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Abstract

This research tests the lestanding hypothesis put forth by Lynn White, Jr. (1962) that the
adoption of the heavy plough in Northern Europe was an important cause of economic
development. White argued that it was impossible to take proper advantagdeatita clay

soils of Northern Europe prior to the invention and widespread adoption of the heavy plough.
We implement the test in a differencedifference setup by exploiting regional variation in

the presence of fertile clay soils. Using a highliguaataset for Denmark, we find that
historical counties with relatively more fertile clay soil experienced higher urbanization after
the heavy plough had its breakthrough, which was around AD 1000. We obtain a similar
result, when wextendthe testo European regions.
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1. Introduction

As of the §' century until the end of the T3century, the medieval European economy
underwent unprecedented productivity growth (White 1962; Pounds 1974; Langdon et al.
1997). The period has been referred to as the most significant agricultural expansion since the
Neolithic revolution (Raepsaet 1991n his pathbreaking book, “Medieval Technology and

Social Change”, Lynn White, Jr. argues that the most important element in the “agricultural

revolution” was the invention and widespread adoption of the heavy plough (White 1962).

The earliest ploughcommonly known as the ard or scrafgbugh, was suitable for the soils

and climate of the Mediterranean; it was, however, unsuitable for the clay soils found in most
of Northern Europe, which “offer much more resistance to a plough than does light, dry

earth” (White 1962, p. 42). The consequence was that Northern European settlement before

the Middle Ages was limited to lighter soils, where the ard could be applied. The heavy
plough and its attendant advantages may have been crucial in changing thés. Mor
specifically, heavy ploughs have three function parts that set them apart from primitive ards.
The first part is an asymmetric plough share, which cuts the soil horizontally. The second part
is a coulter, which cuts the soil vertically. The third pad mouldboard, which turns the cut

sods aside to create a deep furrow (Mokyr 1990; Richerson 2001). The mouldboard is the part
of the heavy plough from which its principal advantages on clay soils derive. The first
advantage is that it turns the soil, whiallows for both better weed control on clay soil in
damp climates and incorporation of crop residues, green manure, animal manure, or other
substances into the soil (Richerson 2001; &inlonsen et al. 2002). The second advantage

is that mouldboard plaghing produces highacked ridges, which contributes to more
efficient drainage of clay soils. The ridges also allow for better harvests in both wet and dry
seasons. The third advantage is that the heavy plough handles the soil with such violence that
cross-ploughing is not needed, thus freeing up labor time. Hence, by allowing for better field
drainage, access to the most fertile soils, and saving of peasant labor time, the heavy plough
stimulated food production and, as a consequence, “population growth, specialization of

function, urbanization, and the growth of leisure” (White 1962, p. 44).

While White’s work is certainly not without its critics among historians, others have

followed his lead. Mokyr (1990, p. 32), for example, writes that it “has taken the combined

! See Roland (2003) and Worth€009) for expositions of some of the criticism and for assessments of the
enduring influence of Lynn White, Jr.
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geniuses of Marc Bloch (1966) and Lynn White (1962) to make historians fully recognize the
importance of the heavy plow, oarruca” Landes (1998, p. 41) notes that the heavy plough
“opened up rich river valleys, turned land reclaimed from forest and sea into fertile fields, in
short it did wonders wherever the heavy, clayey soil resisted the older Roman wooden scratch
plow, which had worked well enough on the gravelly soils of the Mediterranean basin.” In

fact, the historiography of medievedchnology and its impacts contains a large amount of
circumstantial evidence pointing towards a crucial role of the heavy plough for medieval
economic development (Jensen 2010; Pounds 1974)h@dey plough hypothesisas also

been perpetuated in a léag textbook on “Civilization in the West”, where students are told

that the heavy plough “increased population in the heavy soil areas north of the Alps”
(Kishlansky et al. 2010, p. 201). Yet to this date there exists no quantitative evidence on its
impad. The present research aims to fill this gap.

We adopt a differenem-difference type strategy to test the impact of the introduction of the
heavy ploughWe exploit two sources of variation: time variation arising from the adoption

of the heavy ploughand crosssectional variation arising from differences in regional
suitability for adopting the heavy plough. This allows us to compare changes in economic
development, as measured by urbanization, in thegultgition period relative to the pre
adoptionperiod between regions that were able to benefit from the heavy plough and regions
that were not. We implement the test using two different datasets: a high quality dataset for
Denmark and a European dataset with less perfect measureivenimplement outtest

under two alternative assumptions. Our baseline test assumes that the breakthrough of the
heavy plough was around AD 1000. We also use a flexible model, which allows us to assess
when the plough began to have a detectable effect on our outcomdesaftaleach century

of the Middle Ages, and whether this is in line with the assumneakthrough

Testing the heavy plough hypothesis on Danish data has four major advantages. First,
Denmark contains regional variation in the presence of clay soils. This allows us to exploit
variation similar to theone within Europe in a setting that is arguably miooenogenous
across regions than the whole of Europecond, the presence of clay soil and the timing of
town foundations can be precisely measured. Thwel can study the effects at vdocal

levels by focusing on counties and the foundation of townsreds in the European case we

use larger regions and foundation of cities. Finally, the Danish case allows us to shed some

light on the plausibility of the assumptions underlying the test. For instance, we assume that
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soil maps from the late century apture the location of medieval clay soils and historical
suitability well. The Danish data allow us to show that the share of clay soil basddten a

20" century map correlates positively and significantly with the share of clagadoulated

on thebasis of date 19" century geological map for Denmark. We also demonstrate that our
modern measure of suitability for growing the plough positive crop barley correlates
positively and significantly with historical measures of agricultural productiviiynfithe

1660s and the 1830s. This supports the assumption that soil suitability today captures that of
the past.

We find evidence strongly consistent with White’s hypothesis. With respect to the Danish
sample, our estimations show that the heavy plougbumted for more than 40% of the
increase in urbanizatieras measured by establishment of new tewimsthe High Middle

Ages. The empirical evidence also largely confirms the historiographical evidence about the
timing of the introduction and breakthroughtbe heavy plough in medieval Denmark. In

line with the results for Denmark, the European data provide evidence that regions with
relatively more fertile clay soils experienced greater urbanization in the medieval epoch.

Overall, our research complememsisting accounts from the historiography of medieval
technology with quantitative evidence. To the best of our knowledge, we provide the first
econometric test of the heavy plough hypothesis. Our empirical strategy—wdschlready
noted—exploits exogeous variation in fertile clay soil in a differenaedifference setup,
deals with the concern about reverse causality raised by Hilton (1963) in his critical review of
White’s book. Moreover we present evidence that increased agricultural productiaitybe

a powerful driver of economic development in an agrarian econdfaylsoprovide a clear
historical example of what Acemoglu et al. (2005) call the “sophisticated geography
hypothesis.” This hypothesis holds that particular geographical characteristics that were not
useful (or even outright harmful) for successful economic performance at some point in time
may turn out to be beneficial later on. The reason is that certain technological inventions may
benefit particular geographical characteristics.the present case, the heavy plough (the
technological invention) benefitted areas endowed with fertile clay soils (the geographical
characteristic). Finally, our paper speaks to the literature on “the little divergence” which
stresses regional differese in development within Europe (eBroadberry et al. 2012;
Baten and van Zanden 2008).



The rest of the paper is organized as follows. Section 2 contains a detailed discussion of the
advantages of the heavy plough on clay soils, and it provides b@tbackground for the
introduction and diffusion of the heavy plough. Section 3 outlines the empirical model.
Section 4 describes the Danish data. Section 5 presents the results for the Danish case, and

Section 6 present the results for European sarkplally, Section 7 concludes.

2. Background

This section first elaborates on the advantages of using heavy ploughs on clay soail.
Understanding these advantages is important, as they form the foundation of the heavy
plough hypothesis. Second, we review éxesting evidence on the diffusion of the plough in
Denmark in particular and Europe more generally. Doing so provides us with knowledge

the breakthrough of the heavy plough, whiglps guide the empirical strategy

<Figure 1 about here>

2.1 Advantages of the heavy plough

The earlier ploughs-known as ards or scratch ploughare almost as old as agriculture
itself, and they were probably already in use by BC 48000 in ancient Mesopotamia
(Anonymous 2007, p. 2). An ard, which exists in different varieties, is a symmetrical
instrument that tends to tear up the soil more than it turns it over (Comet 1997). Heavy
ploughs are asymmetrical instruments, which are fitted with a mouldboard that can be used to
turn the soil either to the left or the right (Comet 1997; White 1968uré& 1 compares the
features of an ard and a heavy plough.

As noted above, the heavy plough has a number of advantages osoitgaywhichwe
substantiate next. The first advantage of the heavy plough is that it turns the soil; ards, in
contrast, only powder the surface of light soils. By turning the soil, the heavy plough allows
for improved weed control (Gw8imonsen et al. 2000, p. 5&icherson (2001, p. 97)
stresses that this is more advantageous in areas with heavy soils, and argues that heavy
ploughs “are better at keeping heavy soils free of weeds in damp climates, where the mere

stirring of the scratch plow does insufficient damagmot systems.” Further, Pounds (1974,

p. 193) notes that “the [heavy] plough not only buried the weeds, but also brought up to the

surface a lower soil level in which percolating water tended to concentrate plant nutrients.”

Along with this, turning tk soil also allows for incorporation of crop residues, green manure,
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animal manure or other substances. Poulsen (1997, p. 123), who also emphasizes this aspect,
argues further that “the introduction of the heavy plough was important as it allowed a much

more effective ploughing of manure into the soil.”

The second advantage is that mouldboard ploughing allows for improved drainage by
creating highbacked ridgedwhich were long and narrow and placed on the height curves of
the landscape (Comet 1997; Pdarl974; Wailes 1972). Moreover, White (1962) explains
that one implication of the ridges was the guarantee of a crop on the crest even in the wettest
year or in the furrow in the driest seasons. In line with this, Jope (1956, p. 81) argues that the
northen “clay-lands” had different problems compared to Mediterranean agriculture. In fact,
agriculture in the northern “clay-lands” is more frequently concerned with efficient drainage

of clay soils. In contrast, Mediterranean agriculture is mainly concern#fd moisture
conservation. However, Jope also observes that some areas with lighter soils in Northern
Europe could use the Mediterranean style of agriculture suggesting regional variation in the

use of ards and ploughs even within Northern Europe.

The third advantage emphasized by White (1962, p. 43) was that the heavy plough “handled
the clods with such violence that there was no need for-ptosghing.” This meant less
work effort for a given amount of land, thus increasing the productivity of farriarally,
the use of the heavy plough on light sandy soils may lead to a gradual destruction of the soils

in the longer run (Henning 2009).

2.2 Origin and diffusion of the heavy plough

In this section, we confront the task of establishing the brealdhrof the heavy plough.

This is an important task, because our empirical strategy relies on comparing regions before
and after the widespread adoption of the heavy plough. For this reason, we need to carefully
examine the research that sheds light onisisise. We will consider both the archaeological
research on higbacked ridges, plough remains, and figurative representations as well as the

LULLLLLLL UL ULt e ny o e

2 (Pounds 1974, p. 195) explains that the method of ploughing “was first to cut a furrow down the middle of the

strip, and then, ploughing alternately on each side, to turn the sward towards the middle. [...] The effect was to

heap up the earth along the mid@ the strip, producing the corrugated pattern of ‘ridge-andfurrow’ or

Hochaker' , “Ridge-andFurrow” and “Hochaker” are synonymous with “high-backed ridges”.

% The time periods for the introduction and breakthrough across modern states are discAggmshdix F
based on various sources. The time periods refer to the approximate time periobre&kteroughor, in some
casesthe century ofntroduction The slow diffusion across places has been explained by North (2005) by “the

isolation of the maor.”
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linguistic evidence. As will be discussed in detail below, the existing evidence suggests that
the heavy plough ay have beenntroducedin some areas before AD 1000, but its
breakthroughor widespread adoptiea-which is what should really interest-useems only

to have started in earnest around AD 1000. We begin our examination with the Danish

evidence and then mowa to the evidenctor the rest of Europe.

2.2.1Denmark

Poulsen (1997, p.116) summarizes the diffusion process of the heavy plough as follows:
“Probably around 900 to 1100, then the mouldboard plough was introduced into Denmark,
gradually diffusing fromsouthern areas.” The said time span is also supported by
archaeological and other evidence from Higitked ridges, plough remains as well as other
evidence discussed below.

High-backed ridges

As discussed above, mouldboard ploughing is known to creealigs fvith highbacked

ridges. Thus, the strongest indicator of the breakthrough of the heavy plough is the presence
of high-backed ridges, which only a heavy plough could have created (Poulsen GE&¥).

M¢ller (1990) notes that the earliest dating ofhkigicked ridges is from around AD 1000,

but that the more certain dating is for the 1100s. Jensen (2010, p. 202) argues that the
breakthrough happened in the middle of the 1100s. He bases this on the predeghe of
backed ridges, as do other authors, &lsb stresses that heavy ploughs are mentioned in

Danish medieval provincial laws from the second half of the 1100s and early*1200s.

Plough remains

Heavy ploughs andrds consist of different par(seeFigure ). The most prominent part is

the mouldboard, which indicates most clearly the existence of heavy ploughs. Coulters and
asymmetrical shares are also of interest, but as we note when we discuss the European case
there are important reasons for doubting weettr not these parts give definite evidence of

the presence of heavy ploughs. The Danish evidence is summarized in Larsen (2011), where

L

“ Larsen (2011) argues that the earliest evidendetafductionis from AD 200400 based on two cases from
Western JutlandHowever, both cases remain controversiar the first case, Larsen (2011) grants that the
dating is problematicMoreover,other experts have questionedether the ridges ana fact proper high
backed ridges (GralM¢ ller, personal communication). For the second case, LaP€di)(notes that there is
scholarly disagreemergbout this, as some scholars reject thesumption hat a heavy plough could have
produced the furrows
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two undated mouldboards are discusgdd also discusses coulters and asymmetrical shares,
whichall can be dated to & AD 1000.

Figurative and linguistic evidence

Larsen (2011) dates paintings depicting heavy ploughs to ther1B" century for the case

of Denmark. The linguistic evidence includes that the Old Norse word for heavy plough came
into use after AD 100. Porsmose (1988)or instance, mentions that the man who killed
King Erik Emune in 1137 was named Black Plough (Sorte Plov in Danish).

AD 1000 as year of breakthrough

Given that the earliest higbacked ridges can be dated to around AD 1000, and that many of
the plough remains can be dated to after AD 1000 along with the figurative and linguistic
evidence, we use this dating as our baseline year for the breakthrabhghhefivy plough for

Denmark.

2.2.2 Europe

Manning (1964) notes that there is evidence for widespread use of bow ards in the Iron Age
and Roman Period in Scandinavia, the Rhineland, Britain and Italy for the period before AD
500. He concludes that thigsttibution is wide enough for us to assume that it was the
normal type of plough throughout Europe at the time. Fowler (2002) argues that the bow ard
remained the plough available to most farmers in England throughout the first millennium
AD, and that itremained important across Europe. Moreover, the evidence from the British
Isles suggests that the heavy plough only came into use at the end of the first millennium.
Other historians hold similar views. Fuss@b66), for exampleconcludes that the heavy
plough only came into general use as of th8 ddntury and onwards for Europe as whole.
Similarly, but focusing on Northern Europe, Heaton (1963, p. 100) argues that after AD 1000
the (wheeled) heavy plough drawn by eight oxen “was used more and more to turn the heavy

clay lands which became available with the clearing of some forest areas.” We now turn to a

more detailed discussion of the various strands of evidence.

High-backed ridges
As mentioned the presence of higacked ridges is probably the strongest indicator of the
use of heavy ploughs. Higtacked ridges have been observed and dated in several countries,

including Britain, Denmark, Germany, Netherlands, and SwedeforAke Danish case, the
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earliest of these are dated to around AD 1000 (Bfgller 1990). Thus, the evidence on
high-backed ridges favors the view that the breakthrough of heavy ploughs took place after
AD 1000. This conclusion is in line with the view of Fowl(@002), Fussél(1966), and
others, as stated above.

Plough remains
The European evidence on discoveries and dating of mouldboards, shares, and coulters is

summarized below with discoveries of these three parts discussed in turn.

Mouldboards: Unforturately, only few mouldboards have survived. We have already
mentioned the undated Danish evidence, but note that for the British Isles there is no
evidence of mouldboards for the first millennium AD according to Fowler (2002).

Coulters: Lerche (1994) prodes an overview of findings of coulters, which for Hungary

and the Danube area, can be dated to the first century AD. In Britain and Ireland, coulters that
date back to the Roman era have been found; in Germany, coulters that date back to the
period & to 6™ century AD have been found. However, as pointed out by, among others,
Comet (1997) and Fowler (2002), the presence of coulters does not imply the heavy plough,
as coulters were also attached to ards.

Shares: These plough remains are of particulaterast as they indicate whether the
instrument was symmetrical or asymmetrical. An asymmetrical share would be consistent
with the existence of heavy ploughs, but it has been suggested by Wailes (1972) that
asymmetrical ards have existed. The earliestemad of asymmetrical shares comes from
Roman Britain where three such parts have been found (Manning 1964; Wailes 1972). Yet
Manning (1964) argues that the bow ard was the normal plough of the period, as noted above.
More systematic evidence on the evalutiof shares is given in Henning (1987) for South

Eastern Europe, which encompasses parts of the Balkans as well as Hungary and Slovakia.
L L

® The earliest evidence that has been interpreted as indicating the use of a heavy plough comes from the Iron
Age settlement Feddersétiierde in Northern Germany (Hardt 2003; Larsen 2011; Wailes 1972)furtows
discovered at Fedders#&iierde can be dated back to the first century BC, but there are nbdigkd ridges at
FedderseiWierde (GrauM¢ ller 1990) and the furrows might have been made by an ard. Larsen (2011) notes
that it may be difficult to @tinguish the furrows from heavy ploughs and certain types of ards. In a similar vein,
Wailes (1972, p. 161) argues that the furrows could have been prdsjutddliful tilting of a heavy ard.” The

presence of symmetrical shares found at Feddeféerde corroborates the argument of Wailes (1972) that the

furrows may indeed be ard marks.
!



Henning shows that from thé®3o the &' century there is no systematic asymmetry in the
shares found, but concludes that for the period from theothe 18 century there is a

strong “overweight of left-sided asymmetry” (1987, p. 55). This is consistent with White’s

view that Slavic tribebad the heavy plough from around AD 600. Other asymmetrical shares
are covered in Lerche (1994), where German and Czech findings of plough shares dating
back to the 1% century or later are discussed. This is similar to the Danish evidence

discussed by Lraen (2011) mentioned above.

Figurative representations

The earliest depictions are mentioned by Astill (1997), who pointset@ns English
manuscript illustrations of ploughing dating back to the lat®artd 11" centuries. Another

early and often o#d figurative representation is found on the Bayeux Tapestry sewn in
Normandy or Englandin the late 11 century €.g. Fowler 2002). Later figurative
representations are given in Duby (1968) who reproduces a drawing fromtreeritRry

and a painting im the 18 century of a heavy plough from France, and who observes that
the construction has not changed much over time in the two illustrations. Thus, to the extent
that the dates of the figurative representations are informative of the breakthrowegvyf h

ploughs, the earliest date seems to be the I&tedtury.

Linguistic evidence

White (1962) argues that Slavs may have introduced the heavy plough and that it therefore
diffused from east to west starting in the lated@ntury. This conclusion was reached by
considering evidence indicating that a word for plough and many associated terms existed in
all of the three Slavic linguistic groups. More specifically, White (1962, p. 50) reasons that
“since the Slavic vocabulary surrounding plug probably would have developed rapidly, once

the Slavs got the heavy plough, we have no reason to date its arrival among them very long
before the Avar Invasion of 568.” He also points out that the word ‘plough’ first appears in

written form in 643in Northern Italy as the Lombardian ‘plovum’ in the Langobaridan
Edictus Rotharf For South Western Germany, thex Alemannorunshows that the word

‘carruca’ had come to mean a plough with two wheels in front by the 8" century. There is
LULLCLLL ULttt urn O e

® The word “plaumorati” also appears in a text by Pliny the elder from the 1% century. White (1962) says that
this word is unintelligible, but if it is replaced by ‘ploum rati’, we have the first appearance of the non-classical
word ‘plough’, but he later refers to this as “the questionable emendation of the Pliny text’s plaumorati.”
Further, the exact nature of Pliny’s plough has been questioned. Wailes (1972) says that it did not necessarily
have a mouldboard as contented by other authors. Rapsaet (1997) notes that Pliny’s plough is often believed to
be a wheel ard.
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also written evdence for a heavy plough in Wales in thd' t@ntury in the laws oflywel

Dda (White 1962, pp. 5®1). Puhvel (1964) notes that the word for plough (plogr) does not
appear in old Norse before AD 1000, whence it probably spread™eetttury England,
where ‘plog’ or ‘ploh’ replaced the older word ‘sulh’.’

AD 1000 as year of breakthrough

Our discussion of the evidence demonstrates that there is uncertainty about the timing of the
breakthrough of heavy ploughs. As explained above, a view held by Mmatorians,
including Heaton (1963), Fowler (2002), Fussell (1966), Wailes (1972) and Poulsen (1997),
is that the breakthrough happened from around AD 1000 onwards. We provide further
evidence in Appendix F, which shows that for many countries the breagthrs believed to

have happened around this time. Moreover, AD 1000 is corroborated by the presence of high
backed ridgesrom around this yeafThe figurative evidence is also in line with the view of

the breakthrough starting from AD 1000. Further,reifeheavy ploughs existed earlier, ards
seem to have been more common in the earlier periods, as emphasized by Manning (1964)
and Fowler (2002.In sum, we use the AD 1000 timing below. However, since there is
uncertainty regarding this date, we also esgmation methods that allow for evaluating the

breakthrough date.

3. Empirical strategy

As explained in Section 1, our identification strategy follows the logic of the standard
differencein-difference estimator. We exploit both thigne variation arising from the
breakthrough of the heavy plough and tnesssectionalvariation arising from differences

in local suitability for adopting the heavy plougWe test White’s hypothesis on two
independent datasets. However, we defer a detdikmaissio of the data to later anukext

present our empirical models.

3.1 Nonflexible model
Our baseline model assumes that we know when the diffusion of the plough took off in

earnest. As discussed above, the evidence indicates that this happened from ar@060.AD

L L |

" White (1962) argues that the plough was introduced from Denmark to England in th8 ate 8arly10"
centuries. Myrdal (1997) accepts this possibility, but notes that the diffusion could have been in the opposite
direction with the connection beifdprthernEngland and Norway.

8 This is in line with Landes (1998\vho stresses that theeavy ploughwent back earliebut wasonly taken

widely into use fromAD 1000!
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We therefore estimate ndlexible models in which the posteatment period is AD 1000

and onwards. The néffexible model is:

Iny;, = B In(1 + PloughFraction;)I}°%°

T ) T ,
J=to R Jj=to

In the equationt denotes timej denotes county or regipm;; iIs economic developmerdand

In(1 + PloughFraction;)I°°° measures the interaction between the share of hglaugh
suitable arelin regioni and the dummyariable/1°°°, wherel1°°° takes the value &s of

AD 1000.Thecoefficient of interest i, whichis the causal impact of having heaplpugh
suitable area (measured relative togheadoptionperiod.'° A positive coefficient would be

in line with the hypothesis that the heavy plough mattered for economic development. The

remaining variables are control variabl&s, interacted with time dummy variables; regional

fixed effects,IR:

LR A ]

time fixed effets, Itj ; and the error termg;,. With the Danish data, we
begin in 675use 25year intervalsand end in 130Qyvhereas in the Europe@ase we have
data for each century from AD 500 to AD 13($eefootnote 33for further detailyz We

postpone ta discussion of control variables to Sections 4.2 and 6.2.

3.2 Flexible model

We assume alternatively that the exact date is unknown but that it happenekeaiidrai
period(t,). In this casea flexible model is the natural complement to the-fiexible model.
With a flexible approach we can assess when the plough began to theteetablesffect on
agricultural productivity, and whether our baseline -flerible model is plausible. The

flexible model is described by:

T .
Iny;, = Z t B; In(1 + PloughFraction;) I}
J=to

T , T .
J=to R j=to

° See description in Section 4ahd 6.1
9 Since we have no knowledge of tteke-up rateof the heavy ploughg is anintentionto-treat (ITT) type
estimate.
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The crucial differencbetweerequatios (1) and (2)is thatwith (2) we obtain an estimate for

all j periodsand hence let the data ‘speak’ as to when the effect of the heavy plough becomes
(statistically)observableAll the other variables are the same as in the previous section. This
model estimates the excess effechating fertile clay soil in periog compared to the first

time-periodin the dataset.

4. Data for Denmark

In order to estimate the above equations, we need several data series. First, we need a
measure of regional economic development and a measteetitef clay soil. We discuss

these in Section 4.1. Second, we need control variables to address potential threats to

identification as discussed in Section 4.2.

4.1 Main variables

We focus on urbanization as our measure of regional economic developimens. justified

by the fact that historians have linked the heavy plough and urbanization (e.g., White 1962;
Jensen 2010). The effect on urbanization could come from a variety of mechanisms. First,
Nunn and Qian (2011) and Pounds (1974) argue that irdiemm is closely related to per
capita income; and Acemoglu et al. (2005) assert that only societies with a certain level of
agricultural productivity and a relatively developed system of transport and commerce can
sustain large urban centers (see al@nnd 1998} The heavy plough arguably increased
agricultural productivity, and it therefore allowed for urbanization. Second, productivity
increases in the agricultural sector may have spawned migration to the urban sector (Nunn
and Qian 2011)? Poundg(1974) notes that evidence indeed suggests that migration to towns
and cities was taking placing in the Middle Ages. Third, since the period studied is likely to
have ben Malthusian (Ashraf and Gal@011), increasein agricultural productivityare
asso@ted with larger populatian Larger populations would arguably affect the degree of
specialization, which could increase urban papons (Galor2011). In this(Malthusian)

case, there would be no increase in income per capita, but more people inamizations.
Moreover, larger agricultural populations also drive the foundation of new urban centers in

the models considered by Fujita, Krugman amhables (2001

L L |

™ n line with this, Glaese{2014, p.1154) has recently argukdt “historically, urban growthrequired enough
development tgrowand transport significant agricultural surpluses.”!

2 pounds (1974) argues that all towns had an agricultural sectotharedoremay have benefittedirectly
from the heavy plough.
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Urbanization measured by establishment of towns

We build on Beresford (1967), Pounds (1974), AndrZn (1985) and Jensen (2010) who all
suggest using the number of cities and towns as an indicator of urbanization and economic
developmentor the medieval period. Specifically,eaconstruct our urbanizationeasure as

the numbenof towns per square kilometer feach county based on Jensen’s (2010) dating of

the approximate establishment of Danish medieval tdWhte uses, among other things,
information on when the town had main streets, a toamterwith a market square, and a

town church in order to give an approximate earliest date of when the town was established
(Jensen 2010)His dating builds on, and is in line with, earlier work by AndrZn (1985).
Jensen provides data for the timing of the establisthroktowns for every 25 years, and

from this weobtain bwns peisquare kilometer fro!\D 675 to 1300"

Heavy plough measure

We construct the variableloughFractionto measure the soils that will benefit from heavy
ploughs. For this purpose, we have digitized the soil map from Frandsen (1988), which gives
the locatims of clay soils in Denmark Jensen (2010) used this map to pinpoint the location
and types of soil that would benefit from the heavy plough. We also note that most of the
remaining Danish soils are classified as sandy soils. For the European sample, we construct a
measure based ohd soil type known as luvisol. We discuss this measure in greater detail
below, but for the purposes of comparison we also use this alternative in the Danish sample.
Some of the moraine clay soils on Zealand in Eastern Denmark are not captured by the
luvisol measure, but still the luvistlased measure is highly correlated with the clay
measureé? The location of the clay soil can be seen in Figure 2, which also reveals that the
spread of new towns happeaimost exclusivelyn the clay soil areas after ADDQO’

On this backgroundave identify the areas with high prevalence of clay soil as our baseline
measure for soil that benefits from the heavy plox¢gt. in order to identify the areas that

would benefit from adating the heavy plough we need a secoonddition to be fulfilled: the

13 See table Ein appendix E for a complete tisf the Danish towns

% An urbanization criterion based on royal privileges is not feasible as these were received by thateswns
1300, and the towns had been established long before these dates, see appendix | in AndiZn (1985).

15 We includefive categories (“predominantly clay soil”, “sandy clay soil”, “clayey sandy soil”, “clay soil from

the late glacial period” and “heavy clay soil”) to measure clay soil.

18 The correlation coefficient is 0.70 and strongly significant.

" #he clearoutlier in this regard is Aalborg, located in the northern part of Jutland. There is no clagaoil
Aalborg, but being positioned at the narrowest point on the Limfjord (a shallow fjord) thadety a natural
harbort#
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soils need to be suitable for growing ploymbsitive crops such as wheat, barley, and'¥ye.
We may therefore need to adjust for the suitability of the soil for growing plpasitive
crops since areas with infertile, clay soil are unlikely to benefit from the heavy plough. Also,
using only data for plougpositive crops would not distinguishteen areas that benefitted
from using heavy ploughs or scratch plough& consequentladjust for barley suitability
since this crop was growm iDenmark throughout the periddeealso footnote27). The
adjustment is made by using a suitability map from the Global-Agotogical Assessment
2002 by FAO, which classifies the soil using thresholds on asaadbility index denoted by

Sl. The corresponding clafisation divides soil suitability into categories ranging frénf H U \
PDUJLQDO ™ W RseéerHigure ®ih Appendix C for details For the Danish case, 74
percent of the clay soil has at least good suitability for growing barley, so this may ret matt
much for results. Still, we construct a qualitgjusted measure &loughFractionusing clay

soil with 5 +R w or barley™®

Next we probe into 1) the use of modern soil maps for identifying the location of clay soils
and 2) the use of presetdy suitability for growing plougkpositive crops. Doing so is
important since our tests, especially in the Europssmple discussed below, relg using

present day geology.

<Figures 2 and 3 about here

Use of present day soil maps for identifying lteation of clay soils

To investigate whether the use of present day soil maps captures historical soils, we have
digitized an older soil mathatdates back to 189%9.To the best of our knowledge, this is the
oldest soil map for Denmark. Correlating thee of clay soil in the late T&entury with

our presentlay soil measure reveals a strong positive correlaee Figure B** This
suggests strong persistence in the location of clay soils, and it adds further credibility to our
assumption that the preseddy location of clay soils accurately reflects the past.
Furthermore, Milthers (1925) notes that the clay soils formed gitiimice age in Denmark.

L

18 See Pryor (1985) for a discussion of which staple crops are pjmasitive. Pryor also discusses the need for
theright climatic/geographicatonditions for the usefulness of the plough.

¥ For a precise definition of SI, see footnd®

% The map idigitized from Harder and Ussing (1913). The same map is given in U$s889€), but for the

purpose of digitizing the map, we have used the version from 1913 since this proved to be easier to handle by
ArcGIS.

% Three counties are left out due to missing data. Data are partially available for two counties, and if we keep
themwe obtain similar results.
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Use of presentlay soil suitability

We have data on historical seilitability in the form of barley, rye and wheat yieltifrom

1837 anda measure of peasant payments in terms of barley to landlkndsvn as

Y andgilde” 11U RE 1660s, available at sulational level for the Danish case. The
advantage of these two datasets is that they are collected at the level of thé parsiy

small unit?2 and cover both manors as well as smaller farms. In this way we can build county
level data that cover the whole area. Figure 4 shows the correlation between 1837 barley
yields and the FAO suitability measure at the county level. We see that the FAO suitability
measure is positively correlated with the historical measure of barley $ieldisteover,
Frandsen (1988) proposes that the geographical distribution of tenant barley payments in th
1660s reflects soil fertilitysee Figure B°* We regress the barley payment per square
kilometer at the county level on the FAO barley suitability soee, leaving out regions
completely or partly without data on paymefitsnd find a positive andrsingly significant
relationship(see Figure 6 These rests support that preseday soil suitability resembles

past suitability.

<Figures 4, 5 and @bout here>

4.2 Control variables and threats to identificatiorf®

A first step in controlling for potentially omitted factors is to add couany timefixed
effects. County fixed effects capture tmmyariant characteristics such as soil quality and
othe geographical factors, while tinfxed effectscontrol for underlying aggregate changes

that affect economic development.

While county and time fixed effects go some way in ruling out spurious results, we cannot
reject this possibility a priori. Speaially, theidentification of a causal impact hinges on the
assumption that we are able to control for all other changesatedto the heavy plough

which (i) occurred around the time of plough adoption in Denmark, and which at same time

L L |

# These data come from the first Danish agricultural census and were kindly provided by J¢rgen RydZn R¢mer.
Yields are measured as the ratio of harvest to seed.

% Similar pictures emerge for rye and wheat.

*IWe use the map iRigure 5to construct the measute.

% Keeping counties only partly represented in the payment data only irefieasggnificance.

% see Appendix A for full definitions of control variables and Appendix B for descriptive statistics.
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both (ii) correlate with plough suitability and (iii) affect urbanization. We next discuss some

changes that potentially fulfill conditions (i) to (iii) as well as ways of dealing with them.

Medievalwarm period The available temperature data at the aggregasd saggest little
variation within Denmark, and we therefore trust that time fixed effects captperature
changes wellHybel (2002) argues that thmedievalwarm periodwas predominantly felt
during the 11" centuryin ScandinaviaConsequently fithere is an effect of clay soils after
the 11" centuryin the flexible estimates, we can plausibly rule out thatwarm periods
driving our results. In fact, the effeof clay soilsis present in thd3" century, as will be

shown below

Institutiors: Time fixed effects will also capturaggregate institutionathangesHowever,
there could be regional effects of institutional change. From the late 900s, one king ruled
Denmark, and this may have influenced regional development. Juttempepinsula that
shares aorder with Germany) had provaetifficult to defend, and it has been argued that
rich-in-clay Zealand an islandin the east of Denmarksee Figure 2)was more easily
defended This may have led to a shift in gravitational center tow&@esand.In fact, the
second Danish kindounded some eastern townaround AD 1000 (Sawyer 2002). We
address this by testing whether our resotistinue tohold within Jutland. The test within
Jutland also helps to address that the counties were subjitterent provincial lawsThe
so-called Jyske lo¢ -XWODQGTV S,uvhikh antohd @he® hidgs regulated the
distribution of farmland within a village and incentivized agricultural expartsierfrom AD
1241 (Porsmose 1988). Since this law wasstimae across Jutland, we capture its effects by

time fixed effects.

Rye as a winter crop and the thrield systemIn Denmark, rye has been cultivated since
the early Iron Age (Mikkelsen and N¢rbach, 2003yt it was introduced as a winter crop in

the Middle Ages (GrauMg¢ller, 1990) Rye itself is a plougipositive crop, and the
introduction of rye as a winter crop was made possible only by the heavy pletayh.

M¢ller (1990) explains that the heavy plougha precondition for higihacked ridges, and

that these may have influenced the choice of crops and, in particular, the introduction of rye

as a winter crop. During wintertimeye would be exposed to snow and frost, especially on

2" The same is true fdvarley and oatsWheat lost prominence among Danish farmers during the Viking age
(700-1050) and was not cultivated duy the Middle Ages (105@500); sedMiikkelsen and N¢ rbact2003.
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poorly drained fieldsThe water could be quite high and would sometimes freeze, possibly
causing damage to the crops. With the Higlcked ridges, the furrows would contain the
water and the rye could be grown on the riddgasther, according to Porsmose (1988),
introducing rg as a winter crop was necessary for the adomifahe thredield system in

the Danish case. This discussion suggests that the introduction of rye as a winter crop and the
threefield system are indirect effects of the heavy plough. Yet we add thedtiter of
suitability for growing rye and time fixed effects to gauge the importance of this. Since the
location of soil with good suitability for growing barley, wheat and rye are strongly

correlated, we use very good soil suitability for f5e.

Trade North and Thomas (1970) point out that increased population density may have led to
higher levels of trade. To the extent that the introduction of the heavy plough led to higher
population density, it is therefore conceivable that one mediating channdradas To

partial out this effect, we control for a tirvarying effect of access to trading routes by sea.
Transportation over longer distances was in this period far easier by sea; hence, distance to
the sea may have been important for trade. Incredasadg would presumably have led to

higher prosperity, which in turn would have had a positive effect on development.

The discussion of rye adopticend tradelogically directs attention tso-called heavy
ploughinduced changes (i.e., changbsit occured as a resultfoadoption of the heavy
plough).These chnges fulfill conditions (iiii) discussed aboyéut they arenot unrelated

to the heavy plough/hile heavyploughinducedchanges are inconsequential for our ability

to establish the presence of a causal impact, they do have important bearings on which type
of causal impact we actually end up establishing. If we negieatyploughinduced
changeswe identify the total déct (i.e., direct plus indirect effects) of the heavy plough.
When we control for certaiheavyploughinducedchanges, we partial out any associated
indirect effects. To be sure, it is not possible to control for all such indirect effects. Therefore,
while we are convinced that veancapture a causal impact of the heavy plough on regional
economic development, it isthera total than a direct effethat we identify. That is, we

capture both direct effects (e.g., access to new and more fertile lashdgoare indirect

L L |

8 \We do so in order to identifyountiesthat would benefistronglyfrom the adoption of rye, since countitéeat

merely have land suitable for rye cultivation typically also have land suitable for wheat and barley cultivation as
revealed by a strong correlation between measures of suitability.
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effects (e.g.the adoption of ryeof the invention and widespread adoption of teavy

plough.

5. Resultsfor Danish sample
We first discuss the main results and then turn to a number of robustness, giecks

include changing theloughFraction indicator and adding extra control variables.

Main results

Non-flexible estimationsarereported inTablel. We calculate both standard errors corrected
for clustering at the county level and Conley standard eromsected for spatial
autocorrelation. We have allowed counties further apart than 200 km to be independent.
Spatial autocorrelation does not affect our results, as we obtain similar results regardless of
which of the twotypes of standard erms we useColumn 1 eports the baseline measure
when we only control for county and time fixed effects. Column 2 reports résuttsy soil

with good suitability for growing barleyBoth regressions show a positive and significant
effect of clay soils from AD 1000Che fetile soils (in terms oploughpositivecrops) largely
coincide with the clay soils of Denmads mentioned aboyendwe thereforefind little

effect of making the quality adjustmenib column 3, where we add extra covariates, the

regression coefficient hardly changes.

We mentioned above thas of the late 9003enmarkhad ruleby one king This possiblyled

to a gravitationalshift towards the island of Zealan@iven that the shifwas away from
Jutland, we can test whethgrexplains our radt by restricting the estimation sample
countiesin Jutland When we do this, a statistically significant (although economically
smaller) effect still emerge3his suggests that the effect of clay soil is not mauidking up

the gravitational shift towardZealand, cfcolumn 4.Column 5 investigates whether using
the 19" century claysoil measure change®nclusions Inspection of the table reveatisat

this choice has little effect.

In order tomeasure the size dfie impact of the heavy plough, we calculateinty level
urbanization in a counterfactual setting where the plougtnever introducedThat is, we

first use the urbanization from our Ilgsriod of observation and subtract the estimated effect
of adopting the heavy plouglln(l + urbanizationilmoo) — B -In(1 + PloughFraction;)

using the model in column 3 fable 1. We then aggregate over all counties and calculate the
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average urbanization in a world without theavy ploughThis is found to be35.8 towns
This should be compared to the actmamber of 63 towns in AD 1300n AD 975, before
the heavy plough became widespreadly two towns existed in Denmarkence, in the
counterfactual setting the increasenumber of townsvould have beeonly 33.8compared
to the actual increase 61; or, to put it differently, the increase would have been 6Bl
of the actual increase. This means that the heawgpl@xplains44.8% of the increase in
urbanization from AD 975 to 1300 holding everything else constafihatthe heavy plough
explainsmore than 40%f the increase in productivity observed in the High Middle Ages

Denmark is not unreasonable givwee large amount of clay soil in this country.
<Tables 1, 2and Figure 7 about here>

Turning to flexible regressions, we obtain similar results. We show one representative
example in FigureZ, which controls for covariates. The effect of clay soils iaseeover

time and becomes significant as of AD 1175, with point estimates increasing from this time
onwards. Results are similar for the other mod®We also note that the timing of the effect

is later than both the medieval warm period in Denmark laadhift to rule by one king.

Robustness

In Table 2, we showobustnesshecks. @lumns1 and 2 use the luvisol measyréoth
unadjusted and adjusted for quality. While we find similar results, the coefficients are smaller
and less precisely estimate@here is little effect on the point estimate frahe quality
adjustnent but precisiordoes increaseNe already mentioned that some clay soils are not
classified as luvisol. This im particular true for the county of Soon Zealandand if we

drop this observatiopresults become stronger. Given that the Danish case has relevance for

Northern Europe in generdhe Sor¢, cassuggests that we mayadvertently exclude some

*1Urbanization mayead to pressure for adoption of the heavy plough. If so, our results indicate that it is only
the countieswith fertile, clay soil that are successful in using the heavy plough to suppotones Ideally,
we would want to investigatine importance opressure for urbanizatidoy checking if agricultural prices are
increasing. Price data are unfortunately not available for this péioe, however, that since we estimate an
ITT effect, reverse causality is not a concérn.
%%10ne could posit that the result in Figités driven by the fact that these soils are the most fémtilzenmark
and not the effect of the heavy plough. However, this is not plausible as grains had been grown in Denmark at
least since thé&ron Age, as Bo mentioned above, and we would expect that settlements took place on the best
soils first.
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clay-soil areas when wemploy theluvisol-basedmeasuré? Still, the fact that & obtain

similar (albeit weakenesults suggests that this choice is reasonable.

Jensen (2010) includes clayey sandy soils among the soils that would benefit from the heavy
plough. This choice may be questioned since this sabtsiefined as clay soil. On the other
hand, the sandy clay soils often coincide with areas that the older map mentioned above
classifies as moraine clay. Nevertheless, we investigate the importance of this soil type by
excluding it from our measure in ewhn 3, and we reach a similar conclusionveish the

baseline measure.

Column 4 demonstrates that adding latitude does not matter. This is hardly surprising given
that we are already investigating variation withingaographically small highatitude

country.

In column 5 of Table 2, we exploit that the Danish data allow us to control for the historical
level of suitability for growing barley. We use the barley payments demsgsure, which

most closelyresemblesistorical conditionsn the middle age Moreover, it can plausibly be
interpreted as increasing in suitability. The advantage of adding this measure is that it will
capture the effects of other innovations such as the-figldesystem and the harnesghich

led to increased use hbrsepowein ploughing (Mokyr, 1990). Areas with higher suitability

for growing ploughpositive crops arguably benefitame from these innovations. Yétthere

is still an effect 6 clay soils, it cannot be attributed to differences in suitability. alt, f
column 5 shows that we get a significangefficient, whichis abit larger than in the baseline
model. This is consistent with the heavy plough playing a pivotal role in opening up the clay

soils.

Column 6 investigates whether it matters that weplagd the log transformatiomo the
variables andwe find that it does not

Overall the results presented in this section prowsti®ng quantitativeevidence that the

breakthrough of the heaypfough mattered foeconomicdevelopment in Denmark.

1
*IThe Sorg, area is classified as mainly cambisol according to the European soil database. This suggests that
some cambisol is clay soil and may be better claskifs clay soils. We have investigated the effect of
including fertile cambisol in ouPloughFractionmeasuren the European dataséiffects becora stronger and
more significantConsequentlythese results are in line with what we find for Denmark.
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6. The European sample

As indicated above, the measurensene have collected for Europare less precise. Yet
testing the heavy plough hypothesis for the whole of Europe is importaihis (1962)
intended his plough hypothesis to be applicable to Europe in gemkeahext subsections

describe th dataseas well as the results of using it to estimate equations (1) and (2)

6.1Data

Compared to the Danish cashketEuropean data areore aggregatespatially as well as
temporally They are constructed #ie regional level, andhey areonly observed every 100
years.The European regions we use are the Nomenclature of Territorial Units for Statistics
(NUTS) regiors. We have chosen NUTS level 2, because it gives a detailed and relatively
uniform subdivision of Europe. At thigVel, Europe is divided into 3¥@gions®? Given our
historical period of interest, we focus on the period-5800 with observations every0D

years® Next we discuss the data in more detail.

With respect to urbanization, we constraaineasurethat is analogous tdhe town density
measure in th®anishsample® but now we usdistorical maps from EurAtlas for the period
500-1300% In the construction of EurAtlas, the researchers relied on historical atlases as well
as the historical recosdo construct map¥ The approximate foundation year of cities is the
inclusion criterion for a specific centuf{.In the empirical analysibelow, we use the
numberof cities persquare kilometer. Bairoc{iL991, pp.135.36) stresses that the period

from 900-1300 was a periodf rapid urban growth in Euro@nd points out that the way this

32 Figure @ in Appendix C showshe NUTS 2 divisionIn our analysis we use 269 regions. 38 regions cannot

be included due to lack of soil data (Cyprus, Iceland, Malta, Turkey as well as overseas territories of France,
Spain and Portugal). We also exclude 10 regions due to uncertainty about their spidgdestnote 42.

33 We begin our investigation before the (presumed) widespread adoption of the heavy plough, and we end
before the medieval economy was hit by the devastating pl&jven the evidence in Henning (1987) and the
linguistic evidence, AD 6D appears the most plausible century in which we should expect to find an earlier
effect. Thus, we begin 100 years before in AD 500. For Denmark, starting in AD 675 is equivalent to starting in
AD 500, since no towns had been founded before AD 700.

3 Note that themeasuregfor Denmarkincludes towns that were left out of the EurAtlas. In fact, the EurAtlas
researchergdicated in personal communication that cities are missing in the case of DeamdeBkandinavia

more generally We have 63 towns in the Dish dataset and 18 cities in EurAtlas. Yet, the timing of
urbanization is largely the sanie the two datasets the sense that new urban settlements become more
frequent after AD 1000.

% TableE3in appendix E shows a list of the number of cities for each century.

*®Foran example of their sources, bétp://shop.euratlas.com/bibliography/gis_500.html

%I The EurAtlas reearchers indicated in personal communication that the foundation is determined using
information on when the city is included on a historical map or from the time thleeremains of a city can be
attested.
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KDSSHQHG ZDV SDUWO\ E\ 3SWKHZFYHDN)Y FFQ RW HDU YU HDQNG FSIT
expansion of existing cities. He produces estimates of the number of cities from 800 to 1300
for Europe as a whole, and shows that both the number of cities and urban populations more
than tripledduringthis period. Thisuggests that ithe historical period we covére number

of cities follow growth in urban population, and we therefore regard our measure as the best
proxy available. We also note that an advantage of this measure is that it tracks the transition
from insignificant villages to citieswhich took place in the period under study. Another
advantage is that we do not have to make an arbitrary popubmiged cubdbff of what
constitutes a city. A disadvantage of this measure is obviously that we do nateciyat

growth of existing citieS® In order to give an impression of the data, we plot our city density
measures foAD 500, 1000 and 1300 in Figureaddnotethat many new cities are founded

in the North of Europe; for atlenturiesseeFigure C3in Appendix C

<Figure 8 about here>

We also need a measure of clay soils for the European dassemploy the European Soil
database, which builds on the classification system of the Foodgmllture Organization
(FAO). In this system the soil type knownlasisol fits most closely the description given in

the historiographical literaturend correlates with clay soils presence from other sources.
Luvisol is rich in clay, has higher clay mient in the subsoil than in the topsoil, and its soll
profile implies that clay content increases with soil depth (FAO 2006; Louwagie et al.
2009)*° In fact, evidence on the relative advantage of the heavy plough on clay soils exists in
the form of moderrmouldboard ploughing tests, which reveal that mouldboard ploughing
increases crop yields on clay soils with considerably higher clay content in the subsoil than
the topsoil (GuulSimonsen et al. 2002).

3 Available data on the size of cities Bgiroch et al. (1988) are unfortunately very sparse for the period before
AD 1300, and even in AD 1300 there are mangsinig observations (see Table B4Appendix E). For all
countries, the majority of cities have missing observations, and for somartheyissing entirely for AD 800,
900, and 1000For AD 1100 there are no dafeor AD 1200 some countries has one or two observations, but
they are missing for most cases. This is true for Austria, Belgium, Denmark, Hungary, Netherlands, Norway,
Romania, ad Sweden. For the United Kingdom and Ireland, a similar picture emerges, but there a few cities
with nonmissing data for AD 1000. Both the EurAtlas and the Danish data suggest that we cannot simply
replace missing observations by zero values for themes y€hus, we cannot use tBairochet al.data.
% This is a result of pedogenetic processes, which leads tealsd argic subsoil horizon. The presence of an
argic subsoil horizon requires that the clay content increases sufficiently with depth
(http://eusoils.jrc.ec.europa.eul/library/Maps/Circumpolar/Download/3P.pdf
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Fertile luvisolis much more common in Northern Europe than in Southern Eudope.

mentioned, ts geographical locations fit closely with the areas where historians have pointed

WR WKH SUHVHQFH RI 3FOD\ VRLOV" B3KHDY\ VRLOV® RU 3Kt

heavyploughs would have been beneficial. At this general level, Hodget2,(p916) argues

WKDW WKH WHPSHUDWH ]J]RQH RI (XURSH FRQWDLQHG PXF

OHGLWHUUDQHDQ ]JRQH WKRXJK VRPH KHDY\*Ymu@s/ H[LVW
S DUJXHVY WKDW 3SWKH KHDY\ SORXJK ZLWK LWV FR

LI WKH KHDY\ FOD\V RI WKH 3ROLVK SODLQ ZHUH WR EH

dominant soil in PolandseeFigure CI, Appendix C. Hodgett (127 p. 16) argues that the

KHDY\ SORXJK ZRXOG EH XVHIXO RQ WKH 3KHDY\ VRLOV”™ LQ

also notes that the heavy plough was in use in the Po Valley in later times for reasons of soil

and climate. In fact, in the region obimbardy, whichcovers a large padf the Po Valley,

luvisol is highly prevalent. In line with this, Parain (1966) notes that heavy ploughs were

used on the clay soils of Lombardy

As notedaconcern regarding the use of data based 8rc@ftury soil maps is that they may

not represent the composition of soils in the Middle Ages. Many authors in the
historiographical tradition write on the presumption that predamt soil maps are
informative of past conditions. Comet (1997, p. 27), tample, argues that the
3IIXQGDPHQWDO FRPSRVLWLRQ RI VRLOV LQ 1RUWKHUQ )UD
WKH HOHYHQWK FHQWXU\ =~ 7KLV LV QRW DQ XQUHDVRQDE
indicatesthat heavy clay soils appear to have bemméd long before the Middle Agék.

According to Alexandrovskiy (2000, p. 238), for instance, the steppe stage with chemozem
soils was replaced by a forest stage with luvisol in regions of Russia 3000 years ago and in
Central Europe some 11,000 years afjoe evidencepresentedor the case of Denmark

suggests that modern geology correlates with that of the Mastover,country level data

for 1925 from Mitchell (2007) show a positive and significant relationship between historical
barley production andugtability (seeFigure D1 in Appendix 2 County level data from 19

century Prussia confirm a positive and statistically significant correlation between historic

barley yields and our barley suitability measure based on prdagr-AO data (seEBigure

D2 in Appendix D. Finally, data for 19 century Prussian counties, as well as for Danish

“0TableE5in appendix E shows the distribution of heglgughsuitable soils across presenydauntries.
*! Nevertheless, Comet (1997) warns that it would be wrong to take continuity for granted. For example, he
notes problems of soil erosion, which was facilitatedhsclearing of land.
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counties,show that the location of luvisol and historical clay soil correlates posit(gely
Figures D3 andD4 in Appendix D)

For the European case, wenstructPloughFractionas the fraction of the area of eaelgion

that contains luvisol with Sl greater or equal to a certain threshold foloaghpositive
crop*? We constructhe baseline measure &loughFractionusing luvisol withSI > 55 for
barley In terms of soil suitability classification, this corresponds to using luvisol with at least
good suitability for growingbarley, but we also investigate other crops and different
thresholds for St* We focus on theuality-adjustedmeasureas only about half the luvisol

in Europe has good soil suitabilitgince our measures are a function of Sl, a clearer notation
is PloughFraction(Sl)and we therefore denote our baseline measufdayghFraction(55)

see footnote 43. PloughFraction(55)is visualized in Figured. This map confirms that
relatively more heavyploughsuitable land is found in Northern Europe and tiorthern

parts of Italy.
<Figure 9 about here>

6.2 Control variables and threats to identification

The conditions foridentification of a causal impaatesimilar tothe Danish cas&Ve repeat
them here for convenienceldentification of a causal effect requires that we are able to
control for all changes unrelated to the heavy plowgtich (i) occurred around the time of
plough adoption ifeurope andwhich at same time both (ii) correlate with plough suitability
and (iii) affect urbanizationGiven that temperaturand other variablesary little within
Denmark given thatuniversities were ot founded in this period in Denmakndgiven that

the Romans never occupied Denmatfkese conditions are arguabhore demandingn the

Europen sampleWe next discuss potentifdctors that fulfill the three conditiorend how
“2 Due to uncertainty we drop regions where more than @0the soil is not defined. 1@gions aremittedin

this regard but including these regions only strengthens our re3edtszigure C2 idppendix C

*3 pPloughFractioncan be written in precise terms in the following wagt E be the distribution funatin for
luvisol, and letG bethe distribution for suitabilityThen our measure akefulness of the heavy plough

ff 1[luvisol>0]1[suitability251] dFdG
Area

PloughFraction(SI) =

where 1}, is the indicator function an8lis the suitability index threshold level. In most estimati®iss 55,
ZKLFK LV WKH GHILQLWLRQ RI 3JRRG VXLWDELOLW\" KRZHYHU ZH DC
corresponding tcl DQG 3KLJK Vchrieapbrigib@ttsWe\70. e Figure C1 inAppendix C for
further details.
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we deal with them in # empirical analysidNote alsothat we always include regional and

time fixed effectsn our regressions, as in the Danish sample

Medieval Warm period As mentioned for the Danish caste climatic changes that
occurred throughout the s@alledMedieval Warm Periodhay have played a rol&he period
from AD 950 to 1250 is considered to have been w&8midtet al. 2010)andthis may have
been beneficial foagricultural productivity (Koepke and Bat2008) If higher temperatures
correlate withthe prevalence of heavy clay saicross Europewe risk confounding the
heavyplough effect with a climatic effect. Tiakethis possibilityinto accountwe include a

variable measuring the mean temperature in a given region for each century.

Universities A recent study finds that the establishment of medieval universities played a
causal role in expanding regional economic activity (Cantoni and Yuchtmat).Z0this
would constitute a problem to the extent that a correlation betihedrcation of uiversities
and heavyploughsuitable areas exists. To rule out this concern, we include a variable

measuring the number of universities in a given region for each century.

Rye and thredield systemMitterauer (2010emphasizes the importance of rye arads as

newly introduced crops in the Middle Ages. A new crop such as rye may have increased
cereal productio in some areas, which mayvealed to higher urbanization. In an effort to
separate out the effect of rye, we include the share of the land adgiom that is strongly
suitable for rye cultivationas in the analysis of the Danish dafdevertheless, the
introduction of rye is unlikely to be completely independent ef ddoption of the heavy

plough asalsodiscussedn Section 4.2

Institutions The introduction of the heavy plough may have been a function of local

institutions. In some places its introduction may have been delayed; in other places,
institutions may have pushed it forward. Regional fixed effects will partly account for these
scenaios. However, the heavy plough itself may have induced institutional change, as
suggested by White (196%).To deal with this possibility, we control for a timarying

effect of institutional heritageSpecifically, we interact a dummy variable for beiagart of

*4 The majority of medieval universities were oelstablishedfter AD 1300, the time at which our observation
window closes. Yet some universities were open before 1300, for which reason we control foetesice.
“5 White (1962) emphasized a link from the heavy plough to the development of the medieval manorial system,
which is an indireceffectof the heavy plough on development.
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the Roman Empire at some point in the past wittetdummies. Landes (1998) has argued
that Roman presence in an area left imgatrtcultural and institutional iprints that may

have hagersisteneffects

Trade We also includea timevarying effect of access to trading routes by f@mathe same

reasons as discussiedSection 4.2

6.3 Results
The discussion in this section is organized as follows: Seét®A presentsamain results
from the estimation gfrespectively the nonflexible and the flexible modglSection 6.3.2

presents rolling estimateshile Section6.3.3 reports the robustness of our findings.

6.3.1Main results

In the nonflexible setup we assume that the exact date when the heavy plough was widely
adopted in Europe is known; and, as discussed in detail in Se@jahi2.reasonable to set

this date to AD 1000.

<Table 3 about here>

Table 3 presents the results for the nfdexible modelin columns 1 and.Zolumn 1 shows
the results when thenly controls are time and regional fixed effeatdereas column 2
includes all controls. Inspection of the table reveals that the effect of hasawyplough

suitable area is positive and significant, both with and without control variables.

We alsocarry out a counterfactual calculation similar to the one for Dennfranrk Europe,

we find thatthe heavy plough explains 15670f the increase in urbanization from AD 900 to
AD 1300 holding everything else constant. That the heavy plough exphaire tha one

tenth of the increase in productivity observed in the High Middle Ages is not unreasonable,
keeping in mind that we are considering tb&l effectof the plough in anainly agricultural
economy.Yet, given the information from the Danish data, we also note that the use of cities

rather than towns and less precise clay soil data could lower the effect.

Turning to the flexible model, where the timing of the widespread diffusion of the plough is

assumed unknowy we report results in columns 3 andvith and without controlsAs is
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evident upon inspectioof the table, the plough’s effect on urbanization increases as of AD

900 and the precision of the estimated effect also rigesarlier centuries, before the
breakthrough of the heavy plough, there was no effect of having fertile, heavy cl&y soil.
Hence the results based on the more demanding flexible model are consistent with those of

the nonflexible model.

The flexible approach hakd obvious advantage that we can visualize the time varying effect

of the heavy plough in a graph. Figuté shows the estimates for each century (based on
column 4 of Table). As in the Danish case,ennclude two types of 96 confidenceébands:

one set bbands based on clustered standard errors at the NUTS 2 level and another set based
on Conley standard errors. Clustering takes into account the fact that we observe the same
regions over time, for which reason we do not have independence in the timesidime
Conley standard errors take spatial autocorrelation into account. We expect realistically that
geographically closer regions exhibit increasing dependence; distant regions are assumed
independent. In effect, we assume that regions separated by thare500 km are
independent.

<Figure 10about here>

6.3.2. Rolling regressions

In order to further test whether our chosenaffitdate is reasonable, we follow Nunn and
Qian (2011) in performing rolling regressions for a number of four hurgkadepochs. The
idea is to assume different dates of introduction, and then test wiieéhéeavy plough
contributed to growth under that assumption.

The results can be seen in TaBleln column 1 we assume a breakthrough of the heavy
plough in AD 700, using only data from 5800. In particular, we test whether there is an
effect of havilg heavyploughsuitable area in AD 700 and 800. We repeat this in columns 2
to 6 for the periods 60900, 7001000, 8001100, 9001200, and 100@300. A result

consistent with the ctdff date being AD 1000 would be insignificance for the cases that do

L L |

“®We note that theoefficient on the dummfor AD 700is positive andmarginally significant at the 26 level
when we include our full set of controls in the urbanization model. Tdsslt is not very robust. First,
significance is absent in the model without contr@econd the finding isnot robust to making reasonable
changes to PloughFractipgeeFigure E2in Appendix E,where weadd eight modelsto our baseline model.
Four produce resultsvhere significance is below the 10 percent le¥hally, the rolling estimates reported
below suggest no early effects.
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not include AD 1000 in the pesidoption period. For the later rolling periodsiyring which
the heavy plouglwas presumably already in widespread uketh post and preadoption

periods will in effect have been treated.

<Table 4 about here>

By and lage, the rolling regressions reveal an increasing effect over time. In panel Al and
A2, the point estimate of theausaleffect of the heavy plough increases significanthyew

both post centuries contakD 1000 andAD 1100. This is not surprising giverattthis is the

first specification where both paenturies are in the expectegtreated rangeand both post
centuries are in the expectedarment range.The main difference between panel And A2

is that in columrb the effect of the heavy ploughnst precisely estimated when we include
the full set of controlgpanel A2) though it is similar to the one with only region and year
fixed effects(panel Al) Note thatin column 6we estimate ordata, whichonly include

treatment years

6.3.3Robustness

So far we have found strong evidence that the heavy plough had a sizeable and increasing
impact on regional economic development as of the closing of the first millerkiunin

this section we report on the sensitivity of our results witheetsto permutations of the main
independent variabl&’ First, we check whether the results are robust to alternative measures
of heavyploughsuitable landand we alsorun a placebo experimernfecond we discuss

additionalrobustness checks.

Alternative measures of heavy-plough-suitable land
So far we have worked with a measurehefvyploughsuitable land that relies on luvisol
and good conditions for growintgarley. This particularchoice of soil, suitability leveland

crop may be questiead. Table5 explores this issue

We first quality adjustusing wheat rather than barlapdobtain similar a resulfsee column
1). We next use medium and high suitability levels for growing barley and obtain

gualitatively similar resultgsee columns 2 and .3Jhenwe investigate the effect of not

“"We hawe alsoestimated models using available data on population density. Discussion of these data and some
representative results may be found in Appendix E.

28
1



adjusting for qualitycolumn 4) While the effectremainspositive, the coefficient is smaller.
Given that almost 50 percent of luvisol has less than good suitability, it is hardly surprising
thatthe effect is reduced. Yé¢te coefficientremainssignificant at the 10 percent levéis
discussed above, luvisol fits well with the soils that historidestify as being suitable for

the heavy ploughBut there maybe other soils that would gain from the heavy plolyle.

thereforeturnto the sensitivity of our choice of soil type

Gleysol isawetland soil (FAO2006) which Edwards (1990describess poorly drained soil

for the case of the Ireland. Since ondhad advantages of the heavy plough was its ability to
assist drainagewe addthis soil to our plough measure. We do isoorder to test the
sensitivity of our choice of luvisplbut also to test for a potential impact in these areas.
Inspection of Table %column 5) revealshat results are similaA soil type, which is very
similar to luvisol,is albeluvisol. Both have argillic horizons, and modern day deep ploughing
may have converted luvisol into albeluvisékifold et al. 2009p. 48), which mayin turn be

a cause omeasuremengrror. Yetincluding this soil type does not change the reqisk
column 6) which is not surprising since Arnold et al. (200948) note that the difference
between the two soil types is subti¥e theninvestigatewhethe we arein fact capturing
arother differential effectwhich we would havecaptured with any kind of cropVe know
that the potato strongly influenced arbzationin potato suitable areas after 1700 (Nunn and
Qian 2011). However, as the potato was unkmowvEuropeans before the discovery of the
Americas, we should nétas a matter of logi¢ see anypositiveeffect of potatesuitable soil

on urbanization during our observation window, B@D0. Consequently, we perform our
regressionsisingthe share of a region with good suitability for growing potatoes as our main
independent variable. This is a placdippe experimentThe resultfrom a nonflexible
modelusing potato suitabilitys shown incolumn7. We note thathe effectis completely
absentOverall, this resulsubstantiatethat the effect which we attribute to the heavy plough
is not just a generapositiveeffect that any crop would give rise to and, in particular, not a
crop that would turn out to be very important later indrigt

<Table 5 about here>

Further robustness checks

Table 6provides further robustness checks. In columwé show thathe result iinaffected

by allowing for a quadratic effect of temperature. Nextcolumn 2 we demonstrate that
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using the log transformatias not critical for the result. In the Danish case, we demonstrated
that latitude did not affect results, and we note that this is also true in the European case
though precision is decreasd®egarding controls for institutisn we follow Blaydes and
Chaney (2013) and use the fact that the institution of feudalism originated in the Carolingian
empire, and add a control for the share of a region that was part of the Carolingian empire in
AD 800. Again, there is little effect atle results. We also show that results are robust to
including a redefined measure of Roman heritageh includes a larger set of countrisse
column 5 In column 6, we consider clustering at the country level as an alternative to the

Conley method, ahwhile precision is decreased thealue is still about 2.

<Table 6 about here>

7. Conclusion

This paper provideghe first HPSLULFDO H[DPLQDWLRQ RI WKH 3KHDY
proposed by White (1962). The hypothesis holds that the heavy plough played an important

role for population growth and urbanization in the Middle Ages. The results emerging from

our analysis of twondependendiatasets strongly corroborate the hypothé&§is find that the

heavy plough accounts fonore thard0 percenbof the increase in urbanization experienced

in the High Middle Agsin Denmarkin particularand15.7% in Europe more generallpur

paper therefore complements the qualitative accounts found in the historiographical literature

on medieval technology.

This paper also speaks to the modern literature on the deep determinants of economic
development. Specifically, wanalyze an imgrtant example of the sophisticated geography
hypothesis: Clay soils conferred no advantages prior to the introduction of the heavy plough;
however,once the heavy plough arrived, access to the fertile clay soils provided advantages

in terms of productivit, acess to new and fertile land, adtera

Our empirical analysis naturally contains some weaknesses. First, since we estimate the total
effect of the heavy plough, the paper is unable to add to the debaterefative importance

of institutions versus geography in economic development (Acemoglu et al. 2005). Second,
identification of a causal impact rests on our ability to control for all other changes unrelated
to the heavy plough that occurred around the time ofgbl@doption ilenmark and at the

same time both correlate with plough suitability and affect urbanizafieind, we cannot
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disentangle interaction effects of the heavy plowgth the introduction of horse$or

ploughing caused by the invention of thartess (Mokyr, 1990). Yet, a detailed study of

England by Langdon (1989.268 FRQFOXGHV WKDW 3WKHUH LV OLWWOH
introduction of the workk RUVH LQFUHDVHG FURS \LHOGV™ ZKLFK LV |
that oxen couldperform the same function as horg&sokyr, 1990). Finally, we have to
assumehat the geology of thenedievalperiod is similar to that of lat periods. & have

shown that present day soil suitability matches that of th& amd 19" centuriesfor the

Danish and Prussian cases. For the whole of Europe, we only have dadgrizory data,

and while these data are consistent with the Danish and Prussian date weble t@o

back any furtherWe leave attempts to improve the analysis along thedaidnsions for

future research.
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Figure 1: The ard (a) and the heavy plough (b). Source: Fowler (2002).
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Figure 2:Establishment of towns and clay soils in Denmark
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Figure3: Historicand present day clay spibanish counties
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Figure4: Historic barley yields and FA®arleysuitability, Danish counties
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Figure5: Tenant barley payments in 1662

Notes: Each point on the map represents 20 toender barley in payment to the landlord.
Toender is an old Danish meas(tdgoende = 0.55 hectares).

Figure6: Barley payments in 1662 and FAO barley suitability
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Note:Coefficient = 5.5173,t!stat = 5.55,N = 18,R? = 0.64. Densities of barley payments calculated as the

sum of barley payments divided by the county area.
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Table 1: Resuéifor the Danish dataset

) 2 3 4) 5)
Dependent variable: In(1+Urbanization)
Clay
Clay with Clay for (Ussing,B99
good barley Clay with all subsample  with all
Clay suitability  covariates  Jutland covariates
L post 0.00169*** 0.00153** 0.00168*** 0.00063* 0.00185***
In(1+PloughFraction) *I (0.00031) (0.00031) (0.00049) (0.00031) (0.00041)
[0.00028] [0.00024] [0.00038] [0.00021] [0.00045]
Distance Coast No No Yes Yes Yes
In(1+rve) No No Yes Yes Yes
FE (Time and county) Yes Yes Yes Yes Yes
Observations 650 650 650 364 624
R-squared 0.71 0.71 0.75 0.82 0.75

Notes: PloughFractior fraction of county with clay (columns 1, 3, and 4), = fraction of county with clay and
good barley suitability (column 2%, fraction of countywith clay, based on Ussing, 1888lumn 5) Column 4
only includes counties in Jutlan@olumn 5 excludes @county dudo the extent of the Ussing 1898ap.
IPost = 1if year = 1000. Controls interacted with time fixed effectSlustering atcounty level.Cluster
robuststandard errors in parentheseish corresponding significance levels* p< 0.01, ** p<0.05, * p<0.1

Conley standard errors calculated for spatigocorrelation within 200 km in square brackets.

Table 2: Robustness for the Danish dataset

@ 2 ®) ©) ®) (©)

Dependent variable: In(1+Urbanization)

Luvisol with Clay without Clay with all Clay with all Clay with all

good barley clayey sand covariates

covariates covariates-

Luvisol suitability soil addlatitude add suitability linear model
: pos 0.00097* 0.00107** 0.00163** 0.00151** 0.00173%*
*
In(1-+PloughFraction) 1 (0.00050) (0.00050) (0.00024) (0.00055) (0.00056)
[0.00035] [0.00034] [0.00020] [0.00043] [0.00040]
PlouahFractioh IPOSt 0.00116"*
(0.00031)
[0.00023]
Distance Coast No No No Yes Yes Yes
In(1+rye) No No No Yes Yes Yes
FE (Time anctounty) Yes Yes Yes Yes Yes Yes
Observations 650 650 650 650 546 650
R-squared 0.68 0.68 0.72 0.79 0.80 0.75

Notes: PloughFraction fraction of county with luvisol (column )1 fraction of county with luvisoland good barley suitability
(column 2), =fraction of region with @y but not clayey sand (colum, & fraction of county with clay (columns 4, 5, and 6).

IPost = 1if year = 1000. Controls interacted with time fixed effects. Clustering aintp level. Clusterobust standard errors

in parentheses with corresponding significance levels: *** p<0.01, ** p<0.05, * p<0.1 Conley standard errors calculated for
spatial autocorrelation within 200 km in square brackets.

40



Figure7: The effect otheheavyplough on urbanization in Denmark
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Notes: Estimates correspond to the flexible model of column 3 in Table 1. Clustering on county3eWesters), Conley standard
errors calculated for spatial autocorrelation within 200 km.

Figure 8:Urbanization in Europe ABO0O, 1000 &1300at NUTS 2 level
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Table3: Results for the European dataset

1) (2) 3) (4)
Dependentariable: In(1+Urbanization)
Non-Flexible Flexible
Post 0.00031*** 0.00026**

In(1+PloughFractiof55))*l (0.00011) (0.00011)

_ 600 0.00005 0.00008
In(1+PloughFractiof55)) *I (0.00005) (0.00005)

_ 700 0.00007 0.00010*
In(1+PloughFractiof55)) *I (0.00006) (0.00006)

_ 800 0.00001 -0.00001
In(1+PloughFractiof55)) *I (0.00006) (0.00007)

. 900 0.00012 0.00009
In(1+PloughFractiof55)) *I (0.00009) (0.00010)

_ 1000 0.00024** 0.00022*
In(1+PloughFractiof55)) *I (0.00012) (0.00013)

) 11 0.00030** 0.00025*
In(1+PloughFractiof5)) *I (0.00013) (0.00014)

_ 1200 0.00043%** 0.00040%*
In(1+PloughFractio(b5))*| (0.00015) (0.00016)

) 13 0.0004 7*** 0.00037**
In(1+PloughFractiot55))*l (0.00017) (0.00017)

Controls (x Year fixed effects):

Roman Heritage No Yes No Yes
Rye No Yes No Yes
Universities No Yes No Yes
Distance Coast No Yes No Yes
Mean Temperature No Yes No Yes
FE (Time and Reaion) Yes Yes Yes Yes
Observations 2,421 2,421 2,421 2,421
R-squared 0.89 0.89 0.96 0.97

Notes: PloughFraction(55) = fraction of region with luvisol and daexteysuitability (5 +R w)y TM9L s<>ffR srrr
Clustering on NUTS 2 leveClusterrobuststandard errors in parentheses, *** p<0.01, ** p<0.05, * p<0.1

Figure 10: The effect of the plough on urbanization
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autocorrelation within 500 km.
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Table4: Alternative dates of introduction

(1) (2 3) 4) (5) (6)
Dependent variable: In(1+Urbanization)
700-800 800-900 9001000 10001100 11001200 12061300

Post:
Years: 500-800 600900 7001000 8001100 9001200  1000-1300
Panel Al: Region and time FE
. Post 0.00002 0.00000 0.00014*  0.00021**  0.00019*  0.00018*
In(1+PloughFractio(65))*l (0.00005) (0.00006) (0.00008) (0.00008) (0.00008) (0.00009)
. 1,076 1,076 1,076 1,076 1,076 1,076
Observations
0.92 0.93 0.95 0.95 0.95 0.95
R-squared
Panel A2: Main speciation
. Post 0.00001 -0.00005 0.00010 0.00019*  0.00017** 0.00015
In(1+PloughFractio(65))*l (0.00005) (0.00007) (0.00008) (0.00009) (0.00008) (0.00010)
Observations 1,076 1,076 1,076 1,076 1,076 1,076
R-squared 0.92 0.93 0.95 0.95 0.95 0.95

Notes:The cependent variables urbanization. For each dependent variable panel 1 shows estimates with no covariates and panel 2 our main
specification controlling for Roman heritage, rye, universities, distance to the coast and mean temperature. Dummig<icaptmuh
regionalfixed effects (FE)are included in all estimationBloughFractio(b5) = fraction of region with luvisol and godshrleysuitability

(SI = 55). 1Post = 1 ifyear > 1000. Clusteringat NUTS 2 level. Clusterobust standard errors in parentheses, ** p<0.01, *0.p§, *

p<0.1

|

Table5: AlternativePlough fractiormeasures

@) 2 €)) 4) 5) (6) )
) With With Potato
Wheat(55) Barley40) Barley(70) Unadjusted Gleysol Albeluvisol  placebo
ion) A7 0.00024** 0.00023** 0.00033** 0.00015* 0.00036** 0.00021*
In(L+PloughFraction) *I (0.00011) (0.00011) (0.00016) (0.000®) (0.00010) (0.00010)
In(1+PotatoFraction) *E.IDSt 0.00008
(0.000D)
Observations 2,421 2,421 2,421 2,421 2,421 2,421 2,421

Notes: Dependent variable lig(1+urbanizatiof. Main specification controlling for Roman heritage, rye, universities, distance to the coast

and mean temperature. Dummies capturing time and regional fixed effects (FE) are included.

Table6: Otherrobustness checks

@) 2 3 4 ©)] (6)
Carolingian Alternative  Clustering
Quadratic Linear Latitude Empire Roman At
temperature  model control Heritage Country level
Post Kk % Hk Kok *
i sPloughFracion) i 099028 guoozz o oo soao
PloughFraction 0.00020**
(0.00010)
Observations 2,421 2,421 2,421 2,421 2,421 2,421

Notes: Dependent variablelig1+urbanization. Main specification controllinfor Roman heritage, rye, universities, distance to

the coast and mean temperature. Dummies capturing time and répiedaffects (FEpre included
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AppendicesA-G for
“The Heavy Plough and the AgriculturalRevolution in Medieval Europe”

(Intended as supplementary material- not intended for publication).
Appendix A: Control variables

Rye
A measure controlling for the adoption of rye is calculated as the share afcestiiNUTS
region with very high suitability for growing rye. The suitability measure comes from a raster

map from theGlobal Agreecological Assessment 2002.

Distance tothe coast
The variable is constructed as the distance from the centroid oteanty/NUTSregion to

thenearestoast calculated in ArcGIS.

Roman heritage

Roman heritage is coded as 1 if the region was once occupied by the Roman Empire and zero
otherwige. Data onRoman occupationare based on Langer (1972). The countries with
Roman heritage are Belgium, Britain, France, lItaly, Netherlands, Portugal,, $pain
Switzerland.

!

Universities

We calculate the number of universities in each NUTS region for each century. The variable
is coded as the sum of universities foundexfore a given century. Data on university
foundations are from Verger (1992).

!

Temperature

Guiot et al. (2010) have astated gridded summepring temperature for each year back in
time until AD 600. The estimations are based on-tiregs, historical written documents
pollen assemblagesind ice cores. To obtain a measure for each century and region we
interpolate the ata for each century using inverse distance weigintd afterwards calculate

the mean temperature for each turn of century from AD 700 to 1300 for each region. The

mean is based on the temperatures for the preceding and following fifty years. (Data only go

||||||||||||||||||||||||||||||||||||||||||||||||||||||||

! See AppendixG for a description of the method



back to AD 600 so the mean temperature in AD &0Based on the mean from 600 to 649.

We make the crude assumption that the mean temperature in 500 is the same as in 600, but
our results are robust to excluding AD 500.) An alternative method, to which our results are
robust, is allocating a temperatucegach NUTS region from the measurement of the gridded

data that is closest to the centroid of the region.

The power parameter used in the interpolation is two. The number of observations used as
neighbors is seven. Figure Al shows the estimates ofvérage temperatures for AD 1000
on NUTS 2 level and the 5 x 5 degree geographical distribution of the measurements they are

based on:

® Nuts2
° Average Mean Temp 1000
*
¢ B 000
. I 0.01-862
*
. B 8.63 - 11.51
. Jo ] 1152-13.08
3 o [ ]1309-1a11
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I 1sc0-2025
*®
B 2026-22.16
*

*

Figure Al: IDW average temperature in AD 1000 on NUTS 2 level



Appendix B: Descriptive Statistics

Number of Standard
Variable observations Mean deviation Min Max Definition
Danish sample
Urbanization 650 0.0005 0.00(B 0.0000 0.0036 E“mber of towns per square
ilometer
Distance to coast 650 10209.6 75418 0.0000 29454 Distance from the centroid to
the coast in meters
Rye 650 0.0390 0.0835 0.0000 0.3745 fShare with very high suitability
or growing rye
Luvisol share 650 0.4781 0.2996 0.0000 0.9425| Fraction with luvisol
Clay share 650 0.6465 0.3264 0.0159 0.9792| Fraction with claysoil
European sample
o 2421 0.000342 | 0.000373 0 0.002622 | Number of cities per square
Urbanization kilometer
. . 2421 10.52863 14.00224 0.009202 312.5013 |Average population per squars
Population density kilometer
Fraction with luvisol and good
PloughFraction (55) 2421 0.100194 0.12487 0 0.933831 suitability for growingbarley
Fraction with luvisol or gleysol
and good suitability for growin
PloughFraction (5%arley+ gleysol) 2421 0.130462 0.139400 0 0.933831 barley
. 2421 0.460967 | 0.498577 0 1 Indicator being 1 if once
Roman heritage occupied by the Romans
2421 0057716 | 0.105481 0 0.662891 | Share with very high suitability
Rye for growing rye
. 2421 0.005783 | 0.081106 0 2 Number of universities founde
Universities before the given century
. 2421 133494 126962 0 551854 | Distance from the centroid to
Distance to oast thenearest coast in meters
Average temperature calculatg
as the mean of each region fo
2421 14.77275 2.764674 | 4.530412 21.96702 | he interpolations of every

Mean temperature

century




Appendix C: Soil and suitability maps

Figure C1: Barley suitability in Europe

Barley Suitability
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Source: GAEZ, FAO 2002

For each cell (0.5 x 0.5 degrees) a suitability index (Sl) is calculated as a weighted average of
the parts of the cell thare 39 HU\ 6 XLWDEOH" 96 S6 XLWDEOH" 6
06 RU 2PDUJLQDO O Thexvkights BsedHn th& dlculation are

5+L 850r§ E50ry E /5 UravE 15 Uraa

The classification is determined in the following way. First each cell is characterized as either
suitable or unsuitable for cultivation from a number of climatic and geographic constrains.
Then the maximum obtainable yield is estimated as the confteairyield. For the suitable

cells the suitability of land is then determined as the percentage of maximum obtainable
yield. That is, the parts of the cell with attainable yields of 80% or above the maximum
potential yield are classifieds 296"~ 3 D U ¥it&in \bhly BA0% of maximum yields are
classifiedas36” DQG asRORQ -60%,as3P 6" -40%.
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Figure C2: NUTS 2 regions and geographical coverage

NUTS 2 regions

|:| Included regions
|:| Excluded regions

Note: Excluded regions are regions with more than 20 % undefined soil.



Figure C3: Average urbanization in Europe AD 5001300 at NUTS 2 level
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Figure C4: Distribution of soil in Europe, dominant soil

Soil Of Europe

Source: The European Soil Datalase



Appendix D: Modern and historical soil maps and the use of luvisol.
In this appendix, we probe into 1) the use of predamt suitability for growingplough
positivecrops and 2) the use hivisol for identifying the location of clay soils.

Use of presentlay soil suitability

We begin by correlating the FAO suitability measata national level with the actubérley
production in metric tons in 1925 pequare kilometefrom Mitchell (2007)? The scatter

plot shows gositive and significant correlation between the twsee figure D1. While the
relation is not very strong at the national leuwelterms of fif we expect it to be much
stronger in sumational data given the regional variation present in the map shofiguia

C4. We can dig further into this by using county level data from the agricultural census of
1886 for Prussia. This census coveistoricalcounties for Prussjavhich covers a large part

of present day Germany as well parts of Poland and southern Denmauke )@
demonstrates a positive and significant relationship between the FAO suitability measure and
historicyields. The Danish dateeported in the main texiso speaks to this, and we see that

all results go in the same direction, see Figures 4 and 6.

Figure D1: Barley production in 1925 and FAOsuitability

o
g
# DK
[Te]
- _]
=
- —
= #CZ SK

s DE

.005
|

®ES

Barley production pr km*2 in 1925

& BE

weE eLv
= *BCrr
GR
o | ®#fb o *PTacy' | #HR
T T T T T
0 2 4 6 .8

Share of region with at least good barley su'itability

Note: ‘3" <. frédrxxdPe—fl-tavéd L twad® L rdsx

2(QWULHV QRPLQDWHG LQ KHFWROLW H WykDi¥phing #ith QOFRQYHUWHG LQWR



Figure D2: Historical summer barley yields and FAO barley suitability
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Note:Coefficient = 3.2935 t!stat = 6.09, N = 431, R? = 0.078.

Use of luisol for identifying clay soils

We have already reported some results on the location of clay soils and luvisol for the case of
Denmark. Figure D3 shows that the relationship is positive and statistically significant. As
mentioned in the text, @xcounty Sor¢, is an outlier. We have also investigated this using data
for the Prussian Economic HistoBatabase, whiclhas data for 334 counties in Prussia.

These data also confirm at positive association between clay soils and luvisol, see figure D4.



Figure D3: Luvisol and historic clay soil in Denmark
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Note:Coefficient = 0.768, t!stat = 4.01, N = 25,R? = 0.497.

Figure D4: Luvisol and historic clay soils in Prussia
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Appendix E: Further r obustnessand information on urbanization data.

In this appendixwe consider whether the results are robust to replacing urbanization
measures by population dens#yg visualized in Figure EM/e also include some more
flexible estimation resultaVe finally include additional information on the urbanization data

and thePloughFractionmeasure used in the European case.

Figure E1: Average population density in Europe AD500, 1000 &1300at NUTS 2 level
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Source: Goldewijk (2010) and own calculations

Population densitgata

The focus on population density is usually rationalized by invoking Malthusian thinking
(Nunn and Qian 2011). In a Malthusian model, a-offigoositive productivity shock-as
brought about by the heavy plougis fully offset by fertility increases. Incomespperson

may increase in the short run; in the long run, however, any such increase is completely offset
by increased fertility and income per person therefore stays constant and population levels are
permanently highefAshraf and Galor 2011)

Obtainingpopulation density data at the regional level is possible but not unproblematic for
reasons that will be discussed below. We use gridded population density data from the HYDE
databasé, which was developed under the authority of the Netherlands Envirgdaimen
Assessment Agency. The measure is based on historical national population data such as
McEvedy and Jones (1978), Li@acci (2007), Maddison (2001), and Denevan (1992),
supplemented by historical subnational data (Klein Goldewijk et al. 2010; 2014)ir$h

problem with these data is that for periods before tffecg8@tury they are not constructed on

3klein Goldawijk (2010), Hyde Databasenttp://themasites.pbl.nl/en/themasites/hyde/index.html



http://themasites.pbl.nl/en/themasites/hyde/index.html

the basis of national censuses. The first census in continental Europe was that of Sweden in
1749, and data before this time are scarce meaning that é¢am are “guesstimates”
(McEvedy and Jones 1978)The second problem is that to construct gridded data, the
researchers who produced the HYDE database relied on various geographical weights. They
stress that these weights are unchanged over time andnilyapopulation density and the
amount of agricultural area change over time, which suggests that geographical weights could
be captured by regional fixed effeci&/e calculate the average population density at the
NUTS 2 level for each century of oursssvation period.While this variable is constructed,

it correlates positively with our measure of urbanizaficBiven that our urbanization
indicator is not a constructed measure, this suggests that the constructed population density

measures to some extent track economic development.

Regarding the results with this measufEable E1 shows that the coefficient on
PloughFractionis positive and significant in the ndlexible model with and without control
variables.We observe a positive effect from AD 900 onwards, which increases over time.
While, the quality of these data should be kept in mind when interpiténgesults, they are

largely in line with our general findings with the urbanization measures.
!

LU L L

%IRecent researchvhich uses McEvedy and Jones’s data include Nunn and Qian (2011) and Ashraf and Galor
(2011)!

® See Figure Ct Appendix C

® The correlation coefficient is 0.43.



Table E1 Resultdor population density

1) (2) 3) (4)
Dependent variable:
In(Population densiy In(Population density)

P

In(1+PloughFractiof®5))*I Osﬁ. 0.557*** 0.612%**
(0.215) (0.210)

600 -0.123 -0.249*
In(1+PloughFractiof55)) *I (0.151) (0.142)

700 -0.115 -0.322%%
In(1+PloughFractiofb5)) *I (0.133) (0.120)

800 0.081 -0.025
In(1+PloughFractiofb5)) *I (0.102) (0.081)

900 0.310* 0.324*
In(1+PloughFractiofb5)) *I (0.153) (0.152)

1000 0.418** 0.505*
In(1+PloughFractiof55)) *I (0.209) (0.213)

1100 0.459* 0.527*
In(1+PloughFractiof5)) *I (0.210) (0.207)

1200 0.669% 0.585*
In(1+PloughFractio(b5))*| (0.237) (0.232)

1300 0.803%** 0.616*
In(1+PloughFractiot55))*l (0.274) (0.263)

Controls (x Year fixed effects):

Roman Heritage No Yes No Yes
Rye No Yes No Yes
Universities No Yes No Yes
Distance Coast No Yes No Yes
Mean Temperature No Yes No Yes
FE (Time and Reaion) Yes Yes Yes Yes
Observations 2,421 2,421 2,421 2,421
R-squared 0.89 0.89 0.96 0.97

Notes: PloughFractiofg) = fraction of region with luvisol and gobdrleysuitability (SI > 55). IP°t = 1 ifyear > 1000.
Clustering on NUTS 2 leveClusterrobuststandard errors in parentheses, *** p<0.01, ** p<0.05, * p<0.1
|
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Flexible models with different measurePtdughFraction
Figure E2 shows #t the results shown in Figure kOthe paper are robust to changing soil

suitability and crop type.

FigureE2: Flexible estimates for different crops and suitability levels
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Notes: Dependent variable is urbanization. Main specification controlling for Roman heritage, rye, universities, dithenceasst, and
mean temperature. Dummies capturing time and regifixed effects (FE)are included PloughFraction(Sl) = fraction of region with
luvisol and crogsuitability according to the figur€lustering aNUTS 2 level.Dashed lineshowupper and lower 95 % confidence bahds.
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Additional Information onurbanizationdatases

Table E2: List of Danish towns and the year of establishment from Jensen (2010)

Town Year County Town Year County

Ribe 700 Ribe Nyk¢ bing M. 1200 Thisted
erhus 900 erhus Lemvig 1200 Ringkgbing
Viborg 1000 Viborg Gren@E 1200 Randers
Roskilde 1000 Roskilde amtsrEdskreds Holstebro 1200 Ringk¢bing
Aalborg 1050 -elborg Helsing¢r 1200 Frederiksborg
Odense 1050 Odense amtsrEdskreds Nyk¢ bing S. 1200 Holb¥ak
T¢nder 1050 T¢nder Kolding 1200 Vejle

Varde 1075 Ribe Middelfart 1200 Assens amtsrEdskreds
Ringsted 1075 Sor¢, Kerteminde 1200 Odense amtsrEdskreds
Slagelse 1075 Sor¢, TErnborg 1200 Sory,
Randers 1100 Randers Store Heddinge 1200 Prste,
Horsens 1100 Skanderborg Korse¢r 1200 Sorg,

K¢ benhavn 1100 K¢benhavn amtsrEdskreds | Sk¥alske r 1200 Sor¢,

Vejle 1100 Vejle Pr3astg, 1200 Pr3aste,
Haderslev 1100 Haderslev Stege 1200 Pr3aste,
N¥astved 1100 Pr3¥aste, Rudkg¢ bing 1200 Svendborg
Hj¢ rring 1150 Hj¢rring ®r¢,ske bing 1200 Svendborg
Svendborg 1150 Svendborg Saksk¢ bing 1200 Maribo
Hobro 1175 Randers S¥by 1225 Hj¢rring
Skive 1175 Viborg Ebeltoft 1225 Randers
Holb¥ak 1175 Holb¥ak Ringk¢ bing 1225 Ringk¢bing
Kalundborg 1175 Holb¥ak K¢ge 1225 Roskilde amtsrEdskreds
Bogense 1175 Odense amtsrEdskreds Herrested 1225 Svendborg
Nyborg 1175 Svendborg R¢nne 1225 Bornholm
Assens 1175 Assens amtsr(Edskreds Nysted 1225 Maribo
FEborg 1175 Svendborg R¢dby 1231 Maribo
Aabenraa 1175 <benrE S¢borg 1240 Frederiksborg
Vordingborg 1175 Pr¥aste Slangerup 1240 Frederiksborg
S¢.nderborg 1175 S¢nderborg Skibby 1240 Frederiksborg
Stubbek¢bing 1175 Maribo Stigs Bjergby 1240 Holb¥ak
Nakskov 1175 Maribo Neks¢, 1300 Bornholm
Nyk¢ bing F. 1175 Maribo

Table E3: Number of European citiesfor each century, based on EurAtlas

Century  Number of cities
500 804
600 748
700 772
800 851
900 948
1000 1100
1100 1205
1200 1358
1300 1492
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Table E4: Bairoch city data

Country 800 900 1000 1200 1300 All Bairoch cities
Austria 1 3 17
Belgium . . 4 8 17 72
Bulgaria 1 1 3 2 10 22
Suisse 1 3 6 19
Czechoslovakia . . 1 1 17 36
Germany 9 2 14 20 74 245
Denmark . . . . 1 10
Spain 9 4 23 11 46 265
Finland . . . . . 8
France 9 2 21 31 85 341
Greece 1 1 2 1 7 24
Hungary . . 1 . 2 47
Ireland 1 1 2 5 13 22
Italy 5 5 14 31 115 406
Luxemburg . . . . . 1
Nederland . . . 1 16 60
Norway . . . . 3 10
Poland . . . 4 7 55
Portugal 1 1 1 3 10 53
Romania 1 8 34
Sweden . . . 2 8 20
United Kingdom . . 15 5 27 165
Sum 36 18 113 138 499 2204

Table E4 demonstrates that there are many years for which there are no city population data
available as indicated by “.” which denotes missing. Even so, the EurAtlas and the Danish
data on foundations of cities and towns demonstrate that urbanization was going on

Table E5: Distribution of PloughFraction(55) across present day countries

Country PloughFraction(55)| Country PloughFraction(55)
Austria 5,9 ltaly 6,4
Belgium 20,7| Liechtenstein 0,0
Bulgaria 10,8| Lithuania 19,4
Suisse 2,7| Luxemburg 0,8
CzechRepublich 13,6| Latvia 41,6
Germany 14,2| Macedonia 0,0
Denmark 27,3| Nederland 4,8
Estonia 13,8| Norway 0,0
Spain 0,5| Poland 16,4
Finland 0,0| Portugal 4,7
France 10,3| Romania 10,3
Greece 1,2| Sweden 0,0
Croatia 17,9| Slovenia 3,2
Hungary 12,5| Slovakia 7,3
Ireland 8,9| United Kingdom 11,8

Table E5shows higher shares of fertile heavy clay soils intémeperate zone of Europad
significantly lower shares ithe Mediterranean zorand in the Snow Forrest climate of the
very Northern parts of Europe. Although significantly lower shares in the Mediterranean zone
suitable areas did exist.

"#



Appendix F: Introduction and breakthrough of the heavy plough across modern states

The tablebelow describes the historical evidence on the introduction and breakthrough of the

heavy plough on a present country level, and in some case-aasobal level.

Countries Break-through/introduction of heavy ploughs in Europe

Austria David B. Grigg(1974, p. 163) argues that settlement in Austria was pd
German expansion and Austrian settlements were founded 1h18XI0

Gaul: (YLGHQFH ITURP *DXO 5DHSVDHW the comfete

Belgium, plough, with its three fundamental pacsulter, symmetrical o

Switzerland, | asymmetrical ploughshare, and mouldbeardell attested in the thirteen

Luxembourg, FHQW XU\ VR LW ZDV SUREDEO\ NQRZQ ZH

France, with coulter was knowninRBDQ *DXO °

Northern

Italy.

Bulgaria, Bartlett (1993, pp. 14852) suggests that the heavy plough was introd

Estonia, into Eastern European during thé"ighd 13' century from Germany.

Latvia,

Lithuania,

Romania,

Slovenia,

Slovakia.

Czech Duby (1968, p. 18) cites evidence that the plough was introduce

Republic Moravia between the"7and &" century. In contrast, Pounds (1974, p. 1
notes that a thirteenttentury fresco at Znojmo (Moravia) show Ki
Premysl| of Bohemia with a simple hooked ploymiied by two oxenOn
the introduction he arguestha KHUH FDQ EH OLWWOH
ZKHHOHG SORXJK ZLWK PRXOGERDUG Zl®
latter point is also made by Bartlett (1993). The painted evidence may
been delibeately archaic (Pounds 1974).

Germany Earliest evidence of heavy ploughs in Feddetgéarde south of the Elb
dated till the last century before the birth of Christ (Gkéwiler 1990, p.
94; Hardt 2003:p. 26). May have spread to Schleswig in Northemma®en
and Southern Denmark (Hardt, 2003, pp-223. Poulsen (1997, p. 12
QRWHYV WKDW 3WKH GLIIXVLRQ QRUWK WH
Germany at any rate clearly took place much later. From radiocarbon
of parts of Danish ploughs found Moors, the earliest is the Navndr
EHDP IURP -XWODQG ZLWK D FDOLEUDWHG
evidence exists of highacked ridges, these date back to the Middle A
or early Middle Ages (Ehlers 2011, p. 325, Felgarer Schmidt 1993,.y
167).

Denmark We summaee the Danish case in Section.2A% we note therehe earliest
Danish high backed ridges date back to the »&ad 000 or later. The mog
certain case dates back to the 1100s, Btaglier (1990, pp.103.04).

Spain "7TKHUH PD\ KDYH EHHQ VRPH ZKHHOHG K
North (Catalonia, Galicia) as early as the eleventh century, but the evi
LV LQIHUHQWLDO " *OLFN &KDSWHU
ploughing implement used in Spain @sell 1966, p. 183).

Finland Knut Helle @003, p. 266) notes that the plough was introduced f

Estonia and Novrogod in the "18entury.
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France

Heavy ploughswere known from "DW OHDVW WKH WKLU
(1997, p. 24). See also Gaul. Ard vihe main ploughing implement us
in southern France (Fussell 1966, p. 183).

Greece

Alan Harvey (2003, p. 122) contends that the heavy plough was

introduced to Byzantium. Further, Laiou and Morrison (2007, p. 99) 1
that the noradoption of the davy plough has been used to explain
relative decline of the Byzantine empire. This suggests that heavy pl
were not adopted in Greece. They also note that an ard was more ¢
for the soils of the Eastern Mediterranean region.

Hungary

3$Q LPSRUWDQW DVSHFW RI +XQJDU\YV
adoption of new agricultural techniques. Here, too, the western part
kingdom was most favored, for the innovations appeared first in we
counties and from here slowly spread eastwarfthe earliest example of &
asymmetric heavy plough was found near Zemendorf in mg
%XUJHQODQG 2009 H1@).HW DO
It follows from this that heavy ploughs reached Hungary later than Al
since Zemendorf is located in Austria. See algorétierence to Bartlett i
other entries. However, evidence by Henning (1987) of asymmetric g
in the Danube era suggests an earlier adoption.

Ireland

May have been introduced in Ireland around AD 600 (Hall, 1990, p. 38

Italy

May have been used in the Po Valley (e.g. Pounds, 1973, p.
Otherwise the ard was the main ploughing implement used in Italy (F
1966, p. 183).

Netherlands

Hoppenbrouwers (1997, p. 91) links the introduction of the heavy pl
with the growth priod 10001300.See also Belgium.

Norway

3, VRXWKHUQ 1RUZD\ WKH SORXJK ZDV D
WHQWK FHQWXULHYVY =~ 0\UGDO S

Poland

Bartlett (1993, pp.148352) suggests that the heavy plough was introd
into EasternEuropean during the 12and 13" century from Germany
Piskorski (1999) and Wedski (forthcoming) agree with this though W
notes that there is some controversy about Adsording toPounds (1974
S 37TKH KHDY\ SORXJK Z Udhdard, Way esseri
LI WKH KHDY\ FOD\V RI WKH 3ROLVK SODLC(

Portugal

The ard was the main ploughing implement used in Portugal (Fussell
p. 183). Payne (1973notes that the heavy plough may have be
introduced by the Sueya small Germanic tribe before 500)

Sweden

Myrdal (1997, 1999) argues that there is regional variation in ado
rates. Southern Sweden had the plough around AB1800. Other ared
of Sweden had adoptions from 140800 and 1800, Myrdal (1999, p.5?
The Earliest higkbacked ridges are datedl the Middle Ages (GratMg ller
1990, p. 6). In our main measureRibughFractionSweden has no valug
but if we use a broader definition as suggested by the Danish data, sq
Sweden has sonteavyploughsuitable soilsAs noted in footnot®3, this
makes results stronger.

United
Kingdom

S6HYHQ (QJOLVK PDQXVFULSW LOOXVWwWU
WHQWK DQG HOHYHQWK FHQWXU\ H[LVW 3
DQG HQWLUHO\ FRQVLVWY RI LURQp.26p UH
Earliest date of high backed ridges around AD 1000 (®&tglier 1990, p.
110).Medieval high backed ridges are also mentioned by Eyre (1956).
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Appendix G: Interpolation using inverse distance weights

When interpolating temperature data we have used the inverse distance weighted
interpolation method. All interpolation methods are about defining the way to weight
information from neighboring observations in order to obtain an estimate in each cell. The
inverse distance weight method uses distance as the weight based on the presumption that
closer information is more accurate. The estimate of the value imnyasltalculated as

N
Xo = Z Aix;
i=1

whereN is the number of neighbors taken into accompis the value of observatiarandA;
is the weight of celi given by
PR
l

N -p
Zi:l dio

The distance fronobservationito the present cell is given kby;,. Hence the weight is

determined by the distance from the present cell to obseniatielative to the distances of
all the other observations taken into account. The power paramdetermines how high a
weight nearby observations should have. Thédrighe powemparameterthe higher the

weight on nearby observations.

Another way to interpolate is using the kriging method. The problem using this method is that
it assumes stationarijtghat is, the relation between points is the same given the distance.
Ordinary kriging also assumes an unknown but constant mean. These assumptions are
unlikely to hold given the geographical barriers and the geographical distribution, so relying
on a moe local approach such as the inverse distance weighted approach seems more
appropriate!
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