity in the United
States and the United Kingdom during the Nineteenth Century."
Explorations in Economic History, 43(2), pp. 257-279.

Clark, G. (2002), "The Agricultural Revolution and the Industrial Revolution.”
Working Paper, University of California, Davis.

(2007), A Farewell to Alms: A Brief Economic History of the World.
Princeton and Oxford, Princeton University Press.

Deane, P. (1969), The First Industrial Revolution. Cambridge, Cambridge
University Press.

Domer, E. D. (1946), "Capital Extension, Rate of Growth and Employment.”
Econometrica, 14(2), pp. 137-147.

Frankel, M. (1962), "The Production Function in Allocation and Growth: A
Synthesis", American Economic Review, 52(5), pp. 995-1022.

Galor, O. (2005), From Stagnation to Growth: Unified Growth Theory. Handbook
of Economic Growth. P. Aghion a. S. N. Durlauf, (eds.), Elsevier. Volume
1, Ch-4, pp. 171-293.

Galor, O. and D. N. Weil (2000), "Population, Technology, and Growth: From
Malthusian Stagnation to the Demographic Transition and Beyond."”
American Economic Review, 90(4), pp. 806-828.

Goodfriend, M. and J. McDermott (1995), "Early Development." American
Economic Review, 85(1), pp. 116-133.

Greasley, D. and L. Oxley (1997), "Endogenous Growth or "Big Bang": Two
Views of the First Industrial Revolution.” Journal of Economic History,
57(4), pp. 935-949.

(1998), "Comparing British and American Economic and Industrial
Performance 1860-1993: A Time Series Perspective." Explorations in
economic history, 35(2), pp. 171-195.

Grossman, G. M. and E. Helpman (1991a), Innovations and Growth in the Global
Economy. Cambridge, MA, MIT press.

(1991b), "Quality Ladders in the Theory of Growth." Review of Economic
Studies, 58(1), pp. 43-61.
14



Chapter 1 Introduction

Ha, J. and P. Howitt (2007), "Accounting for Trends in Productivity and R&D: A
Schumpeterian Critique of Semi-Endogenous Growth Theory." Journal of
Money, Credit and Banking, 39(4), pp. 733-774.

Habakkuk, H. J. (1962), American and British Technology in the Nineteenth
Century. Cambridge, Cambridge University Press.

Harrod, R. F. (1939), "An Essay in Dynamic Economic Theory." Economic
Journal, 49(193), pp. 14-33.

Howitt, P. (1999), "Steady Endogenous Growth with Population and R & D
Inputs Growing." Journal of Political Economy, 107(4), pp. 715-730.

Jones, C. I. (1995), "R & D-Based Models of Economic Growth." Journal of
Political Economy, 103(4), pp. 759-784.

(2002), Introduction to Economic Growth. New York, N.Y, W. W. Norton
& Company.

(2005), Growth and Ideas. Handbook of Economic Growth. P. Aghion and
S. Durlauf, (eds.), Amsterdam, Elsevier. Volume 1, Ch-16, pp. 1063-1111.

Jones, L. E. and R. E. Manuelli (2005), Neoclassical Models of Endogenous
Growth: The Effects of Fiscal Policy, Innovation and Fluctuations.
Handbook of Economic Growth. P. Aghion and S. Durlauf, (eds.),
Amsterdam, Elsevier. Volume 1, Ch-1, pp. 13-65.

Jones, L. E., R. E. Manuelli and E. Stacchetti (2000), "Technology and Policy
Shocks in Models of Endogenous Growth.” Federal Reserve Bank of
Minneapolis Working Paper 281.

King, R. G. and S. Rebelo (1990), "Public Policy and Economic Growth:
Developing Neoclassical Implications.” The Journal of Political Economy,
98(5), pp. S126-S150.

Koopmans, T. C. (1965), On the Concept of Optimal Economic Growth.
Pontificiae Academiae Scientiarum Scripta Varia, 28 (1), pp. 225-300.

Kortum, S. S. (1997), "Research, Patenting, and Technological Change."
Econometrica, 65(6), pp. 1389-1419.

Lucas, R. E. (1988), "On the Mechanics of Economic Development.” Journal of
Monetary Economics, 22(1), pp. 3-42.

Madsen, J. B. (2008b), "Semi-Endogenous Versus Schumpeterian Growth
Models: Testing the Knowledge Production Function Using International
Data." Journal of Economic Growth, 13(1), pp. 1-26.

Madsen, J. B., S. Saxena and J. B. Ang (2010), "The Indian Growth Miracle and
Endogenous Growth." Journal of Development Economics, forthcoming,
(doi: 10.1016/j.jdeveco.2009.06.002).

Overton, M. (1996a), Agricultural Revolution in England: The Transformation of
the Agragian Economy 1500-1850. Cambridge, Cambridge University
Press.

(1996b), "Re-Establishing the English Agricultural Revolution.”
Agricultural History Review, 44(1), pp. 1-20.

Oxley, L. and D. Greasley (1995), "A Time-Series Perspective on Convergence:
Australia, UK and USA since 1870." The Economic Record, 71(3), pp.
259-270.

(1998), "Vector Autoregression, Cointegration and Causality: Testing for
Causes of the British Industrial Revolution.” Applied Economics, 30(10),
pp. 1387-1397.

15



Chapter 1 Introduction

Peretto, P. F. (1998), "Technological Change and Population Growth." Journal of
Economic Growth, 3(4), pp. 283-311.

Peretto, P. and S. Smulders (2002), "Technological Distance, Growth and Scale
Effects.” The Economic Journal, 112(481), pp. 603-624.

Rebelo, S. (1991), "Long-Run Policy Analysis and Long-Run Growth."” Journal of
Political Economy, 99(3), pp. 500-521.

Romer, P. M. (1986), "Increasing Returns and Long-Run Growth." Journal of
Political Economy, 94(5), pp. 1002-1037.

(1990), "Endogenous Technological Change."” Journal of Political
Economy, 98(5), pp. S71-S102.

(1994), "The Origins of Endogenous Growth."The Journal of Economic
Perspectives, 8(1), pp. 3-22.

Rosenberg, N. (1981), Why in America? Yankee Enterprise, the Rise of American
System of Manufacturers. O. Mayr and R. C. Post, (eds.), Washington DC
Smithsonian Institution Press, reprinted in "Exploring the Black Box".
Cambridge, Cambridge University Press, 1995, Ch-6, pp. 109-120.

Rostow, W. W. (1959), "The Stages of Economic Growth." Economic History
Review, 12(1), pp. 1-16.

Segerstrom, P. S. (1998), "Endogenous Growth without Scale Effects.” American
Economic Review, 88(5), pp. 1290-1310.

Segerstrom, P. S., T. C. A. Anant and E. Dinopoulos (1990), "A Schumpeterian
Model of the Product Life Cycle." American Economic Review, 80(5), pp.
1077-1091.

Solow, R. M. (1956), "A Contribution to the Theory of Economic Growth."
Quarterly Journal of Economics, 70(1), 65-94.

Swan, T. V. (1956), "Economic Growth and Capital Accumulation."” Economic
Record, 32, pp. 334-361.

16



Declaration for Thesis Chapter 2

Declaration by candidate

In the casc of Chapler 2, the nature and extent of my contribution to the work was the

[ellowing:

Nature of contribution

"-Extcnt of contribution
(%)

My supervisors have guided me to build the molivation of the
chapter and then 1 collected all the data necessary for the
estimation, This chapler uses an extensive data base, which covers
the period from 1620-2006. 1 have performed all the initial
estimations and written up the first drafl of the chapter. The
chapter has been presented by myself in various conferences
including ‘14" Australasian Macroeconomics Warkshop’ and
‘Teonemetric Sociely Australasian Mceting 2009°. The final
version of the chapter is a joint eftort of my supervisors and

40

myselt.

The following co-authors contributed to the work. Co-authors who are students at
Monash University must also indicate the extent of their contribution in percentage

terms:

‘Name ‘ Nature of coniribution Extent of ]
contribution (%)
for student co-

‘ authors only
Jakob BB. Madsen Discussion + Writing up of the paper
James B. Ang IDiscussioﬁ + Writing up ol the paper _
Candidate’s Date
Signature © | 210510




Declaration by co-authors

The undersigned hereby certify that:

(1) the above declaration correctly reflects the nature and extent of the candidate’s
contribution to this work, and the nature of the contribution of each of the co-
authors.

(2) they meet the criteria for authorship in that they have participated in the
conception, execution, or interpretation, of at least that part of the publication in
their field of expertise;

(3) they take public responsibility for their part of the publication, except for the
responsible author who accepts overall responsibility for the publication;

(4)) there are no other authors of the publication according to thesc criteria;

(5) potential conflicts of interest have been disclosed to (a) granting bodies, (b) the
editor or publisher of journals or other publications, and (c) the head of the
responsible academic unit; and

(6) the original data are stored at the following location(s) and will be held for at least
five years from the date indicated below:

Location(s) Department of Economics, Monash University, Caulfield campus. —‘

[Please note that the location(s) must be institutional in nature, and should be
indicated here as a department, centre or institute, with specific campus identification
where relevant.|

Signature 1 Dglﬁ 0§10

21.05. 10

Signature 2




Chapter 2

FOUR CENTURIES OF BRITISH ECONOMIC
GROWTH: THE ROLES OF TECHNOLOGY
AND POPULATION

Jakob B. Madsen, James B. Ang* and Rajabrata Banerjee
Department of Economics, Monash University

Abstract: Using long historical data for Britain over the period 1620-2006, this
paper seeks to explain the importance of innovative activity and population
growth in inducing the transition from the Malthusian trap to the post-Malthusian
growth regime in Britain. Furthermore, the paper tests the ability of two
competing second-generation endogenous growth models to explain the British
Industrial Revolution. The results suggest that innovative activity was an
important force in shaping the Industrial Revolution and that the British growth
experience is consistent with Schumpeterian growth theory.

Keywords: Endogenous growth; British Industrial Revolution
JEL classification: O30; 040

“ Corresponding author: Department of Economics, Monash University, 900 Dandenong Road,
Caulfield East, Vic 3145 Australia. E-mail: James.Ang@buseco.monash.edu.au.

Acknowledgments: Helpful comments and suggestions received from participants at Monash
University seminar, the 14™ Australasian Macroeconomics Workshop and the Econometric
Society Australasian Meeting 2009 are gratefully acknowledged. A/Prof James B. Ang and Prof
Jakob B. Madsen acknowledge support from ARC Discovery Grants from the Australian Research
Council.

This paper is revised and resubmitted to ‘Journal of Economic Growth.’

17


mailto:James.Ang@buseco.monash.edu.au

Chapter 2 Four Centuries of British Economic Growth: The Roles of Technology and Population

“All we need (to) explain is why in the millennia before 1800 there was in all societies —
warlike, peaceful, monotheist, polytheist — such limited investment in the expansion of
useful knowledge, and why this circumstance changed for the first time in Britain
sometime around 1800. Then we will understand the history of mankind.”

- Gregory Clark, 2007, page 207.

2.1. Introduction

Before the late 18" century, per capita growth rates were either zero or
miniscule and average per capita incomes in different regions of the world were
quite similar Galor (2005; Maddison, 2007). Galor and Weil (2000), Hansen and
Prescott (2002) and Galor (2005) argue that this period of stagnation can be
described as the Malthusian epoch. Instead of resulting in improved standards of
living, technological progress led to increased population. The onset of the Great
Divergence was around 1760 on the eve of the First Industrial Revolution in
Britain. It transformed the British economy from the Malthusian trap to the post-
Malthusian epoch during which the rate of technological progress outpaced the
population growth drag, resulting in positive per capita growth rates. However,
the British Industrial Revolution is still one of the great mysteries in the history of
human evolution. Various interpretations have been presented by economic
historians and growth theorists to explain this extremely significant series of
events. Consequently, the reconciliation of historical facts with modern growth
theories presents us with a challenging task.

Economic growth literature contains extensive coverage of Britain due
mainly to its preeminent position in the First Industrial Revolution and the
availability of well-documented historical facts and data. However, despite being
one of the most significant events in economic history, little is known about the
part played by innovation in freeing the British economy from its Malthusian
straitjacket. The literature emphasizes different roles played by technology during
the Industrial Revolution. Crafts (1995) suggests that the augmented neoclassical
growth model is the appropriate tool for modelling growth during the Industrial

Revolution and that the most important innovations were exogenous during that
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period. Based on the statistical properties of productivity data, historiography and
growth accounting exercises that give some importance to residual productivity,
Crafts (1995) concludes that both the AK model of Rebelo (1991) and the
endogenous growth model of Grossman and Helpman (1990) are incapable of
explaining the growth rates experienced by England during the Industrial
Revolution.

However, several studies have stressed that the Industrial Revolution was
associated with a high level of innovative activity (see Sullivan, 1989; Galor,
2005; Mokyr, 2005); Clark, 2007; Greasley and Oxley, 2007; Khan and Sokoloff,
2007). Sullivan (1989, p. 424) describes the period 1762-1851 as the ‘Age of
Invention’ for England’ during which patentable inventions increased markedly.
Greasley and Oxley (1997) demonstrate that output fluctuations were very
persistent during the period 1780-1851, and this provides evidence that
endogenous growth models are more relevant in accounting for the glorious
period of Britain’s industrialization than the neoclassical growth model. In a
similar vein, using cointegration and causality techniques, Oxley and Greasley
(1998) suggest that the Industrial Revolution was shaped mostly by technological
progress.

Crafts (1995) and Oxley and Greasley (1998) focus on the validity of the
first-generation endogenous growth models of Grossman and Helpman (1990) and
Rebelo (1991) in explaining the Industrial Revolution. However, the second-
generation endogenous growth models have taken over from the first-generation
models following Jones’ (1995b) critique of first-generation models. In particular,
Jones (1995b) notes that the number of R&D workers increased substantially
during this period while the US post-WWII growth rates have remained relatively
constant. This observation is inconsistent with the predictions of the first-
generation endogenous growth models where productivity growth is proportional
to the number of R&D workers.

The second-generation endogenous growth models overcome this
unwarranted property of the first-generation growth models by abandoning the
assumption of constant returns to scale in ideas production (semi-endogenous

growth models) or by assuming that the effectiveness of R&D is diluted due to the
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proliferation of products when an economy expands (Schumpeterian growth
models) (Aghion and Howitt, 1998; Howitt, 1999; Peretto and Smulders, 2002;
Ha and Howitt, 2007). Thus, given that the first-generation endogenous growth
models are unlikely to account for the productivity growth in Britain since 1620,
the second-generation endogenous growth models may be more consistent with
the British growth experience. However, it remains to be seen whether any of
these modern innovation-based growth models, extended to allow for population
growth drag, are capable of explaining the glorious period of Britain’s
industrialization, considering that most of the historiography gives domestic
considerations a leading role as factors that shaped the Industrial Revolution (see
Oxley and Greasley, 1998).

The contribution of this paper is to examine: 1) whether the second-
generation endogenous growth theories, augmented to allow for the population
growth path, are useful in explaining the British Industrial Revolution; 2) whether
the British growth experience during the period 1620-2006 can be used to
discriminate between the second-generation endogenous growth models; and 3)
the role played by population growth during the whole transitional period,
particularly the reductions in the population growth rate after 1813 and then after
1907. This paper is, to the best of our knowledge, the first that attempts to
formally test whether there is a significant relationship between growth,
innovative activity and population growth during the first and the second-phase of
the industrial revolution in Britain, by using a direct measure of innovative
activity and by allowing for land as a factor of production.

The paper proceeds as follows: the next section shows the empirical
implications of various endogenous growth theories and extends the growth
framework used by Ha and Howitt (2007) and Madsen (2008b) to allow for land
as a fixed factor of production. Section 3 discusses the construction of variables
and provides some graphical analyses. Using very long historical data over the
period 1620-2006, the empirical analysis is performed and the results are
presented and discussed in Section 4. Section 5 provides an anatomy of the British

Industrial Revolution. The last section concludes.
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2.2. Innovation-Based Growth with Land as a Fixed Factor of

Production

When land is a significant factor of production, labour productivity growth
Is a race between population growth and technological progress. Technological
progress is determined by innovative activity. This section incorporates the
implications of population growth into the second-generation endogenous growth
models and shows how to discriminate between Schumpeterian and semi-
endogenous growth models.
Consider the following homogenous Cobb-Douglas production function:

Y = AK“TPL* 7, (2.1)

where Y is real output, K is capital stock, T is a fixed amount of land, L is labour,
a is the share of income going to capital and f is the share of income going to land
under the maintained hypothesis of perfect competition. The production function
exhibits constant returns to scale in K, T and L and increasing returns to scale in

A, K, T and L altogether.

Eqg. (2.1) can be written as per capita output so that:

al(l-a)
YE _ AVO-) [é:l T #ll-a)| ~FAll-a) (2,2)

Taking logs and differentiating yields labour productivity growth along the
balanced growth path:

9, =1/(1-a)g, ~ fI(1-a)g, 2.3)

where g, is labour productivity growth, ga is the growth in total factor
productivity and g, is the growth in the labour force. Here, the first derivative of
the K-Y ratio is set to zero because the K-Y ratio is constant along the balanced
growth path. The K-Y ratio is included in some of the empirical estimates to allow
for transitional dynamics.
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The role of capital for growth is suppressed in Eqg. (2.3) under the
assumption that the economy is on its balanced growth path. Capital stocks cannot
act as an independent growth factor along the balanced growth path since it is
driven entirely by technological progress. Labour productivity in Eq. (2.2) is cast
in terms of the K-Y ratio to filter out the technology-induced capital deepening
(Klenow and Rodriguez-Clare, 1997). The reason why productivity growth
triggers capital deepening is that technological progress increases expected
earnings per unit of capital and, through the channel of the equity market, brings
Tobin’s q in excess of its steady-state value. This initiates a capital deepening
process that terminates when Tobin’s ¢ reaches its steady-state equilibrium, which
may not be one in the presence of taxes, technological progress and population
growth (see Madsen and Davis, 2006). The K-Y ratio changes transitionally due to
changes in time-preferences and taxes.

In the case when land is omitted as a factor of production (8 = 0), Eq. (2.3)
reduces to a standard neoclassical growth model in which labour productivity
growth is driven entirely by technological progress and independently of
population growth. Growth is independent of population growth along the
balanced growth path in these models because capital stock endogenously adjusts
until the K-L ratio returns to its initial level following a population shock. When
land is an essential factor of production, population growth reduces labour
productivity. Population growth slows growth in Eq. (2.3) because of diminishing
returns introduced by land as a fixed factor of production. The greater the
importance of agricultural production in total output, the more population growth
acts as a growth-drag on the economy.

The population growth drag was potentially important for labour
productivity growth during the first part of the period considered in this paper.
Agriculture was the dominant mode of production in Britain up to the Second
Industrial Revolution. In 1600 almost 75% of the English working population was
employed in the agriculture sector (Allen, 2001). Agriculture remained the
dominant mode of production over the next two centuries. The fraction of the
working population in agriculture was 35% in 1800 (Allen, 2001), 28% in 1851
and 12% in 1901 (Mitchell, 1988). Thus, population growth rates lowered per
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capita income growth rates almost on a one-to-one basis around 1600 and were
still very influential for per capita growth over the next two centuries.

While population affects growth directly, innovative activity influences
growth indirectly through the channel of ideas production. There are three
established theories of ideas production functions and they have quite different
implications for how innovative activity is transformed to technological progress
and, consequently, growth. In the first-generation endogenous growth models of
Romer (1990), Segerstrom et al. (1990), Grossman and Helpman (1991) and
Aghion and Howitt (1992), ideas production is associated with the number of
researchers. In the semi-endogenous growth models of Jones (1995a; 1995b),
Kortum (1997) and Segerstrom (1998), R&D inputs are required to grow
permanently to maintain sustained ideas production following the assumption of
diminishing returns to knowledge. According to the Schumpeterian models of
Aghion and Howitt (1998), Dinopoulos and Thompson (1998), Peretto (1998),
Howitt (1999) and Peretto and Smulders (2002), a positive constant rate of ideas
production can be maintained provided that R&D per worker remains constant. In
other words, R&D has to increase over time to counteract the increasing range of
products that lowers the productivity effects of R&D activity in order to ensure
sustained ideas production.

It is not clear which of the second-generation endogenous growth theories
can best describe the British growth experience and whether any of these theories
can explain innovation-induced growth over all of the four centuries considered in
this paper. Although Ha and Howitt (2007), Madsen (2008b) and Madsen et al.
(2010) have found that Schumpeterian growth theory is most consistent with the
growth experience under modern growth regimes, there is no assurance that the
theory will work during the Malthusian and the post-Malthusian growth regimes,
as highlighted by Howitt and Mayer-Foulkes (2005). Parente and Prescott (2005)
argue that the knowledge term in the production function should be decomposed
into two components: 1) the technological knowledge that is available
domestically and on a worldwide scale, and 2) effective utilization of technology.
The latter depends on how effectively technology is used and the extent of
efficiency of operations within organizations. If the innovations during the British
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Industrial Revolution were not used effectively, positive growth rates would not
have transpired. Based on historical evidence, Monteiro and Pereira (2006) argue
that many growth spurts in history failed to become sustained growth regimes
because insufficient human capital was provided to deal with the increasing
complexity of innovations. This hypothesis is consistent with the finding of Clark
(1987), who shows that the same technology was used in the textile industry in
China, Japan, India and the UK around 1920 and yet labour productivity in
textiles was markedly different across these countries.

The following general ideas production function can be used to
discriminate between different endogenous growth models (Ha and Howitt, 2007,
Madsen, 2008b):

A X\

Q oc L"in steady state,

where o is the duplication parameter (zero if all innovations are duplications and

1 if there are no duplicating innovations), ¢ is the returns to scale in knowledge,

x is the coefficient of product proliferation, A is the research productivity
parameter, Q is a measure of product variety, L is employment or population and
X is R&D inputs for semi-endogenous growth models or the productivity-adjusted
R&D inputs for Schumpeterian growth models. The productivity adjustment in
Schumpeterian models recognizes that there is a tendency for decreasing returns
to R&D due to increasing complexity of innovations (Ha and Howitt, 2007).

Semi-endogenous growth theory assumes thatg <1, >0 and x=0 while
Schumpeterian models assume that¢=1, o>0 andx=1. First-generation
endogenous growth theory assumes that¢ =1, >0 andx =0.

Schumpeterian growth models maintain the assumption from first-
generation endogenous growth models of constant returns to the stock of R&D
knowledge. However, they assume that the effectiveness of R&D is diluted due to
the proliferation of products as the economy expands. Thus, growth can still be
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sustained if R&D is kept in a fixed proportion to the number of product lines,
which is in turn proportional to the size of population in the steady state. As such,
to ensure sustained ideas production, R&D has to increase over time to counteract
the increasing range and complexity of products that lowers the productivity
effects of R&D activity.

Assuming that shocks, e, are identically and normally distributed with a

mean of zero, EqQ. (2.4) forms the following model (see Ha and Howitt, 2007):

AInA:In/1+a[lnxt—Ith+(¢—_1)InA]+et, (2.5)
(o}
where e; are independently and identically distributed errors. Given that Aln A is

stationary, it follows that variables in the square brackets are cointegrated.

Following the parameter restrictions discussed above, semi-endogenous growth

theory requires that: (i) both In X, and In A be non-stationary and integrated at

the same order; and (ii) both variables are cointegrated with the cointegrated

vector of [1 (¢—1/0)], in which the second element is expected to be negative.
Schumpeterian growth theory predicts: (i) In(X/Q), is stationary; and (ii) In X,
and InQ, is cointegrated with the cointegrated vector of[1 —1].

Imposing the restrictions suggested by the two second-generation
endogenous growth models implies that the terms v, and ¢, in the following

equations are stationary:

v, =In X, +[¢7_ljln A Semi-endogenous growth theory (2.6)

¢, =InX,-InQ,. Schumpeterian growth theory (2.7)
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Taking logs on Eq. (2.2) and combining it with Eq. (2.6) yields:

Y o K _
In(tjt = mln Xt +a/(1—a)|n{7}+ﬁ/(l—a) InT
~BI1-a)inL, + (1f¢) 0,
Y loj o
= In(EJt=V/+mlnxt—ﬁt/(l—a)lnl_t+ml)t (28)

Where w=alll-a)In(K/Y)+B/1-a)InT . Thus using cointegration
technique, equations (2.7) and (2.8) can be used to test whether the two second-

generation models are consistent with British historical data. Note that here f, is

allowed to vary over time in Eq. (2.8).

However, cointegration tests are necessary, but not sufficient, conditions
for second-generation growth models to be consistent with the growth process
(Madsen, 2008b). A sufficient condition is that these models can explain long-run
growth. More importantly, an important part of this paper is to examine the extent
to which growth in Britain has been driven by innovations. Another aim is to
explain the role played by innovations in the transformation of the British
economy from the Malthusian trap to the post-Malthusian and the modern growth
regimes (see Goodfriend and McDermott, 1995; Galor and Weil, 2000; Hansen
and Prescott, 2002; Galor, 2005).

The following growth model is regressed: 1) to examine the importance of
innovations during the different growth epochs in Britain; 2) to discriminate
between semi-endogenous and Schumpeterian growth models; and 3) to evaluate

the importance of demographic transitions on growth:
Alny, =b, +bAIn X, +b, In(X/Q), +bas,AInL+b,AINTO,
+h.AIN(M 1Y), +bs INUNC, +b,Aln(l / K), +u,, (2.9

where y; is productivity; X; is measured by the number of patent applications by

domestic residents; (X /Q), is research intensity, which is measured by patent
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applications over the labour force; as; is the share of agriculture in total GDP; L is
labour force; TOy is trade openness; My is money supply and Y, is nominal GDP;

UNC; is macroeconomic uncertainty; I is non-residential real gross investment; K;
Is real capital stock; and u; is a stochastic error term. Trade openness is measured
as the sum of exports and imports over GDP. Macroeconomic uncertainty is
measured by the five-year standard deviation of the annual growth of the
consumer price index. Here, semi-endogenous growth theory predicts b; > 0,
whereas Schumpeterian growth models predict that b, > 0. Eq. (2.9) is estimated
in 5-year non-overlapping first differences.

Eq. (2.9) combines the predictions from Eqg. (2.3) that per capita income
growth is determined by technological progress and population growth and the
predictions of second-generation growth models on technological progress (see
Madsen, 2008b for the derivation). The relationship between growth and R&D as
predicted by endogenous growth models expresses steady-state relationships.
However, Britain is unlikely to have been in its steady state over most of the past
four centuries. Since capital is usually the variable that adjusts to bring the
economy back to its steady state following a shock, the investment to capital ratio
is included in the model to allow for transitional dynamics in the periods in which
investment is available (i.e., after 1780). This ratio may also capture potential
positive externalities associated with investment in fixed capital. The control
variables are only included in some of the estimations because they are not
available over the entire period.

Trade openness, macroeconomic uncertainty and the ratio of money to
income are included in the regressions as control variables. Openness is included
because it is often considered as being important for growth for various reasons
(see Vamvakidis, 2002) Lucas, 2007; Madsen, 2009). Trade openness is not an
ideal proxy for openness. However, better data on openness, such as tariffs and

non-tariff trade barriers, are not available for over four centuries. The variable
(M /1Y), is a proxy for financial deepening. Increases in financial deepening have
been found to be important for growth (see, e.g., Rousseau and Sylla, 2005).

Financial deepening influences income positively because it eases the access to

credit which in turn facilitates more efficient use of resources. Inflation variability
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as a proxy for macroeconomic uncertainty is a drag on the economy because it is
often associated with fiscal mismanagement, wars, and crop failures.

Annual data covering the period 1620-2006 are used in the estimates.
Different data periods are considered in the estimates to check: 1) the validity of
the model during different periods in British history; 2) whether the coefficients
are structurally stable; and 3) the extent to which second-generation endogenous
growth models can explain different eras of British history or whether these
models are consistent with growth since the scientific Enlightenment or only
recently. The following sample periods are considered in the analyses: 1) 1620-
1850, 2) 1760-1850, 3) 1620-1913, 4) 1760-1913, 5) 1620-2006 and 6) 1760-
2006. The periods ending in 1850 contain the First Industrial Revolution whereas
the periods up to 1913 include both the First and the Second Industrial
Revolution. Sullivan (1989) characterizes the First Industrial Revolution period
(1760-1850) as the ‘Age of Invention’ in England, as reflected by a dramatic
increase in the propensity to patent. The first sample period thus reflects Britain’s
transformation from a stagnant economy to a developed nation. Estimates
covering the Second Industrial Revolution during the period from 1850 to 1913
cannot be undertaken with any confidence since it would result in only six degrees
of freedom in the estimates where all variables in Eqg. (2.9) are included.
Therefore, we have chosen to focus on the periods that cover the first available
observation or the onset of the First Industrial Revolution to the end of the Second

Industrial Revolution.

2.3. Data and Graphical Analysis

Testing the role played by innovations in British growth over the period
from 1620 to 2006 is not an easy task because of the difficulties associated with
the measurement of labour productivity and innovative activity. Labour
productivity is difficult to measure because employment and annual hours of work
are not available on a regular basis until after 1870 and because the measurement
of GDP is controversial. Harley (1982) and Crafts (1985) argue that the aggregate
output data compiled by Deane and Cole (1962), which are available from 1700,
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tend to overestimate growth during the period 1770-1815. The GDP data from
Feinstein (1972) are available first from 1855, while data from Lindert and
Williamson (1982) are available only for the years 1688, 1759 and 1801/03.

In view of the above considerations, we use three different measures of
labour productivity that are all spliced with per capita GDP from Maddison (2008)
after 1830. The first measure is GDP per capita using the income data for England
and Wales compiled by Clark (2001). These data are available on decadal
frequencies from 1620. The second measure is per capita industrial production.
Industrial production is compiled by Crafts and Harley (1992) and is available on
an annual basis from 1700. The third measure is real wages, which are available
on an annual basis since 1620. Real wages are measured as the unweighted
average of nominal wages among skilled and unskilled workers in Oxford and
London and divided by consumer prices. The data are compiled by Allen (2001).
Real wages is an ideal measure of labour productivity provided that these data are
representative for all professions in Britain and that labour’s income share is
constant. However, labour’s income share is not constant over time and the wage
data may only be approximately representative for all professions. Comparing
wage data against labour productivity in 19" century Britain, Bairoch (1989) and
Angeles (2008) find that real wages are excellent indicators of labour
productivity.

Although the post-1830 per capita GDP data from Maddison (2008),
which are mostly based on Feinstein’s (1972) estimates, are probably the mostly
widely used and most widely accepted data, they do have pitfalls. Income and
population data cover the Republic of Ireland up to its independence in 1922. Data
covering Britain only during the period 1830-1922 are not yet available." The
inclusion of Ireland in the period 1830-1922 gives rise to two potential problems.
First, the Great Irish Famine in the mid 19" century resulted in a temporary but
marked decline in the Irish population. Since the Malthusian mechanism is catered
for in the model this dip in the population size should not constitute a problem;

however, such a large shock may affect the dynamic adjustment and, as such,

! While the United Kingdom includes the Republic of Ireland during British rule over the period
1801-1922, we use the term Britain throughout the manuscript because the Republic of Ireland is
not included in the data in most of the estimation periods.
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interfere with the estimates. To overcome this problem an impulse dummy was
included in 1855. Second, when Ireland gained independence, the size of the
population in Maddison’s data shrunk by three million. Since GDP is reduced by
almost the same proportion per capita, GDP is not too severely affected by the
transition. However, the population growth rate shrinks artificially and, therefore,
gives rise to a population measurement error. A dummy variable for 1925 was
included in the estimation to address this problem.

The number of patent applications by domestic residents as opposed to
patents granted to residents is used as the measure of innovative activity (X;) since
the granting propensity varies substantially over the processing period (Griliches,
1990). Patent data are available back to 1620. They are measured directly from
patent counts without errors, and are the only currently available historical data on
innovative activity. The main criticisms against patents as measures of innovative
activity are that the quality of patents varies over time, not all innovations are
patented, that the propensity to patent may change over time, and that the high
costs of patenting give inventors strong incentives to keep their inventions secret
(see Boehm and Silberston, 1967). While the law of large numbers tends to render
the average quality of patents relatively constant over time in recent years
(Griliches, 1990), this law is unlikely to hold in the early part of the sample period
when the number of patents was quite modest.

A major concern is whether the propensity to patent has changed over a
span of four centuries considered in this study. In probably the most detailed
examination of the quality of British patents over the past four centuries, Sullivan
(1989) does not find any evidence of shifts in the propensity to patent in
individual industries nor changes in the industrial distribution of patents.
Regarding the expense of patents, their high costs of acquisition should at least, in
principle, have led to patents of higher quality and, as such, weeded out low-
quality ones that are unimportant for growth. Thus, high costs of patents may
improve their average quality as a measure of innovative activity and, as such,
count in favour of patents as measures of innovative activity. This line of
reasoning is supported by the findings of Khan and Sokoloff (2007). They find
that 87 percent of the great inventors in Britain over the period from 1750 to 1930
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were patentees, indicating that most of the important innovations are captured by
patent counts.

Furthermore, Griliches (1990) concludes that “in spite of all the
difficulties, patent statistics remain a unique resource for the analysis of the
process of technical change”. However going as far back as four centuries, one
cannot deny that there are flaws in patents as indicators of innovative activity.
What that essentially means is that the number of patents is potentially a noisy
measure in large parts of the estimation period and, as such, may bias the
parameter estimates towards zero. Thus, our estimates are likely to understate the
importance of innovative activity for growth during the past four centuries of
British history.

Product variety (Q:) is proxied by the size of the population since the
number of products or product lines is equal to the population size in the steady

state in Schumpeterian growth models. The income share of agriculture (3,) is

measured as the share of agriculture in total income, and this is denoted as; in the
empirical estimates below. More details on data sources and the construction of

variables are provided in Appendix 2A.2.

Figure 2.1: Annual growth rates of labour productivity and patent applications, 1620-
2005
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31



Chapter 2 Four Centuries of British Economic Growth: The Roles of Technology and Population

Figure 2.1 displays the growth rates in per capita GDP and patent counts
over the period 1620 to 2005. The data are annualized growth rates in five-year
intervals. Productivity growth can naturally be subdivided into the Malthusian
epoch with average annual growth rates of 0.15% (1620-1825), the post-
Malthusian growth regime with average growth rates of 1.12% (1825-1890) and
the modern growth regime with average growth rates of 1.65% (1890-2005)
(Galor, 2005). Although the First Industrial Revolution started in around 1760,
labour productivity growth rates remained miniscule up to circa 1825. This may
seem paradoxical given high and increasing innovative activity. However, Britain
was still trapped in the Malthusian regime in which the improved living standards
derived from technological progress were translated into increasing population
growth rates. Population growth rates increased gradually from zero at the
beginning of the 18™ century to 1.5% at the beginning of the 19™ century, as
shown in Section 5 below. With population growth rates of 1.5%, significant
technological progress was required just to maintain living standards during the

first phase of the industrial revolution.

Figure 2.2: Annual growth rates of labour productivity and the ratio of patent
applications to labour force
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Notes: data for the growth rates of per capital real GDP are in 5-year differences whereas those of
patent applications / labour force are in 5-year averages.

Semi-endogenous growth theory predicts a positive relationship between
per capita income growth and growth in innovative activity. Figure 2.1 shows that

there is no clear-cut relationship between the two variables, particularly after
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1800. Thus, the figure gives no clear evidence in favour of semi-endogenous
growth theory. Figure 2.2 displays the time-series path of research intensity (X/Q)
and per capita income growth in annualized five-year intervals. Research intensity
increased over the first three centuries and appears to have stabilized at an
approximately constant rate after 1890. Apart from the period 1750-1825, the
trend per capita income growth rates and research intensity approximately
coincide, as predicted by Schumpeterian theories of economic growth. The gap
between research intensity and growth between 1750 and 1820 can, to a large
extent, is explained by an extraordinary high population growth rate during that
period, which created a wedge between ideas production and per capita income

growth rates.

2.4. Empirical Tests of Second-Generation Growth Theories

In the first part of the empirical analysis we undertake integration and
cointegration tests to focus on the long-run relationships as predicted by semi-
endogenous and Schumpeterian growth theories (Egs. 2.7 and 2.8). The growth
equation (Eqg. 2.9) is estimated in the second part of this section. Annual data are
used in the integration and cointegration tests while five-year non-overlapping
data are used in the growth estimates to filter out business cycle influences, as
mentioned above. Labour productivity is measured by per capita GDP throughout
this section. The estimates in which per capita industrial production and real
wages are used for labour productivity are shown in Appendix 2A.1. However,

the main results from these estimates are discussed in the following.

2.4.1. Integration and cointegration analyses

First, integration and cointegration tests are undertaken (Egs. 2.7 and 2.8).
Unit root tests for the entire sample period are performed using the conventional

Augmented Dickey-Fuller (ADF) and the Zivot and Andrews (1992) tests, where

the latter accounts for the possible presence of an endogenous structural break. It
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tests the null of a unit root against the alternative of trend stationarity with an

unknown break in the series.

The results in Table 2.1 show that output per capita (In(Y /L),), patent
applications (In X, ), and the population growth drag (as, InL;) are integrated of
order one whereas research intensity (In(X/Q),) is stationary, as predicted by
both classes of models. The results are significant at the 1% level and are not
sensitive to the choice of unit root tests. RegardingIn(Y /L),, the results are

consistent when real wages and industrial production data are used to construct

the alternative measures of aggregate output (see Appendix 1). Thus, we can

proceed by testing whether labour productivity (In(Y /L),), innovative activity (
InX;) and the population growth drag (as, InL;) are cointegrated (semi-

endogenous growth) and whether In X, is cointegrated with InQ, (Schumpeterian

growth).

Table 2.1: Unit root tests (1620-2006)

ADF Zivot-Andrews
Levels r Levels L Conclusion
differenced differenced
Labour productivity 0.83 -13.13™" -2.68 -13.97"™
[In(Y /L),] (0.99) (0.00) (BP=1784) (BP=1811) @)
Patent applications 579 .12.73™ -4.18 -13.05™
(In X,) (0.21) (0.00) (BP=1853) (BP =1706) @)
Population drag -1.67 4,727 -3.32 -24.15™ "
[as; InL] (0.92) (0.00) (BP=1877) (BP =1860) @)
Patent applications / . ; N m
labour force -4.01 -12.79 -5.24 -13.08 )
0.00 0.00 BP = 1884 BP = 1706
[In(X /Q),] (0.00) (0.00) ( ) )

Note: p-values for the ADF tests are indicated in parenthesis. For the Zivot-Andrews tests in
levels, the 1% and 5% critical values are -5.57 and -5.08, respectively. At first-differenced, the
values are -5.43 and -4.80, respectively. The endogenously determined break point (BP) for each
series is indicated in the parenthesis. ~ and ~ indicate 5% and 1% significance, respectively.

Table 2.2 and Table 2.3 display the results of the cointegration tests. The

regression results are based on the Johansen (1988) procedure. First, consider the
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results for semi-endogenous growth theory in Table 2.2. The estimated

coefficients of as, InL; are highly significant in five out of six cases and have the

sign predicted by the theory. These results confirm that population growth is a
drag on per capita output when land is a significant factor of production.
Regarding the tests of semi-endogenous growth theory, the results show that the
null of no cointegrated relationship between labour productivity, patenting activity
and the population growth drag cannot be rejected, except for the estimates
covering the sample periods 1760-1850 and 1760-2006.

Table 2.2: Johansen cointegration tests for semi-endogenous growth theory (Eq. 2.8).

. . Trace Max-eigenvalue Cointegrating Vector
Period Hypothesis statistic statistic [InY/L, In X, asinL]
r=0 25.71 22.86"
1,-0.09"", 3.82 =0.01
1620-1850 < 2.85 1.93 ' ’
r<1i (-882) (7.16) (0.79)
r<? 0.92 0.92
r=0 18.67 11.74
1,-0.14™,5.69 a=-0.03
1760-1850 < 6.93 5.71
r<1i (-5.79) (4.49) (-1.59)
r<? 1.22 1.22
=0 40.93" 28.387" N
1,-0.06™", 2.46 a=0.01
1620-1913 < 12.56 11.87 ’ ’
r<1i (-6.27) (5.96) (2.44)
r<2 0.68 0.68
=0 30.83™ 20.53"
1,027, 6.81 a=0.01
1760-1913 < 10.29 9.97
r<li (2.74) (2.82) (2.71)
r<? 0.32 0.32
r=0 30.95™ 22.22" n
1,0.197,3.17 a=0.01"
1620-2006 < 8.74 6.97 ’ ’
r<1i (2.09) (1.45) (3.97)
r<2? 1.77 1.77
r=0 24.32 16.24 N X
1,654, 6.17 a=0.01
1760-2006 < 8.08 7.98 ’ ’
r<1i (2.38) (L.90) (2.65)
r<?2 0.10 0.10

Note: the null hypothesis is that there is r cointegrating relationship between the variables. An
intercept but no trend is included in the estimation. The optimal lag length is pinned down using
the SBC. Critical values are taken from Mackinnon et al. (1999). « is the error-correction term
associated with the Aln(Y/L) equation. Figures in parenthesis indicate t-statistics.
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Furthermore, there is only a significant long-run relationship between the
variables in two of the six cases (the periods 1620-1850 and 1620-1913).
However, in both of the latter cases, the speed of adjustment is positive, which is
inconsistent with a gradual adjustment of per capita income towards the steady
state as predicted by the theory. Finally, the coefficient estimates are highly
sensitive to estimation period. Overall the results in Table 2.2 provide no support
for semi-endogenous growth theory. These results are supported by the estimates
in Appendix 2.Al in which the other two measures of labour productivity are
used.

Table 2.3: Johansen cointegration tests for Schumpeterian growth theory (Eqg. 2.7)

Mabx- Cointegrating Vector
Period Hypothesis ~ Trace statistic  eigenvalue g g
- [In X, In Q]
statistic

r=0 32.02™ 25.21"" 1,2.65" a=-0.01
1620-1850

r<i 6.81 6.81 (1.83) (-0.44)

=0 2347 15.26™ 1,-217" a=-0.16"

1760-1850

r<i 8.21 8.21 (-6.46) (-1.96)

r=0 34.43™ 27.49™ 1,-2.97" a=-012"
1620-1913

r<1 6.94 6.94 (-12.53) (-2.86)

r=0 19.18™ 17.417 1,-3.317 a=-0.16""
1760-1913

r<i 1.88 1.88 (-28.36) (-4.23)

r=0 3265 3172 1,-3.25"™ a=-0.12"
1620-2006

r<i 0.93 8.08 (-26.63) (-3.93)

r=0 16.38™ 9.37 1,-2.21"" a=-0.05"
1760-2006

r<i 7.02 7.02 (-7.60) (-3.02)

Note: the null hypothesis is that there is r cointegrating relationship between the variables. An
intercept but no trend is included in the estimation. The optimal lag length is pinned down using
the SBC. Critical values are taken from Mackinnon et al. (1999). « is the error-correction term
associated with the AInX equation. Figures in parenthesis are t-statistics.

The results in Table 2.3 provide strong support for Schumpeterian growth
theory. The null hypothesis of no cointegration between the innovative activity
and product variety is rejected in all the regressions. Furthermore, the estimated
coefficients of InQ, are statistically and economically significant at the 1% level
in nearly all cases. The statistical and economic significance of the coefficients of
the error-correction term provides further evidence in favour of the presence of a
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long-run relationship between the variables. On average, the economy takes about
eight years to adjust towards equilibrium following a shock to the steady state.
Finally, the estimated coefficients of product variety are fairly constant for

different estimation periods.

2.4.2. Estimates of per capita real GDP growth

Eq. (2.9) is regressed to further examine the validity of each second-
generation growth theory and to examine the role played by innovations during
the First and Second Industrial Revolutions. The regression results are presented
in Table 2.4 The estimated coefficients of population growth are consistently
negative and highly significant in almost all regressions, reinforcing some of the
results in Table 2.2 that population growth has been a drag on productivity growth
during the industrial revolutions. The estimated coefficients of population growth times
the agricultural output share is on average -1.83, which is not far from the prediction of
—(1-a)™ (assuming that « is roughly 0.3), noting that as, is likely to be

underestimated.

? Five dummy variables were considered in the estimations. The last dummy captures the abrupt
changes in per capita GDP growth during the period 1645-1660. The second dummy captures the
sudden increases in per capita growth in the years 1780-1810. The third dummy captures the
severe negative growth in per capita GDP in the years 1915-1930. The fourth dummy captures the
Great Irish Famine during the period 1847-1851. The fifth dummy is in 1925 as the Irish Republic
becomes independent from Britain in 1922. Since the estimates were unaffected by their inclusion,
the dummy variables were omitted from the estimates.
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Table 2.4: Estimates of per capita real GDP growth equation (Eg. 2.9)

Period  AlnX; In(X/Q)  asAlnL;  AlnTO, Aln InUNC, Aln (I/K)
(M/Y), t
0.01 -1.377
[0.44] . [0.00]
0.81 -1.51
1620- [0.06] [0.00]
1850 0.01 1.02" -1.22"
[0.93] [0.01] [0.00]
0.01 1.05™" -1.35 -0.02 0.01 0.11 0.08
[0.97] [0.01] [0.01] [0.69] [0.55] [0.91] [0.60]
0.02 -2.12"
[0.34] [0.02]
2.89 -1.37
1760- [0.00] [0.04]
1850 0.01 2.84"" -1.28"
[0.31] [0.00] [0.04]
0.01 2477 260" 0.03 -0.02 1.76 0.37"
[0.79] [0.00] [0.01] [0.47] [0.62] [0.18] [0.06]
0.01 21617
[0.48] [0.00]
0.65 -1.74
1620- [0.00] [0.00]
1915 0.01 0.65"" 175
[0.89] [0.00] [0.00]
0.00 079" -1.827 -0.03 -0.02 0.76 0.11™
[0.71] [0.00] [0.00] [0.43] [0.42] [0.28] [0.02]
-0.01 277
[0.69] N [0.00]
0.87 -1.45
1760- [0.04] [0.07]
1915 -0.01 0.87" -1.47"
[0.91] [0.05] [0.08]
0.01 1377 -1.44™ 0.01 -0.04 1.80 0.12"
[0.62] [0.00] [0.04] [0.80] [0.27] [0.11] [0.03]
0.01 2517
[0.85] [0.00]
0.85 -2.02
1620- [0.00] [0.00]
2005 -0.01 0.87" -1.997
[0.56] [0.00] [0.00]
0.00 075" -1.86 -0.07" -0.07 -0.55 -0.01
[0.89] [0.00] [0.00] [0.03] [0.30] [0.40] [0.89]
-0.03 -3.58""
[0.21] N [0.00]
1.06 -1.79
1760- [0.02] [0.03]
2005 -0.21 117 -1.86"
[0.35] [0.01] [0.03]
-0.01 1.24" -1.46 -0.06 -0.08 -0.08 0.01
[0.75] [0.03] [0.27] [0.24] [0.32] [0.93] [0.92]

Note: the Newey-West procedure was used to obtain heteroskedasticity consistent robust
estimates. An intercept was included in the estimation but the estimates are not reported. p-values
are reported in square brackets. ©, " and * denote significance levels at 10%, 5% and 1%,
respectively.
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The estimated coefficients of research intensity give strong support for
Schumpeterian growth theory, while the estimated coefficients of the growth in

patents give no support for semi-endogenous growth theory. The estimated

coefficients of growth in patenting (AlnX,) are all insignificant while the

estimated coefficients of research intensity (In(X/Q),) are all highly significant

regardless of the estimation periods and regardless of whether control variables
are included. Our results are also not very sensitive to the use of alternative
measures of GDP (see Appendix 2.Al). Finally, the estimated coefficients of
research intensity and population growth are surprisingly stable across estimation
periods and quite consistent with the model predictions. The only exception is the
period 1760-1850 in which the absolute value of the coefficients of population
growth and research intensity are higher than the model predictions. This probably
reflects a small sample problem.

The control variables are generally not very significant. In the single case
where the coefficient of openness is significant, it is of the wrong sign. This result
suggests that openness was not the key factor behind the British industrialization.
The result finds support from the estimates of Oxley and Greasley (1998). The
estimated coefficient of the investment to capital ratio is significant in three of the
six cases, indicating that transitional dynamics have influenced growth during the
First and the Second Industrial Revolution.

Considering the estimation results from the cointegration equations and
the growth equations, there is consistently very strong evidence in favour of
Schumpeterian growth theory and very little support for semi-endogenous growth
theory. This has very important implications for the growth experience in Britain
over the past four centuries and for future growth. Schumpeterian growth theory
predicts that R&D has permanent growth effects as long as research intensity
remains non-zero. Thus, as long as the fraction of resources in the economy
allocated to R&D remains constant, Britain will experience the same growth rate

in this century as it experienced in the last century.
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2.4. The Anatomy of Growth during the British Industrial

Revolution

The empirical estimates give support to the hypothesis that productivity
growth in Britain, until the 20" century, was a race between technological
progress and population growth. The research intensity was relatively low before
the First Industrial Revolution around 1760. However, since the population
growth rate was on average also very close to zero before the First Industrial
Revolution (see Figure 2.3b), innovations led to small positive per capita growth
rates. The period 1760-1813 is remarkable. The marked increase in research
intensity should have led to significant economic progress during that period.
However, the population growth rate was extraordinarily high and increased to
such an extent that per capita income growth rates became negative. It appears
that during this period the economy was in a Malthusian trap and the straitjacket
was only broken first when the Second Industrial Revolution started in the latter
half of the 19" century. Although the population growth rate slowed somewhat
after 1813, it remained a drag on the economy during the first half of the 19"
century as agriculture remained important during that period (see Figure 2.3a).

Figure 2.3: Population growth rates and share of agriculture in total income, 1620-2005
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Notes: the growth rates of population are annualized growth rates measured in 5-year difference.
The share of agriculture in total income is measured in 5-year average.
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Table 2.5 displays the simulations of the contribution to changes in per
capita productivity growth rates of changes in research intensity and changes in
population growth rates based on the coefficient estimates in Table 2.4 (see notes
to Table 2.5for details). The simulations will shed light on the forces behind the
increasing growth rates during the British industrialization.®> The first column
shows actual changes in per capita growth rates while the second and the third
columns show the contributions of research intensity and population growth to
changes in per capita growth rates. The simulation results show that changes in
research intensity and population growth rates explain actual changes in per capita
income growth rates rather well. This provides further evidence in favour of the
extended Schumpeterian growth model.

During the transition to the First Industrial Revolution over the period
from 1620-1760 to 1761-1850, per capita growth rates increased by a miniscule
0.14 of a percentage point. Increasing research intensity pushed the growth rate up
by 0.6% while the increasing population growth reduced growth rates by 0.3%.
During the transition from the First to the Second Industrial Revolution in the
periods 1760-1850 to 1851-1915, per capita growth rates increased by 0.72
percentage points. Almost all the increase in growth is explained by increasing
research intensity (0.69 percentage points), which reinforces the findings above
that innovation played a key role during the British Industrial Revolution. The
increasing growth rate was further strengthened by decreasing population growth
rates (0.30 percentage points). While the positive population growth rates
continued putting downward pressure on growth, the negative growth pressure
was smaller during the Second than the First Industrial Revolution. Finally,
comparing the modern growth regime in the period from 1916 to 2005 with the
pre-1916 period suggests that most of the 1.4 percentage point increase in the
growth rate is explained by increasing research intensity (0.8 percentage points)
while the reduced population growth has also been influential for the increasing

growth rates (0.3 percentage points).

® The simulations cannot be easily conducted in growth terms because the log of research intensity
in the growth regressions influence the constant term, as research intensity is a level variable. In
other words the inclusion of research intensity will alter the magnitude of the constant term, which
renders it difficult to disentangle the growth effects of research intensity.
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Table 2.5: Simulation results

Actual changes ~ Contribution from  Contribution from

Period in AINYe %) 1 i), 06 asAln L, (%)
(1620-1760) to (1761-1850) 0.136 0.585 0314
(1760-1850) to (1851-1915) 0.723 0.686 0.299
(1620-1760) to (1761-1915) 0.431 0.611 -0.252
(1620-1915) to (1916-2005) 1.363 0.777 0.307

Notes: The average estimated coefficients of research intensity and population growth in Table 4
are used in the simulations for the relevant periods. The average estimates in rows two to four in
Table 4 are used in the simulations over the period (1620-1760) to (1761-1850) and so forth.

The finding that population growth was a major drag on British per capita
income growth up to the Second Industrial Revolution raises the question of why
it took so long for the British economy to be freed from its Malthusian
straitjacket. Galor and Weil (2000) argue that the returns to human capital during
the Second Industrial Revolution increased to such an extent that it gave parents a
strong incentive to care for the education of their off-springs. The evidence of
Britain shows that there was not much demand for skilled labour during the First
Industrial Revolution whereas there was a high demand for skills during the
Second Industrial Revolution (Galor, 2005).

The finding that per capita growth was predominantly driven by research
intensity and population growth may appear too simplistic to capture the entire
development of Britain from a Malthusian growth regime through to the modern
growth regime. However, research intensity captures many factors that are often
highlighted as being responsible for growth during the Industrial Revolution as
well as the key aspects of unified theories of economic growth. The unified
theories of economic growth of Goodfriend and McDermott (1995), Galor and
Weil (2000), Jones (2001), Hansen and Prescott (2002) and Lucas (2009) all focus
on innovations and population growth as the principal drivers of per capita income
growth. The results in this paper are also broadly consistent with the hypotheses
that Britain took off because of institutions (North, 1981), religion (Weber, 1905),
or the high fertility rates among the special class of entrepreneurs and innovators
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(Galor and Moav, 2006); (Clark, 2007). All these theories focus on the underlying
causes of the surge in innovative activity.

Increasing division of labour is a well-known feature of development (see,
e.g., Smith, 1776). However, it is not an independent contributor to growth but a
result of new methods made available by innovations. The transition from home
to factory production of clothes was rendered possible by the invention of the
spinning jenny, the water frame and the flying shuttle, and not because of the
independent decisions of entrepreneurs. Similarly, the productivity gains from the
transformation from agriculture to manufacturing are often highlighted by the
literature as independent factors in growth. However, manufacturing was more
productive than agriculture because of past innovations, and, particularly, because
the innovation-induced productivity advances in agriculture, which was often
derived from innovations in manufacturing, had resulted in excess labour that
found work in manufacturing.

Although trade openness has been controlled for in the regressions above,
knowledge spillovers have not been controlled for. Coe and Helpman (1995) and
Madsen (2007; 2008a) find that international knowledge spillovers have been
important for productivity growth in OECD countries. While international patent
data are generally available after 1870, there are very few records of international
knowledge production before that period and several countries did not have a
formal patent system before circa 1880. Although Britain developed the world’s
most advanced technology during the First Industrial Revolution, knowledge was
still transferred to Britain from Italy and the Netherlands before the First
Industrial Revolution and probably also during the Industrial Revolution.
Unfortunately, we were not able to find early data on knowledge in Italy and the
Netherlands to control for the effect of spillovers in the estimation.

An important issue is whether the increasing innovative activity during the
industrial revolutions to some extent has been a result of feedback-effects from
productivity growth. Oxley and Greasley (1998) find that this is not the case.
They find a two-way relationship between industrial production and all variables

investigated except for patents, where they find only a one-way direction from

43



Chapter 2 Four Centuries of British Economic Growth: The Roles of Technology and Population

patents to industrial production. On this basis, they argue that “technological

change was an independent cause of industrial change” (p. 1396).

2.5. Conclusion

Although innovations and population growth are the key ingredients in
almost all theories of the Great Divergence, the British Industrial Revolution and
unified theories of economic growth, almost no empirical work has been done to
explain the British growth in the context of innovations and population growth.
The lack of any correlation between economic growth and the level of innovative
activity, as predicted by first-generation endogenous growth theories, has
probably discouraged researchers from focusing on innovation-driven growth to
explain the transformation of the British economy from the Malthusian epoch to
modern economic growth. New developments within endogenous growth theory
have overcome the difficulties associated with the first-generation growth models
and enabled us to reconsider the role played by innovative activity during the
British Industrial Revolution.

By introducing land as a factor of production in the endogenous growth
models, this paper has shown that innovations and population growth have been
the principal factors explaining per capita growth rates in Britain since 1620.
Furthermore, it was shown that the functional relationship between growth and
innovation follows that of the Schumpeterian growth model rather than the semi-
endogenous growth model. In fact, very strong support for Schumpeterian growth
theory was found. The significance of this result is not only that research intensity
has played a major role in British growth history but also that R&D has permanent
growth effects and that the productivity growth rate remains constant and positive
as long as the number of researchers is kept at a constant proportion of the number
of product lines or the size of the population.

Simulations of the model showed that innovative activity and population
growth were economically significant determinants of per capita growth during
most British history over the past four centuries. Population growth was a

significant growth drag up to the mid 19" century because land was, until then, a
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significant factor of production. Despite a surge in innovative activity during the
First Industrial Revolution, per capita growth rates were rendered negative by a
marked increase in population size. Significant positive per capita growth rates
were first experienced after the start of the Second Industrial Revolution due to
the increase in research intensity. Furthermore, declining population growth
combined with a reduction of the importance of land as a factor of production.
The results of this paper have implications for growth modelling and the
history of the British Industrial Revolution. Endogenous growth models are
assumed to apply only to modern economic growth where land is not a factor of
production. Furthermore, endogenous growth models are thought not to have
empirical counterparts back in history because innovative activity is often
assumed to be of an informal character before WWII (Howiit and Mayer-Foulkes,
2005). However, this study has shown that Schumpeterian growth theory can
adequately account for British growth through history once the population growth
drag is allowed for in the regressions. The results of the paper are important for
the history of the British Industrial Revolution because they show that innovations
were the principal source of growth during that period. Any attempt to answer the
question of what caused the British Industrial Revolution, like most of the
available theories, should therefore, focus on factors that were responsible for the

surge in innovative activity during the Industrial Revolution.
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2A.1. Estimates based on Alternative GDP Measures

This section performs some robustness checks on the results using real
wages and per capita industrial production as alternative measures of GDP before
1830. The data are spliced with per capita data from Maddison (2008) after 1830.
The real wages data are estimated by Allen (2001) and are available from 1620
and the industrial production data are estimated by Crafts and Harley (1992) and

are available from 1700. First, consider the unit test results reported in Table

2A.1. For both income estimates, In(Y /L), is I(1) at the 1% level, which is

consistent with the estimates in the text.

Table 2A.1: Unit root tests for In(Y /L),

ADF Zivot-Andrews
Levels ) Levels S Conclusion
differenced differenced
0.09 -14.1177 -3.45 -14.737
Real wages (1620- 1(1)
2006) (0.99) (0.00) (BP =1836) (BP =1848)
Per capita industrial -1.72 -18.84™" -453 -18.11™
production (1700- 1(1)
2006) (0.74) (0.00) (BP = 1827) (BP = 1815)

Note: p-values for the ADF tests are indicated in parenthesis. For the Zivot-Andrews tests in
levels, the 1% and 5% critical values are -5.57 and -5.08, respectively. At first-differenced, the
values are -5.43 and -4.80, respectively. The endogenously determined break point (BP) for each
series is indicated in the parenthesis. ~ and ™ indicate 5% and 1% significance, respectively.

The Johansen cointegration tests for semi-endogenous growth theory using
these alternative measures of GDP are reported in Table 2A.2. Note that a separate
analysis for the test of Schumpeterian growth theory is not required in this
Appendix since it involves only examining the trends of patent applications and
labour force. First, consider the estimates in the upper half of the table in which
real wages are used for productivity. Although the evidence of cointegration is
very strong, the estimated coefficients of patents in the cointegrating vectors of
productivity have signs opposite to that predicted by semi-endogenous growth
theory. The estimated coefficients of population are significant and have the right
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signs. In the estimates in the lower half of the table in which industrial production
is used, the estimated coefficients of patents and population are economically and
statistically significant and have the right signs. However, the null hypothesis of
no cointegration cannot be rejected at conventional significance levels. Thus,
there is no evidence in favour of semi-endogenous growth theory in the estimates

using industrial production either.

Table 2A.2: Johansen cointegration tests for semi-endogenous growth theory (Eq. 2.8)

Max- . -
Period Hypothesis ace eigenvalue Cointegrating Vector
yp statistic genv [In Y/L, In X, asinL]
statistic

I. Measuring productivity by real wages

F-0 43.10 37.72
1620-1850 . _q 5.38 5.12 1,01277,2.98™ a=-0.24"
= (8.59) (4.35) (-5.83)
r<2 0.26 0.26
_0 34.75 30.48
17601850 4 4.27 2.98 1,0.2177,3.097" a=-0.49""
= (14.38) (3.54) (-5.63)
r<9 1.29 1.29
_0 50.05 37.72
1620-1913 r<1 12.34 12.34 1,0.097",4.85™ a=-021"
= (11.16) (12.95) (-5.97)
r<? 0.00 0.00
F-0 40.09 28.36
1760-1913 r<1 11.73 11.71 1,0.187,6.35 a=-022"
= (9.93) (14.49) (-4.33)
r<9 0.02 0.02
F—0 38.44 28.05
1620-2006 r<1 10.39 10.02 1,0.117",553™ a=-011"
S (7.35) (15.58) (-4.95)
r<? 0.37 0.37
~0 35.18™ 18.79
1760-2006 - 1,019 ,6.45 a=-0.07
r<1 26.39" 13.60 (5.41) (12.71) (-3.26)
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r<? 2.79 2.79

I1. Measuring productivity by per capita industrial production

r=0 31.24 18.71
17001850 4 12.53 11.12 1,-0.3677,8.36" a=-0.05
= (-8.35) (6.19) (-1.31)
r<? 1.40 1.40
_0 21.75 14.78
17601850 . 4 6.98 4.05 1,-0.37"",6.81™" a=-0.03
= (-12.03) (3.79) (-0.74)
r<? 2.92 2.92
r=0 38.54 25.84
1700-1913 . 4 12.70 10.81 1,-0.07",2.36 «=0.01
= (-1.84) (1.72) (1.47)
r<? 1.89 1.89
_0 25.84 13.99
1760-1913 r<1 11.85 11.41 1,-0.477", -1.42 a=-0.02
= (-9.11) (-1.11) (-1.52)
r<9 0.44 0.44
_0 25.77 17.83
1700-2006 r<1 7.93 7.86 1,-2.58"",-11.39 a=-0.00"
= (-3.94) (-0.86) (-2.28)
r<? 0.07 0.07
r=0 25.77 17.84
1760-2006 r<1 7.93 7.86 1,-2.58"",-11.39 a=-0.00"
= (-3.94) (-0.87) (-2.27)
r<? 0.07 0.07

Note: the null hypothesis is that there is r cointegrating relationship between the variables. An
intercept but no trend is included in the estimation. The optimal lag length is pinned down using
the SBC. Critical values are taken from Mackinnon et al. ( (1999)). « is the error-correction term
associated with the Aln(Y/L) equation. Figures in parenthesis indicate t-statistics. For panel I, the
first available observation is 1700.

Finally, we report the 5-year difference estimates based on the alternative
measures of GDP in Table 2A.3 and Table 2A.4 respectively. The estimates
continue to give support for Schumpeterian growth models and no support for

semi-endogenous growth theory. Not surprisingly, in the industrial production
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regressions the estimated coefficients of research intensity are larger and the
estimated coefficients of population growth are smaller than those of the other
estimates because per capita industrial production has increased more than real

wages and per capita income before 1830.

Table 2A.3: Estimates Eq. 2.9 using real wages for labour productivity

Period  Aln X, In(X/Q); asAlnL;  AInTO;  Aln (M/Y), In UNC, Aln (I/K),

0.012 41477

1620- 1.928" -4.567"

1850 0.008 1.582 -5.089""
0.010 1.291 -3.670° -0.224™  -0.391"" 3.960 -0.295
-0.157 6.463

1760- 7.145 -3.219

1850 -0.172  7.756" -4.188
-0.120 7.832" 3.952 0.179 -0.469™" -4.129 -1.256
0.013 -4.562"

1620- 1.486" -4.820™"

1915 0.006 1.458™ -4.869™"
0.007 1.670" -4577"  0.080 -0.183 1.702 -0.031
-0.082 -6.968"

1760- 3.192 -2.034

1915 -0.067 2.868 -2.685
-0.039  3.730 -0.787 -0.004 -0.179 1.895 -0.048
0.011 -5.387""

1620- 13067  -4.585""

2005 0.004 1295  -4.626"
0.006 1.330™ -4.3877"  0.011 -0.205" 0.157 -0.071
-0.084 -6.375"

1760- 2.791 -17.24

2005 -0.069  2.360 -2.145
-0.045 2.720 -0.757 -0.054 -0.201 -0.255 -0.067
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Table 2A.4; Estimates Eq. 2.9 using industrial production for labour productivity

Period Aln X, In (X/Q); asiAln Ly Aln TO, Aln (M/Y), InUNC;  Aln (I/K);
0.033 1.089

1700- 26997  0.560

1850 0.018 24317 -0.222
0.047  1.081 -1.491 0.123 -0.377" 2.487 -0.651
0.125" -1.808

1760- 6.8797"  -0.543

1850 0.113™ 6.478™"  0.092
-0.120 7.832" 3.952 0.179 -0.469™" -4.129 -1.256
0.024 0.395

1700- 11677 0.678

1915 0.019 1.105™  0.858
0.036  1.757" -3.512 -0.039 -0.161 0.873 -0.025
0.037 -1.567

1760- 0.574 -0.813

1915 0.041 0772 -0.413
-0.039  3.730 -0.787 0.004 -0.179 1.895 -0.048
0.014 -0.799

1700- 1.14™ 0.71

2005 0.013 1.134™  0.753
0033  1.554" -3.394 -0.076 -0.176 -0.252 -0.059
0.012 -1.755

1760- 0.504 -0.774

2005 0.016  0.605 -0.670
-0.045  2.720 -0.757 -0.054 -0.201 -0.255 -0.067
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2A.2. Data Appendix and Measurement Issues

Patent applications: Different sources are considered to compile the complete annual
series of ‘patents applied to residents only’ for the period 1620-2006 Britain. Patents
applied to foreign residents were not taken into account as generally they are duplicates
of the domestic patents applied and same patents are applied in many countries (see
Madsen, 2008a). The most reliable data for patents issued during Industrial Revolution
Britain is the Sullivan (1989) paper. But Sullivan (1989) does not cover any data before
1661 and after 1851. Hence different sources are taken into account. The sources are:
1620-1660: ‘England patents issued’ from Mitchell (1988), page 438; 1661-1851:
‘patents issued in England’ from Sullivan (1989), Table Al, page-448; 1852-1882: ‘total
patents applied to UK’ from Mitchell (1988), page 439; 1883-2006: ‘patents applied to
residents’ from World Intellectual Property Organisation (WIPQ) data base (updated July
2008), patents application by patent office (1883-2006) to residents and non-residents on
an annual basis. The online source of WIPO is:
http://www.wipo.int/ipstats/en/statistics/patents. Lastly, the WIPO series from 1883-2006
is spliced upward using the earlier years’ data sources to get the number of ‘patents
applied to residents only’ on an annual basis for the whole period 1620 to 2006.

GDP: Both Nominal GDP and GDP price deflator series for the period 1620-1829 are
from Clark (2001), Table 3, pages 19-20 and Table 7, page 30. The data points in Clark
(2001) are for every decade starting from 1259/60 to 1869/70. The benchmark years are
geometrically interpolated to get a complete series on an annual basis in the period 1620-
1830. Nominal GDP is divided by the GDP price deflator to get real GDP. Real GDP
series of Angus Maddison is used for the period 1830-2003 which is available online at:
http://www.gagdc.net/maddison/. Maddison data is only up to 2003, so the last few years
from 2003-2006, the real GDP series is updated from the data base of World
Development Indicators (WDI) of World Bank: http://publications.worldbank.org/WDI/.
GDP data of Maddison for the United Kingdom includes England and Wales, Scotland
and Ireland from 1830-1921 and for 1922 onwards it only includes Northern Ireland
instead of Ireland. Alternative measures of real GDP like real wages and industrial
production are used in our empirical estimates for additional robustness check, the results
of which are in Appendix 1.

Real Wages: Real wages are from Robert Allen, The World Historical Perspective. 1870-
1919, http://www.economics.ox.ac.uk/members/robert.allen/WagesPrices.htm. The data
are unweighted averages for London and Oxford. They are also the unweighted average
of skilled and unskilled labour.

Industrial Production: Crafts and Harley (1992), Table A3.1, pages 725-727.

Financial Deepening (M): 1750-1871: sum of notes in circulation and deposits in
commercial banks and savings banks, Mitchell (1988). 1871-1983: F. Capie and A.
Webber, 1985, A monetary History of the United Kingdom. 1870-1982: George Allen &
Unwin, Boston. 1983-2006: M4, IMF, International Financial Statistics, Washington:
IMF.
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Share of agriculture in total income: Nominal net agricultural output divided by
nominal net GDP, measures the share of agriculture in total income. Nominal net farm
output for the period 1620-1870 is taken from Clark (2002), Table 4, page 14. Nominal
GDP is from Clark (2001) Table 3, page 19-20. The data points are again for every
decade in which the benchmark years are geometrically interpolated to get series on an
annual basis. 1870-1960. Mitchell (1988) "British Historical Statistics”, Cambridge
University Press and C.H. Feinstein: "Statistical Tables of National Income, Expenditure
and Output of the U.K. 1855-1965", Cambridge University Press. 1960-2006. OECD,
National Accounts, Vil. 2. Paris.

Population: In the period 1801-1921 population includes England and Wales, Scotland
and Ireland and from 1922 onwards it includes England and Wales, Scotland and
Northern Ireland, excluding the Republic of Ireland. The population series is spliced with
the population of England only in the period 1620-1801 due to unavailability of data. The
sources are: 1620-1829: Mitchell (1988), pages 7-14, compiled from Wrigley and
Schofield  (1981); 1830-2006: online  database of Angus  Maddison:
http://www.ggdc.net/maddison/.

Investment and capital stock: Investment is measured as the sum of investments in non-
residential structures and in machinery and equipment. The sources are: 1780-1969:
Maddison (1995); 1970-2006: UK database of National Statistics Online (NSO):
http://www.statistics.gov.uk/. The capital stock is constructed using the inventory
perpetual method with a 3% depreciation rate for non-residential construction and
structures and 10% for machinery and equipment. The initial capital stock is obtained by

using the Solow model steady-state value of I,/(6+Q), where |, is initial real

investment, o is the rate of depreciation and g is the growth rate in real investment over
the period from 1780 to 2006.

Trade openness: Trade openness is measured as the ratio of the sum of total exports and
imports to nominal GDP. Before 1697, the trade openness series is kept constant due to
unavailability of data on exports and imports. Total imports and exports data are found in
the years 1697-1771 for England and Wales, for Great Britain in the years 1772-1795 and
for UK in the years 1796-1944. The later series is spliced upward to get the whole series
from 1697-1944. The source is from Mitchell (1988), pages 448-454. For 1945-2006:
National Statistics Online (NSO) database for UK:
http://www.statistics.gov.uk/default.asp.

Macroeconomic uncertainty: Five years’ standard deviation of the inflation series is
measured as macroeconomic uncertainty. Inflation is constructed as the annual growth
rate of consumer price index (CPI) series. CPI data for the whole period 1620-1870 is
collected from London Wages, Prices & Living Standards: The World Historical
Perspective (average of London and Oxford). 1870-1960: Mitchell (1988). 1960-2006.
International Monetary Fund, International Financial Statistics.
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Chapter 3 Second Generation Innovation-based Growth Models and British Agricultural Revolution

“Students of economic growth in today’s underdeveloped countries are well aware of the
fact that the route to sustained economic growth lies through an industrial revolution.
What is still a matter of controversy in connection with the strategy of industrialization is
the role that agriculture should play in the process... In this controversy the historical
experience of the first country to undergo an industrial revolution assumes a special
topical interest.”

- Deane, 1969, page 36.

3.1. Introduction

The ongoing debate on the possible causes of the British Industrial
Revolution has been accompanied by another important dispute among economic
historians and growth economists about the simultaneous existence of an
Agricultural Revolution in Great Britain. If the two movements accompanied each
other, can we explain the agricultural revolution using the second generation
innovation-based growth models? Did technology play any substantial role in the
agricultural sector in eighteenth and early nineteenth century Britain? What are
the contributions of innovative activity in advancing agricultural productivity
growth in Britain at the time of the First Industrial Revolution? We don’t know
these answers yet. In the light of the historical evolution of Great Britain, this
chapter will seek to analyse the role of technology and population in advancing
British agricultural growth in the period 1620-1850, considering both the
theoretical and empirical backgrounds of economic growth.

In the current empirical growth literature, since the refutation of the scale
effects of first generation endogenous growth models of Romer (1990), Grossman
and Helpman (1991) and Aghion and Howitt (1992) by Jones (1995), the second
generation endogenous growth models have acquired a lot of attention in
explaining the growth paths of economies in the long run (Jones, 1995; 2001; Ha
and Howitt, 2007; Madsen, 2008; Madsen et al., 2010). As regards British

historical growth during industrialization periods, three main kinds of theories
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have been proposed by various growth economists’: the exogenous growth
theories, supported by North and Weingast (1989), Crafts (1995); the multiple
equilibrium theories, supported by Becker et al. (1990); and lastly the endogenous
growth theories, supported by Greasley and Oxley (1997). In chapter 2 of this
dissertation it is shown that the second generation endogenous growth models,
particularly the Schumpeterian Growth model, can sufficiently explain British
historical growth over time, once population growth is allowed for in the model.
However, growth in agriculture should be the first step towards industrialization
of an economy (Rostow, 1959). Thus the theoretical explanation behind the
sectoral growth in Britain is still missing in the literature, particularly for the
agricultural sector in the eighteenth and early nineteenth centuries.

‘Agricultural Revolution’ was included in the titles of at least in eleven
books written during the period 1560 to 1850 about English agriculture. Different
contrasting opinions can be found in the literature concerning the periods of its
occurrence. The range of time periods under much discussion are 1550-1650,
1650-1750 and 1750-1850, each of which has its own support (Clark, 2002, page
42). More detailed discussion of various views of Agricultural Revolution is
included in section 3.2. For the British Industrial Revolution there are minor
discrepancies regarding the exact start and end dates of this event. Most historians
and growth theorists generally agree on 1750 — 1780 as the beginning of industrial
progress in Britain. Ashton (1964) describes the period 1760-1830 as the First
Industrial Revolution for Britain, while Williamson (1984) argues that British
growth was slow during 1760-1820 due to the enormous debt issues to finance the
French wars. On the other hand Sullivan (1989) claims the period 1762-1851 as
the ‘Age of Inventions’ for England which marked the First Industrial Revolution.
His claims are further supported by Greasley and Oxley (1996; 1998a; 1998b)
who employ more advanced empirical techniques on industrial production data
and show that the period 1780-1850 was the period of industrial growth for
Britain.

However a common period of overlap can be identified between the so-

called ‘Agricultural Revolution’ and the ‘Industrial Revolution’ after 1700, which

! See Clark (2007) for a discussion of different theories put forward in regards to the occurrence of
the Industrial Revolution in Britain.
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is the period 1760-1850, where these events may coincide and substantial links
may exist between the two. For a long time these two events were much in
discussion among various economic historians and growth economists, but very
few tried to explain the sectoral growth in Britain. > The primary objectives of this
chapter are as follows: 1) to examine the roles of innovative activity in explaining
British agricultural growth from 1620 to 1850; 2) to discriminate between the
innovation-based growth models, namely semi-endogenous growth models of
Jones (1995), Kortum (1997) and Segerstrom (1998) and the Schumpeterian
growth model of Aghion and Howitt (1998), Peretto (1998), Howitt (1999),
Peretto and Smulders (2002) and Hansen and Prescott (2002), using data from the
agricultural sector of Britain in the period 1620-1850; and 3) to examine the
effects of population growth on agriculture in the historical evolution of Britain.
For the first time in literature this chapter empirically examines the relationships
among growth, technological progress and population growth at the sectoral level
during the onset of British industrialization.

The chapter is organized as follows. The next section will review the
literature by contrasting different views of economic historians and growth
theorists regarding the existence of an Agricultural Revolution in Britain. This
section will also give an overview of the conditions of the agricultural working
class during eighteenth and early nineteenth century Britain. Section 3.3 will
present an extended innovation-based growth model of the agricultural sector with
land as a fixed factor of production, similar to one presented in chapter 2 of this
thesis. In addition, this section will describe the empirical methodology followed
here. While section 3.4 will discuss the measurement issues, section 3.5
graphically analyses the agricultural sector following the second generation
innovation-based growth models. Section 3.6 will discuss the empirical results

and finally section 3.7 will conclude the discussion.

2 Clark (2002) addresses this problem but concludes that, in his view, agriculture did not have a
role in British productivity growth during Industrial Revolution.
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3.2. British Agricultural Revolution: A Myth or a Mystery?

Although there are fewer doubts about ‘Industrial Revolution’ having its
start between 1760 and 1780 in Britain, * there are two main strong contrasting
views as regards to the onset of ‘Agricultural Revolution’. The first view comes
from historians such as Havinden (1961), Jones (1965), Kerridge (1967) and
others who argue that agricultural productivity and output only rose significantly
in the sixteenth and seventeenth centuries. This is further reformulated and
extended by Allen (1999) and Clark (2002) who raise doubt about the coincidence
of the two revolutions and argue more in favour of naming them as disjoint
events. Allen (1999), rejecting the views of Overton (1996a), describes two
periods as revolutionary in English agricultural history: the first preceded the
parliamentary enclosures* and was accomplished (between 1700-1750) by small-
scale farmers before the occurrence of First Industrial Revolution, and the second
occurred during the first half of the nineteenth century in Britain. This implies that
the rapid productivity growth starting around 1760 in Britain is the result of
industrial growth only, not much of which comes from the agricultural sector.

The second view emphasizes that the Agricultural Revolution
accompanied the First Industrial Revolution, and is supported by the views of
Mingay (1963), Chambers and Mingay (1966), Deane (1969), Campbell and
Overton (1993), Martins (1993) and Overton (1996a; 1996b). Chambers and
Mingay (1966) describe the period 1750-1880 as the period of ‘Agricultural
Revolution’, and argue that the gradual build up of English agriculture since the
Middle Ages came to maturity and permitted the early development of farming
systems to meet the new demand of both farming unit sizes and methods of
cultivation. This flexibility and responsiveness took English agriculture to the
leadership of the world in farming practice during this period®. Overton (1996a;

1996b) provide two key indicators, firstly an unprecedented increase in

® See Deane and Cole (1962), Ashton (1964), Hobsbawm (1968), Crafts (1985), Sullivan (1989),
Clark (2007) etc. for supporting the view of the start of industrialization in Britain in the period
1760-1780. But historians like Williamson (1984; 1987) do not support acceleration in British
growth in the last decade of eighteenth century and first few decades of nineteenth century.

* An enclosure of land is defined as privatization of land owernership.

> Chambers and Mingay, 1966, page 199-210.
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agricultural output with an equally unprecedented increase in land productivity
and secondly, an unprecedented increase in labour productivity in the period
1750-1850, which he argued was necessary for the Industrial Revolution to occur.

By 1800 in the British economy, only one third of the total population was
engaged in the agricultural sector, hitherto this sector acted as the indispensable
foundation for industrial progress. British farmers at that time were feeding a
vastly growing population which was almost double in 1830s as compared to
1750s (Hobsbawm, 1968, page 77). In the mid eighteenth and early nineteenth
centuries, ‘landed interest’ still dominated social and political life, where, for the
upper class to have control over the public life of others, required at least owning
an estate and/or obtaining a ‘seat’ in politics. From 1760 onwards, privatization of
land ownership or enclosures of land was very common in most parts of England.
While on the one hand this practice enabled uncultivated land to be brought into
use and farms grew larger, on the other hand, due to this practice, more villagers
were landless as landlords started to exploit the small scale farmers. This
accounted for further degradation of the poor in villages and the surplus labour
was then transferred into the industrial sector of the urban areas at the onset of
Industrial Revolution. But enclosure of land was needed to increase the efficiency
and productivity made possible by larger farms.

Chambers and Mingay (1966) argue that the farmers themselves
recognized the usefulness of enclosure and they were ready to pay high rents for
land in enclosures as compared to open-fields. Although the growing luxury of
landlords prevented competitiveness in the sector, protection of British farming
from abroad was strengthened in 1815 (at the end of Napoleonic wars) with the
imposition of the ‘Corn Laws’. Both commercial farming and industrial progress
were visible in the first half of nineteenth century Britain, when ‘high farming’®
and relative mechanization of industries were predominant in agriculture. The
progress of technology in agriculture was even more striking in the 1830s, which
was marked by the foundation of Royal Agricultural Society in 1838 and
Rothamsted experimental station in 1843 (Hobsbawm, 1968, page 85).

® High farming is defined as a farming technique associated with buoyant farm prices, stimulating
new techniques, such as enclosures and scientific breeding. It also encouraged the owners of
estates to engage in cultivation themselves rather than to let farms for a fixed return from their
tenants.
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In explaining the different stages of economic growth, Rostow (1959)
claims that one of the essential conditions for successful take-off of the British
economy is a technological revolution in agriculture. He argues that at the onset of
industrial progress, the British economy was characterized by a rise in population
and also a disproportionate rise in urban population. Only technological progress
in the agricultural sector could prevent a debacle of modernization by maintaining
this greater population pool in the economy. This view is further supported by
Deane (1969), who acknowledges three different ways by which the Agricultural
Revolution was associated with Industrial Revolution in England’: 1) agriculture
was the sole means of feeding the growing population along the industrial centres;
2) agriculture inflated the purchasing power for British industrial products; and 3)
agriculture provided substantial amounts of financial capital required for
industrialization and it was only because of its contribution that the
industrialization process went on even in the periods of wars. Moreover, Overton
(1996a) sets three criteria that mainly marked the period 1750-1850 as the
‘Agricultural Revolution’: 1) a series of wide variety of changes in farming
techniques; 2) English agriculture was successful in feeding a growing population;
and 3) increase in input productivities — all of which indicated a solution in favour
of a revolution in English agriculture from the eighteenth century onwards.

Crafts (1985) argues that the main contributors to the agricultural growth
rate around the 1790s were input efficiencies rather than input volumes.®
According to his estimates, the significant rise in investment in agriculture was
sustained at least to the 1830s, where land inputs rose slowly due to the French
wars in the first half of the nineteenth century and labour inputs were never fast
growing, when measured in terms of number of persons in agriculture. Feinstein
(1981) places the figure of real investment in the agricultural sector around the
1790s at around twice the level of that of the 1760s. This indicates that agriculture
in the first 30 years of the nineteenth century became more capital intensive on the
one hand and released labour to the industrial sector on the other. Crafts (1985)

calculates the labour force participation rate in the agricultural sector to be only

” See Deane, 1969, page 50.

8 Crafts (1985) also argued that it seemed more probable that hours worked per agricultural worker
rose during 1700-1831 by a substantial amount which helped the sectoral output to grow in the
later years of eighteenth century (page 48, footnote 8).
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0.06% per annum in the period 1759-1801, while in the industrial sector it was
around 1.36% per annum. He states that agriculture’s loss was industry’s gain.

Table 3.1 below shows the average annual growth rate of output and
labour productivity in different sample periods between 1620 and 1850,
considering two different sources of agricultural output. The two different sources
of agricultural output data that are considered here are: agricultural output data of
Clark (2002) and Deane and Cole (1962).

Table 3.1: Output and labour productivity growth in English agriculture (% per annum)

Output Labour Productivity

Period Clark Deane & Cole Clark Deane & Cole
1620-1700 0.12 -—-- 0.07 -—--
1620-1850 0.32 - 0.19 o
1700-1850 0.43 1.14 0.26 0.88
1760-1850 0.40 1.72 0.21 1.41
1800-1850 0.86 2.65 0.51 2.13

Note: Average annual growth rates over the period are considered for each variable. Data for
Deane and Cole is only available in the period 1700 onwards.

The trends of output and labour productivity growth rates of British
agriculture presented in Table 3.1 shows that growth rates were minuscule before
1700. The average annual growth rate is always higher for Deane and Cole as
compared to Clark. Limitations and differences of these data sources are discussed
in details in section 3.4 under measurement issues. After 1700, considering the
period 1700-1850, both output and labour productivity grew at a higher rate,
ranging from 0.43% to 1.14% for output and 0.26% to 0.88% for labour
productivity, respectively. Although the period 1760-1850 showed positive
growth in agriculture for both sources of data, the most productive period is
identified in the second half of the revolution period from 1800-1850, when
output grew at a rate of 0.86% to 2.65% and labour productivity grew at 0.51% to
2.13%, respectively. Overall, compared to 1620-1700, the average annual growth
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rates of output and labour productivity in the period 1700-1850 are more than
triple, and the growth rates are even higher in the period 1800-1850.

Evidence presented in Table 3.1 supports the claims of Overton (1996b)
who also shows that input productivity figures were almost doubled in 1850 as
compared to 1700. This indeed suggests that the output growth was accompanied
by increased labour productivity growth in the period 1700-1850. Keeping in
mind that addition of land input was sluggish and proportion of labour in
agriculture was falling, input productivity of land and labour were increasing.
With diminishing returns to factor inputs, this increase in labour productivity can
only be sustained by successful technological progress. The next section models
the agriculture sector with land as a fixed factor of production and shows that in
the absence of capital, labour productivity growth in the agricultural sector is a
race between growth in technological progress and growth in the agricultural

labour force.

3.3. The Agricultural Sector with Land as a Fixed Factor of

Production
Consider a homogenous Cobb-Douglas production function:
Y =AT L5, (3.1)
where Y is the real output in agricultural sector, A is total factor productivity in

agricultural sector, T is fixed amount of land, L is agricultural labour, o is the

share of income going to land and (1- «) is the share of income going to labour.
The production function exhibits constant returns to scale in Tand L, but

increasing returns to scale in A, T and L altogether.
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Taking logs of eq. (3.1),

InY =InA+a.InT +(1—a)InL

or, In(YEjz InA+a.InT —a.InL (3.2)

Total differentiating eq. (3.2) and rearranging,

d 'n(YE) —dnA-adinlL (3.3)

dInT =0, as T is constant in the long run along the balanced growth
path.
= 0,=0,—a9, (3.4)

Eq. (3.4) shows the growth equation in the agricultural sector, where the

labour productivity growth in the agricultural sector is defined by g,, g, is growth

in total factor productivity and g, is growth in the labour force in the agricultural

sector. The second term on the right side of eq. (3.4) shows the negative effect of
growth of labour on productivity growth in the long run. The negative effect of
labour growth originates because of the presence of land as a fixed factor of
production in the agricultural sector.

This model differs slightly from the model presented in chapter 2. In chapter
2 the analysis was based on the overall economy, where land, labour and capital
were all considered as factors of production. As this analysis is concentrated on
the agricultural sector in the seventeenth and eighteenth century Britain, only land
and labour are considered as factors of production. Keeping capital separate in the
production function does not provide any additional insight in this model because
ultimately the (K/Y) ratio remains constant in the long run and disappears from
the labour productivity growth equation (3.4). ° In the modern growth equation of

standard neoclassical models, labour productivity is entirely driven by

% See the model presented in chapter 2, page 21-22 for more a detailed discussion on this issue.
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technological progress. This is because, in presence of capital stock and in
absence of land as a fixed factor of production, capital stock endogenously
adjusts, where following a labour shock, (K/L) ratio gets back to its original
position in the long run. Thus in absence of land as a factor of production, the
above model reduces to the standard neoclassical model where labour productivity
growth will be entirely driven by growth in technological progress. But with land
as a fixed input of production, growth in labour reduces productivity growth.
Hence, in the agricultural sector the second term on the right hand side of eq. (3.4)
IS acting as a growth drag in the long run.

Following Ha and Howitt (2007) and Madsen (2008), to discriminate
between the innovation-based growth models, the growth of ideas can be written

as:
A (XY s .
gA:K:ia A and O<O-Sl,¢<1,QOCL (35)

where A is technology, 4 is the research productivity parameter, X is R&D, Q is
product proliferation in the Schumpeterian model, which can be measured as any
variable that grows at the same rate as population in the long run, which is
approximated by labour (L), o is the duplication parameter (zero if all innovations

are duplications and 1 if there are no duplicating innovations) and ¢ is returns to

knowledge. The Schumpeterian model predicts o =1 for the constant returns to
scale to knowledge assumption, and o < 1for semi-endogenous models as they
assume diminishing returns to knowledge. Q is absent in the semi-endogenous
models, for which x =0 in semi-endogenous model and x =1 in Schumpeterian
model.

Assuming that shocks, e;, are identically and normally distributed with

zero mean, Eq. (3.5) forms the following testable model:
p-1
AINnA =InA+ofln X, -InQ, +( )InAl+e, (3.6)

o
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Given that AIn A is stationary, it follows that variables in the square bracket are

co-integrated. In terms of second generation growth models, the following
equations can be tested:

For the Schumpeterian growth model:
v, =InX, —InQ, (3.7)

For semi-endogenous growth model:

o, =In X, +(¢—_1jln A (3.8)
(o2
where, according to the Schumpeterian growth model, in eq. (3.7), In (X/Q)
should be stationary and In X and In Q should be co-integrated with a co-
integrating vector [1, -1]. Q can be approximated to the size of any variable in the
sector that grows at the same rate as population in the long run. Although the
predicted coefficient of In Q in eq. (3.7) is -1, values less than -1 do not
necessarily invalidate the theory because it only indicates that the product
proliferation effects are not being captured perfectly by the proxy variable
(Madsen, 2008). According to the semi-endogenous model, in eq. (3.8), both In X
and In A should be non stationary in levels and they should be co-integrated in the

¢

. . . -1
long run with a co-integrating vector[l,—] where the second term should
o

come out to be negative.
In the agricultural sector, with land as a fixed factor of production,
combining and rearranging eq. (3.2) and eq. (3.8) generates:

'n(YEl _c+ (1f¢) X, —anL, +¢L_la)t (3.9)

where c=a.InT , a constant. In eg. (3.9), a, the share of income going to land, is
allowed to vary over time. Thus, co-integration among In (Y/L), In X and In L will
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validate the semi-endogenous growth model for the British agricultural sector.
Co-integration tests for eq. (3.7) and eqg. (3.9) will examine the validity of whether
the second generation innovation-based growth models are consistent with
agricultural productivity growth of Britain in the period 1620-1850. Although co-
integration estimates provide the necessary conditions to be satisfied, they are not
sufficient to prove the consistency of the growth models (Madsen, 2008). The
sufficiency condition can only be met once these models can explain the long run
growth in that particular sector. Hence an equation is required that can sufficiently
distinguish between the innovation-based growth-models explaining the labour
productivity growth in agricultural sector in the period 1620-1850. Combining
equation (4) and the predictions of the two theories yields the following stochastic

model for growth in agricultural labour productivity:

AIn(YEj =o,+ [ In(X/Q), + B,AINX, + BAINPOP, +¢, (3.10)
t

Y. .. . .
where (fj is the labour productivity growth in the agricultural sector, measured

as real output (Y) divided by the agricultural labour force (L), X is the innovative
activity in the agricultural sector, (X/Q) is the research intensity variable in the
sector following the Schumpeterian model, where Q is the product proliferation
variable measured by agricultural labour (L) in the long run. The third term
signifies the population growth drag (POP) on labour productivity growth
following equation (4) above.

Extending Eq. (3.10) to allow for control variables, the following growth
model is regressed to examine the importance of innovative activity during the
British Agricultural Revolution, and to discriminate between semi-endogenous

and Schumpeterian growth models:

AIn(YE) =a,+ B IN(X/Q), + BAINX, + BAINPOP + B,AINTO,
t

+ B INUNC, + SAIN(M/Y), + B, AINLE, +¢, (3.11)
69



Chapter 3 Second Generation Innovation-based Growth Models and British Agricultural Revolution

In equation (3.11) the population of the whole economy is taken instead of
the size of the agricultural labour force for two reasons. First, the labour term is
there in the denominator of the dependent variable (Y/L) and also in the
denominator of the independent variable (X/Q), where Q is approximated by L in
the long run. Hence, putting labour (L) as an additional independent variable in
the estimation equation can cause severe serial correlation problems in the results.
In the long run, the growth rate of labour is the same as the population growth rate
and thus, to avoid the serial correlation problems, population is used instead of
labour as the indicator of productivity growth drag in the agricultural sector.
Second, in the period 1620-1850, agriculture was the sole sector feeding the
whole population of Britain (Deane, 1969; Overton, 1996a). In spite of the growth
in industries around the 1760s, the growth could not be sustained without the
contribution from agricultural output. Thus population growth of the overall
economy would be a more appropriate indicator of productivity growth drag than
agricultural labour growth in the sector.™

In eq. (3.11), if py is greater than zero, then the Schumpeterian model can
sufficiently explain the productivity growth in the agricultural sector, if S, is
greater than zero, then semi-endogenous theory can sufficiently explain the long
run growth in agricultural sector and f; is expected to be negative following the
population growth drag of the innovation based growth models with land as a
fixed factor of production. To reduce the effect of business cycles, all variables in
eg. (3.11) are estimated using 5-year non-overlapping first differences, except In
(X/Q), which is estimated at 5-year non-overlapping average of level variables.

The different control variables that were included in equation (3.11) are:
trade openness (TO), macroeconomic uncertainty (UNC), money supply to
nominal GDP (M/Y) and life expectancy at birth (LE). While trade openness is
measured as the sum of exports and imports over nominal GDP, macroeconomic
uncertainty is measured as five-year standard deviation of the annual growth of
the consumer price index. The relation between growth and trade openness is
discussed by Vamvakidis (2002), Lucas (2007), Madsen (2009) and in chapter 2

above. Although authors have found mixed results in finding the relationship

19 The labor growth variable was also tried instead of population growth in the estimations and the
main conclusions from the estimations remained the same.
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between openness and growth, trade openness does not measure openness in an
absolute sense. But other indicators such as tariff and non-tariff trade barriers are
not available for the period 1620-1850 for Britain. The ratio of broad money to
GDP is used here as a proxy for financial development, which is standard in the
literature on financial development and growth (see, e.g., Rousseau and Sylla,
2005; Ang and Mckibbin, 2007; Ang, 2010). A positive relationship between
financial deepening and economic growth is predicted due to the fact that
economic resources are more efficiently used with easy access to credit.
Macroeconomic uncertainty is included as another control variable which
is expected to affect growth negatively with mismanagement of fiscal policies.
Macroeconomic uncertainty is measured as the standard deviation of the inflation
series. Per capita income is often assumed to be a positive function of life
expectancy because the incentive to invest in the future is a positive function of
the number of years in which an individual is expected to be productive
(Cervellati and Sunde, 2005). The longer an individual is expected to live, the
larger is the expected returns to schooling. Furthermore, since a long life often
goes hand-in-hand with a healthy life, an individual who is expected to live longer
is likely to be more productive during his or her adult years. The above evidence
justifies taking life expectancy as a control variable in the growth estimation

model.

3.4. Measurement Issues

3.41. Real GDP

According to Gregory King, the contemporary economic statistician of
England, at the beginning of eighteenth century, half of the country’s income was
accounted for by landlords’ rent and farmers® profits. ** It was agriculture that
induced the needs of a variety of markets and specialized demands in England. At
the same time, enclosure of land and advanced farming techniques made the best
use of these lands and influenced positively the input productivity growth and

efficiency of the farming systems. But the bigger challenges faced by the

1 Chambers and Mingay, 1966, page 15.
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historians were to chart this agricultural development in numerical terms. There
were no comprehensive statistics for Great Britain before 1851. Using different
complex methods of calculation, a few researchers attempted to compile data from
various sources. Although there are several doubtful factors involved in their
calculations, and one source might look quite different from the other, the relevant
task should be to draw common conclusions from them and check the robustness
of the empirical estimates for higher reliability of the results.

In the agricultural sector, output data from two relevant sources are used:
Deane and Cole (1962) and Clark (2002) (henceforth, DC and GC, respectively in
this text). While GC provides real output for England for each decade in the
period 1520-1913, DC provides real output from 1700 onwards. Hence, the period
1620-1850 is chosen from GC and 1700-1850 is chosen from DC. Figure 3.1 plots
the real output of the agricultural sector in Britain for the period 1620-1850, from

the above mentioned sources.

Figure 3.1: Trends in real agricultural output in Britain, comparison between estimates of
‘Deane and Cole’ and ‘Clark’, 1620-1850.
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Notes: data for real agricultural output from two different sources are in natural logs of level
variables.
Sources: Clark (2002) and Deane and Cole (1962). For details see data appendix.

Comparing the two sources of agricultural output data, although both of
them have an increasing linear trend over time, the agricultural real output of DC
has a much steeper slope as compared to the alternative source of agricultural real
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output. Clark (2002) criticizes the calculations of Deane and Cole (1962) on the
grounds that it was deflated by the Rousseaux index of prices, which counted
many goods that were not produced domestically and that were often heavily
taxed in those years. Nevertheless, both of them show high growth rates after
1810 until 1850. This high growth rate in agriculture was associated with an
increase in labour productivity in the presence of decreasing growth in the labour
force and a fixed amount of arable land as predicted by Crafts (1985). According
to the calculations done in Clark (2002), Figure 3.1 shows a steady increase in real
GDP, which declined in the latter half of the eighteenth century. This decline in
output growth in the last few decades of the eighteenth century, as argued by
Clark (2002), was due to the fact that English agriculture never had an increase in
labour productivity before 1860. There was no sign of revolution in English
agriculture, where gains in yields was the primary driver of agricultural
productivity until 1860 (1500-1860) and only in the late nineteenth century
onwards did labour productivity gains take over.

However, proponents of the ‘Agricultural Revolution” would like to argue
otherwise. Chambers and Mingay (1966), in describing the new farming
techniques, mention the late eighteenth century as a time of improvements in soil
fertility, artificial fertilizers, enclosure of lands, which provided better condition
for cropping both cereal and fodder crops, and also a time for adopting alternative
ways of husbandry, otherwise well known as the ‘Norfolk System’ of farming.
Ashton (1964) (more appropriately according to an American called Naomi
Riches) called the ‘Norfolk System’ a series of interrelated technical, economic
and legal processes combined on an enclosed farm.* “But the ‘Norfolk System’,
like every major innovation, was the work of many hands and brains” (page 22).

Ashton (1964) describes the eighteenth century and early nineteenth
century English agriculture as the period of introduction of new farming systems

and also spreading of the four-course rotation system to almost all parts of Britain

12 The “Norfolk System’ includes the introduction of sandy soils of marl and clay, various rotations
of crops, importance of growing new types of cereals and fodder crops and cattle rather than
sheep, cultivation by tenants under the land enclosure system and long term leases (Ashton, 1964,
page 21).
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which had a three-course rotation in their old Midlands system.*® On the other
hand, Campbell (1983) shows evidence of the case of the use of ‘Norfolk
Farming’ around Norfolk in rural England even in the early thirteenth and
fourteenth centuries. According to him, a number of similarities can be seen in the
farming systems of Norfolk between the thirteenth and fourteenth centuries and in
eighteenth and early nineteenth centuries in England. In Figure 3.1, the trends in
real agricultural output from both sources show a positive trend in output in the
first half of the nineteenth century, which indicates developments in the

agricultural sector until 1850.

3.4.2. Innovative Activity

The discussion in section 3.2 shows that there was steady growth in output
and labour productivity in the agricultural sector in the period 1760-1850 when
industrial output also increased unprecedentedly due to various technological
breakthroughs, naming this nation, for the first time in world history, as an
industrial nation. Industrial Revolution cannot be restricted to the ‘Age of
Textiles’ or ‘Age of Railways’, it was an age of overall improvement in every
major sector in Britain. Inventions lead to innovations which alter the different
forms of production and this in turn augments efficiency in the form of new

improved technology.

13 «Crop rotation is commonly defined as the practice of growing different crops in different years
on the same land, in order to prevent the soil's nutrients from being exhausted and to reduce the
risk of a build-up of diseases and pests specific to one crop. Crop rotation was widespread
in Europe from the time of the Roman Empire. Two-field rotation was practised by the ancient
Greeks: one half of a farmer's land was planted in the spring or autumn of each year, while the
other half was left fallow (i.e. not planted with crops), to allow the soil to ‘rest’. The Romans
developed the three-course rotation, which was in use from the Middle Ages until the 18th century.
A three-year cycle was followed on each of three fields, with an autumn-sown crop such as rye or
winter wheat, a spring-sown crop such as oats or beans, and a year of lying fallow. Two out of
three fields were thus in cultivation every year. The three-field system succeeded only in countries
with mild climates, such as England. With the Agricultural Revolution and the acceleration
of Enclosures in the 18th century, more scientific methods were applied to crop rotation. A four-
course rotation was adopted based on turnips, clover, barley, and wheat. The introduction of root-
crops (such as turnips) improved the soil and hence the quality of harvest and livestock; they also
smother the weeds that have grown between plants of the previous crop. The replacement of the
fallow with a leguminous crop, such as clover, peas, beans, or lentils, boosts the fertility of the soil
since leguminous plants are able to ‘fix’ atmospheric nitrogen, which enriches the soil when they
die” (A Dictionary of World History, 2000, Encyclopedia.com).
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Although there is little doubt that there was a great deal of technological
progress between 1760 and 1850, the main problems originate when initiatives are
taken to measure technological progress in eighteenth and early nineteenth
century Britain as we do not have much choice available for our measurement
variables. This study uses three measures of innovative activity in agriculture:
agricultural patents issued, number of first published titles of farming technical
books and number of total published titles of farming technical books in the
period 1620-1850, collected from Sullivan (1984; 1985).

Using ‘patent counts’ as an indicator of technological progress has got
both positive and negative support. While Boehm and Silberston (1967) and Khan
and Sokoloff (2006) argue against using patents as a measure of innovations
during Industrial Revolution, Dutton (1984) and Sullivan (1989) put forward
arguments in favour of patent counts as an indicator for technological progress.
Boehm and Silberston (1967), Griliches (1990) and Khan and Sokoloff (2006)
criticize the British patent system on the ground that all inventions were not
patented and the cost of obtaining a patent was so excessive, which influenced
many inventors to keep their inventions secret. Bound et al. (1984) argue that
patenting is more common among small firms than large ones, regardless of large
firms having higher shares of R&D. Despite these criticisms, Dutton (1984)
argues that these arguments are unlikely to hold in early periods of
industrialization in Britain. Comparing the cost of acquiring a patent for any new
invention with the cost of keeping it a secret at that time, it might not be the case
that secrecy was the better option (Dutton, 1984). Sullivan (1989) argues that
there was least or fewer chance of inferior quality inventions to be patented during
revolutionary periods. Though there still much debate about measuring
technology by ‘patent counts’, it is quite commonly used in the present
literature.™

Sullivan (1984) suggests another method of measuring agricultural
innovations by number of titles of technical farming books published in the period
1521-1900. He argues that literacy rates were high enough in early modern

England such that there were a good number of farmers who used to follow those

4 See Greasley and Oxley (1998b; 2007), Madsen (2008) for arguments in favor of using ‘patent
counts’ as an indicator of innovations and technology.

75



Chapter 3 Second Generation Innovation-based Growth Models and British Agricultural Revolution

books in farming. To address the criticism that all inventions are not patented,
Sullivan (1984) points out those often new crops, which could not be patented at
that time, were promoted in agricultural books. Books can cover many more
productive ideas compared to patents which mainly describe the implementation
and mechanical devices of technologies. For example, a new technique for
ploughing may be patented, but how to use the technique is not explained by that
patent. This is better explained in a book, which describes the use of the
ploughing technique in fields by local farmers. Thus the book pushes the use of
this new technology among local people more widely than an agricultural patent
does. Lastly, Sullivan (1984) shows that the fluctuations of agricultural book data
and patent data are highly correlated until 1850. Hence, Sullivan argues that books
are at least as good as and perhaps better than patents as a reflection of
innovations.

Moreover, in seventeenth and early eighteenth century Britain, perhaps
agricultural books were better indicators than agricultural patents due to the fact
that, in agriculture, it is hard to acquire monopoly profits/rents on new agricultural
farming techniques. Lands were cultivated not by landlords, but by common
peasants under those landlords on a temporary basis. Hence, once a new technique
was in practice by one farmer, it was hard to restrict another farmer or the same
farmer from using that technology on a different farm, provided it generated
higher productivity. Gradually it would become common knowledge to all
farmers in the area or society. Thus, agricultural technical books and manuals
spread this technological progress better among farmers, once the technique came
into practice. All this evidence justifies the use of number of titles of technical
farming books published as an alternative measure of agricultural technological
progress rather than using agricultural patent counts as the sole indicator of
technological progress.

Figure 3.2 below shows the number of agricultural patents issued, number
of first printed titles of technical farming books and number of total printed titles
of technical farming books in England for the period 1620-1850. The first printed
title is different from total printed as a number of reprints might have occurred for
the same book in each year. While the first printed