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Abstract: This paper presents empirical evidence which indg#hat the introduction of
petroleum based products on the American marketsawgagnificant factor in reducing the
demand for whale oil. As a result, the whaling istly, America’s 5th largest industry at the
time, soon collapsed. A counterfactual study isitpeesented which suggests that if the
introduction of petroleum based products had bedsydd, then the increase in demand as a
result of rising GDP per capita, as well as rapiustrialization, would have given whalers
incentive to continue chasing after a diminishirgale population. This could have resulted
in the baleen whale population being subject tastasnable harvest levels.
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1. Introduction

This paper presents an interesting case studyedimerican whaling industry during the 1800s. The
whaling industry was a highly competitive, unregethindustry engaged in open access harvesting of a
renewable resource. Although whaling was highlyiifable, industry-wide harvest levels never reached
the maximum sustainable yield of whale populatimm&n annual basis. Instead, by the end of thesLl800
demand for whale bi-products had dried up caudnegindustry to fold. The primary cause for this
decline was the introduction of petroleum basedlpcts onto the American markets. However, if the
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introduction of petroleum based products had besaydd, then would it have been possible for the
whaling industry to eventually harvest beyond tleximum sustainable yield for certain whale species?
This paper employs a counter factual analysis tpiecally answer this question.

It is well known from the environmental economiiterhture that when individuals are engaged in
the harvesting of either a renewable or non-ren&vedsource on common property grounds these
individuals will tend to carry out a rapacious hest/ neglecting the cost they pose on the larger
community, hence the Tragedy of the Commons. Thezahere is a need to regulate the harvesting of a
natural resource within common property boundas@shat the resource is not harvested beyond the
maximum sustainable yield.

However, from a classical point of view, regulatsimuld be held to a minimum. The reason for this
is that in the case of a natural renewable respascthe population declines it becomes more arré mo
difficult to harvest the remaining population. Timere difficult it becomes, the more costly it be@sm
and, hence, the marginal cost associated with atiiwity begins to increase (assuming extraction
technologies are held constant). This makes theeking of the resource less profitable to those
engaged in the activity and they will then beginetfvain from the activity, which now gives the oesce
an opportunity to recover to more healthy popuratevels.

As Clark ([1], p. 951) points out, “It has been euht that harvesting costs rise with decreasing
population levels, a rent-maximizing policy willtamatically lead to biological conservation, with a
equilibrium population in excess of the populatamiresponding to maximum sustained yield”. With
respect to whaling in the 1800s, Bardi ([2], p. Bd®tes that “Evidently, the reduction in whale
populations were sufficient to make whaling progresly more expensive and difficult, given the
technology of whaling at that time.”

For the most point, this classical argument makegoed deal of sense. However, continued
harvesting of a natural renewable resource canr@®uch a rate that market supply begins to dghjn
which in turn can cause a rapid price increasahAgprice increases, those engaged in the hargestn
encouraged to continue their efforts. For instatifeedeclining stocks of whales resulted in dintimg
supplies (most noticeable with the harvests ofi8&0s) which put continued upward pressure on grice
The higher price supported higher operating costgouraging and allowing whalers to continue
hunting a smaller whale population. As Coleman, ({8]281) notes, “This projected higher price was
enough to lure captains and their vessels into rdargerous areas looking for new and previously
undiscovered pods of whales.” Any new discovery tiegrofits that were “tremendous” and “soon
‘everybody’ had a ship on the new grounds” ([3]281).

The classical argument also does not take intoustather demand factors, such as rising incomes,
populations, or changes in taste which can incrpase, giving firms more incentive to harvest ever
decreasing, and therefore, costlier remaining nessuin question. A case in point can be seen with
rising incomes, especially in fast developing ecoi@s, where increasing world demand puts upward
pressure on today’s oil prices. This upward pressur prices gives oil firms incentives to drill in
locations that were once cost prohibited.

Because of these considerations, governments a@eahtinue vigilance in overseeing the harvesting
of renewable resources on common property. PeriManand McGilvray ([4], p. 194) state that “in
these circumstances, if the parameters of the deranction shift so that demand increases and the
resource price becomes higher at any harvestedityldhe revenue function shown ... will have a
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higher maximum value. In this case, the open acegsgibrium will exist at a lower resource stock
level.” However, it needs to be kept in mind tHatre are natural market forces that constrain price
from rising too high. This, of course, is the eaiste of substitute products, like coal or linsegd o
which could help to constrain the price of sperrd aale oil from rising too high [5].

For most of the 1800’s, America was the undisplgader in whaling, but in the late 1850s and early
1860s there were significant structural changethenmarket for which whale bi-products competed,
eventually resulting in the collapse of the Amenigéhaling industry by 1915. These structural change
for the most part, resulted from the introductidrcleeaper, superior substitute products, in pasicu
those from refined petroleum produate ( kerosene).

It is interesting to consider that the discoverypefroleum products, a major contributor to green
house gas emissions, was instrumental in reliemingh of the stress placed on the whale populations
during the golden age of whaling. This historiaadlysis is also interesting in reminding us of ploever
that market forces have at holding down pricesraddcing demand for a valuable commodity (such as
petroleum oil in today’s markets) when a competigvpriced alternative product is introduced.

Following this introduction the paper will brieflgview the whaling industry in terms of demand for
its product as well as supply considerations feritidustry. This review is necessary to estabh&h t
competitive nature of the industry. After the dechand supply analysis the paper then turns its
attention to the estimation of whaling populati@ishe beginning of the 1800s as well as the total
harvest and maximum sustainable yield figures ddlimlg populations in question. An empirical model
is then presented so that forecasts of whale hiareas be projected based on the assumption that th
introduction of both petroleum based kerosene atbleum based lubricants onto the market could
have been delayed for a period of years. A conmfuand discussion is then presented at the end of
the paper.

2. Market Analysis—Demand and Supply Considerations

During the 1600s, whaling was primarily a Dutch @@m, but from 1750 to the early decades of
the 1800s, England dominated the whaling industry816, the British had sent 150 vessels to harves
whales in the North Atlantic as compared to onlg #wmerican vessels ([6], p. 144) However, within a
span of just a few years, America dominated thelimpandustry and maintained its preeminence from
the 1820s to the first decades of the 1900s. Stpftom the 1840s America was considered to hold a
monopoly on whaling. By 1853 the whaling industgdhbecome the 5th largest industry in America
employing tens of thousands of workers. During fflesiod American whaling hunted primarily five
different kinds of whales. They were the sperm wizald four different types of baleen whales: tgketri
grey, bowhead, and the humpback.

After 1915, America played a limited role in the aling industry as Norway and Japan started to
dominate whaling. However, both Norway and Japartddidifferent kinds of whales and for different
purposes than did the Americans. For instance, Bpriaunted the rorquel whales which provided
Norway with a source of cooking oil and meat.

Both the industrial markets and the consumer marklebve the American demand for whale
bi-products. These bi-products were sperm oil, lodl and whale bone. Sperm oil, produced by sperm
whales, was used as a lubricant for light fast mgwvnechanical parts such as spindles. It was alsd u
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as an illuminant for lighthouses, street lamps, padlic buildings. Whale oil (or tran oil), produte
from baleen whales, was used as a lubricant fovibeanachinery. Whale oil was also used as an
illuminant for homes and as a cleansing agent.llyimdale bone, which is also produced from baleen
whales, was used much like industrial plastic pritgy steel” is used today. In addition, whale b
used in making corsets, skirts, and umbrellas.

Sperm and whale oil both had a number of substpubelucts. These were coal oil (the original
kerosene; considered sooty, smelly and low qualitgnufactured gas (derived from coal), camphene
(derived from turpentine and alcohol), camphor (etbnsidered bright, sweet smelling, cheap yet
volatile), lard oil (used as an illuminant and liglhnt but more expensive than coal oil; considéoed
guality and smelly), linseed oil, and petroleum durcts (the “new” kerosene used in illumination
and lubrication).

Coal oil was refined in the mid 1850’s and everjubkecame cheaper than sperm & whale oil.
Wholesale price of coal oil in 1860 was $0.75 dagalAmerica started to substitute both coal od an
manufactured gas for whale and sperm oil by the 1880’s. It was, however, refined petroleum that
soon became the prime competitor to whale oil. & years after the discovery in 1859 at Titusville,
Pennsylvania, petroleum based products were refinid high quality illuminants and lubricants.
By 1862 the petroleum industry, by making good aofsan existing liquid fuel infrastructure, became
well established [7]. llluminating oil, which is kasene, was the most important of all refined petnm
products. Table 1 below will give the reader sod®aias to the dominant impact refined petroleum
products had on the whale and sperm oil indust8earching and drilling for petroleum oil had itks,
however, it was far less risky and more profitatdedrill for petroleum oil than hunt for whales.
Compared with whaling ventures Coleman ([3], p.)2wftes “Now it took fewer people less time to
produce more crude at, or near, major marketsaosportation systems.”

Table 1.Decade averages on gallons of sperm and whalaniested as well as prices for
sperm and whale oil (per gallon) and the priceaifgdeum (per barrel) [8,9].

Sperm Ol Price of Whale Oll Price of Price of
Decade Gallons Sperm Oil Gallons Whale QOil Petroleum
(in millions) (in $2008) | (in millions) | (in $2008) | (in $2008)
1820s 2.0 11.99 1.5 5.63
1830s 4.0 17.16 5.0 6.88
1840s 4.1 21.81 7.5 8.06
1850s 2.7 34.06 6.8 15.07 388.11
1860s 1.7 31.64 2.8 15.07 77.43
1870s 1.3 25.61 1.3 11.27 44.15
1880s 0.76 19.45 0.86 10.48 19.45
1890s 0.44 14.28 0.27 9.50 20.11

Harvest of sperm oil for the American markets pelake the 1840s with an annual average
of 4.1 million gallons. The annual average harue#te 1850s was 2.7 million gallons and 440 thadsa
gallons of processed sperm oil by 1890. The avepage for sperm oil held up best during the 1850s.
During that period the average price was $34.06llmy (in 2008 dollars). By the 1890s the average
price for the decade had declined to $14.28 ag&ito2008 dollars). The harvest of whale oil faled
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a similar pattern. The harvest for the Americanketr peaked in the 1840s at over 7.5 million gallon
The average harvest in the 1850s was close to lliBmgallons. After that the harvest dropped dipi

and by the 1890s the harvest of processed whateasijust a fraction of its peak years. Pricesvioale

oil held up best during the 1850s and 1860s wittegrat about $15.07 a gallon (2008 dollars) but by
the 1890s it was under $10 a gallon (in 2008 de)la@perm and whale oil quantities and prices come
from Tower [8]. Figures are based on a 31.5 gédbamel.

The export market for sperm and whale oil was nmoke insignificant than the American market.
“The overseas market, however, faced with risingpsias of first coal gas, then camphene, and fnall
kerosene and increasingly cut off by continentaffs&a never recovered from the interruption of the
Civil War” ([10], p. 199).

With large petroleum reserves nearby, the pricpatfoleum in America plummeted. The average
price of kerosene declined by over 75% from 1865%884. Production of kerosene expanded rapidly.
For instance, in 1865 the production was just uddaillion barrels. In 1870 the Standard Oil Compan
had “standardized” kerosene, making it safe for @@wnsumption and by 1914 it was well over 46.5
million barrels. In 1862 the average wholesalegiiccurrent dollars was $0.32 a gallon (compaoed t
$1.43 for sperm oil, $0.60 for whale oil, and $0a7gallon for coal oil in 1860) [7,8]. While thedinstry
for petroleum based kerosene was expanding thaigtiod of sperm and whale oil was moving in the
opposite direction in the last half of the 1800getually, due to competition from petroleum based
products, the market for sperm and whale oil dedidrastically in the decades following the CiviakV
and it never recovered to the prominence it disgdaguring its golden years.

Oddly enough, the market for whalebone held up a#d#r the Civil War. The whaling industry’s
greatest level of production was achieved in th&80%8vith close to 2.8 million pounds of whale bone
harvested for American consumption. During thesaryehe average price was $14.08 a pound of
whalebone (2008 dollars). Total industry productmnwhalebone fell for the rest of the century,
however, per vessel catch (after declining for 8arg following the period of 1846-1855), picked up
again from 1886-1905, almost to its golden-yeaglev

The reason why per vessel harvest levels of whale beturned to its golden-year levels had to be th
steep increase in the price for a pound of whaleebloom 1876—1906. This gave whalers a good
incentive to continue harvesting whale bone desjetdining whale oil prices. The price of a pourid o
whale bone averaged $20.57 (2008 dollars) in th&®4,8but rose steadily for the rest of the century.
In 1904, its price peaked at $140.70 (2008 dollaBjon after, however, the whalebone market
collapsed. “In 1908 the introduction of flexiblexio steel and a change in women'’s fashion caused the
baleen market to collapse, and in 1915 only ondevi{aith no reported catch) made a voyage to the
western Arctic.” ([11], p. 979).

An analysis of the whaling industry by Davis, Gadim Hutchins ([10], pp. 217-222) shows it to be a
highly competitive industry with a large numbersoipplying firms (thought of as whaling vessels) as
well as a large number of entrepreneurs all pratduai basic homogeneous commodity. By 1835 there
were over 1,000 American vessels engaged in theestang of whales. Of these 1,000 vessels, 700 of
them had their home port in the New Bedford arean(fEngland) ([10], pp. 217-222). The remaining
vessels were concentrated in port cities such ag-&acisco and others.

Each whaling vessel could be considered an indalifitm. A vessel was most likely to be owned by
an agent, a firm, the captain, or any combinati@ndof. “Because the agents, the captain, andteeen
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owners frequently changed from one voyage to thg tiee vessel-voyage approximates the notion of a
firm in economic theory, and is a particular usefuoit of analysis” ([10], p. 193).

Agents typically managed the voyages, and ofteegithe agents were the owners or at least part
owners, but this is not true in all cases. Agerdgsawesponsible for “preparing the craft for seaisg to
the renewal of the masts, spars and rigging, regdost or broken whalecraft, provisioning, andrig
the officers and men” while the ship was in potO{| p. 217). A share of the net proceeds wouldeddp
“on how carefully the preparations for the voyagaevcarried out” ([10], p. 217).

Of the 275 agents associated with the New Bedfdndliwg industry, 197 managed 10 or fewer
voyages. Agents were typically entrepreneurs wheveagaged in other businesses as well. Some of
these businesses were in markets totally unrel@dte markets for whale bi-products. The single
largest agent was only involved in 3% of the voyalgg himself. His joint ventures with other parger
amounted to no more than thirteen percent of thal teoyages originating from New Bedford
([20], pp. 220-221).

Costs incurred by the owner/agents included thé @bthe vessel, which was a one time capital
outlay that depreciated over time. The averagedodge whaling vessel was somewhere between 38
and 47 years (depending on the type of vessel)r@tsts were labor, crew provisionsd, food,etc),
ship maintenance supplies, whaling supplies (harpoand small whalecraft for approaching the
whales) etc.Labor, crew provisions, and maintenance suppbesdcbe considered marginal cost, with
labor being the largest cost of a voyage. Whalungpsies could be considered fixed costs since they
could be reused repeatedly if not damaged or toste hunt.

Labor costs were a fraction of the net proceedsvel@rfrom the harvest and therefore were
considered to be a constant marginal cost. Thef@rthis fractional share of net proceeds wasedadl
“lay”. Each crew member would sign a contract befibve voyage which stated his own fractional share
of the proceedsThe individual “lay” would reflect the relative with of the crew member. A crew
member’s earnings varied from voyage to voyage wbepended on current market conditions as well
as the total harvest.

It is important to know that throughout the 180is total lay of the entire crew for a typical vgga
was pretty much constant. The total lay ranged betvB0%—32%, or just about a third of total revenue
There was a fifteen year period (from 1850-1865¢netihe total lay did creep up to about 36%, hist th
was abnormally high. From 1840-1858, the averageées still only 33.2% (this average included 8 of
the 15 years of higher than normal lays) ([10], 2@0-217).

Over a 90 year period, from 1816-1905, the Ameriwaaling industry returned to all American
ports with over 176.6 million gallons of Sperm aler 264.9 million gallons of whale oil, and 81
million pounds of whale bone for American consumptj8]. Total industry revenue for the American
market during the 90 year period was $8 billionlatsl (in 2008 dollars), or roughly $88.6 millionrpe
year. Between 1826 and 1865 the American whaléusred to American ports with nearly 128 million
gallons of Sperm oil per year, 218.2 million gaaf whale oil, and 66.8 million pounds of whalebo
During these years 2,325 voyages returned to wipalorts on the east coast ([10], pp. 199-201).
The total harvest per boat, in terms of revenugnduhis time period was $2.67 million (2008 dadla
This dollar amount has to be taken in context. Dyithis time period the average length of a voyage
could have lasted anywhere from 2-3 years and veyavhaling vessel returned with a full load of
whale oil or whale bone.
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Despite the competitive nature of the industryaliviy was very profitable for those partaking in it
From 1816-1825 the average rate of return was 31F&m 1826-1835 the average rate of return
was 57.8%. And from 1836 to 1842, the averageafteturn was 36.9%. Overall, the average rate of
return for the period of 1816-1842 was 42.7% ([p2]1.10). One reason for such profitable returns wa
the nature of the business. Whaling was risky amdydrous and the harvest uncertain. The average los
rate of vessels at sea was 3.2% per year. In oniewarly bad year (1871) a fleet of 33 ships were
trapped by ice off the North Coast of Alaska anstiased costing the industry $1.6 million dollaB$. [

It is apparent from this review of the demand amppy factors facing the whaling industry that it
was very competitive. There were numerous vessajaged in harvesting both sperm and baleen
whales with not a single agent large enough totexagtrol over the market. The industry product was
homogenous product with many substitutes. Althotinghprofits were handsome, the reader has to be
reminded of the risks involved with whaling.

3. Maximum Sustainable Yield Estimates for the Sperm and BaleeWhales

Both the populations of sperm and baleen whales poiintensive commercial hunting have been
estimated. Scarff [13] has estimated the spermeavbapulation prior to intensive commercial hunting
to be 1.78 million while Allen [14] puts the spewhale population at 2.4 million. Each sperm whate,
average, could yield 33.6 barrels of oil ([15],579). Knowing the numbers of barrels bought back
to port for American consumption and assuming a 10686 rate, Davis, Gallman, and Hutchins
([15], p. 579) estimate that between 8% and 18%einitial stock of sperm whales were harvestest ov
a 90 year period between 1804-1900 and that itatigest year of harvest the whalers only took less
than half of one percent of the initial stock. Tlaaves Davis, Gallman, and Hutchins ([15], p. S69)
conclude that sperm whales during the golden ag#hafing were not in trouble of being overharvested

For the baleen whales it was a different storyciRgetogether data from various scientists on the
baleen whale sub-populations Davis, Gallman, andtiins ([15], p. 584) estimate that the initialckto
of the baleen whale “probably originally numbere¢deast 367,000”. Using an estimate of 73 barrels
of whale oil per baleen whale and assuming a lass of 10% Davis, Gallman, and Hutchins
([15], pp. 584-585) estimate that nearly 180,00@drawhales were harvested between 1804 and 1900.
Furthermore, they find that American whalers ndeek more than 7,000 baleen whales in any given
year. The natural rate of increase for baleen vehr@aches its maximum at 60% of the population.eOnc
the population drops below this number then theinaatrate of increase begins to fall putting the
population under stress and in jeopardy of not deihle to repopulate back to its original levels.
Therefore, for the baleen whales the populationre/tige natural rate of increase is at its greatestd
be 220,200 (367,000 x 0.60) ([15], p. 586). Applyihe natural rate of increase of the grey whaléise
entire baleen whale population, estimated at .04Rioe and Woolman [16], then this would mean
that the maximum sustainable yield for the baledrales as a group would be roughly 10,350
(220,200 x 0.047). It should be noted, howevet, theent studies based on mitochondrial DNA tissue
samples suggest that existing population estinfatespecific baleen whale species before commercial
exploitation might be seriously underestimated [17]

In their analysis, Davis Gallman, and Hutchins [[¥b 587) conclude that the American whalers
never reached the maximum sustainable yield fob#leen whales as a whole. However, they caution
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that they are applying the natural rate of incrdased in the grey whales to other species of alee
whales and this might not be accurate. In addittmme breeding grounds could have been harvested
more heavily than others as could some speciealeéb whales. For instance, the grey whales, which
yielded a relatively small amount of oil and borexsusthe right whale, which could yield between
100-120 barrels of oil would make whalers wantdoaentrate more heavily on the right whale.

The analysis of Davis, Gallman, and Hutchins ([15],591) suggests that with the existing
technology both the worldwide stock of Sperm ande®a whales were not in danger of being
overharvested. However, this does not rule outabithat individual stocks of whale populationsave
not overharvested. For instance, Allen and Keay §b@lyze how British and Dutch whalers managed
to exploit the stock of Eastern Artic Bowhead wisaddf the coast of Greenland to extinction withsles
advanced whaling techniques than the AmericangisBrand Dutch whalers did enjoy government
subsidies which made whaling more profitable f@nth But Allen and Keay [18] find that the subsidies
were not responsible for the extinction of the @Gteed bowheads, rather it was the productive
capabilities of the British Whalers. What is naanl, however, is if the British and Dutch whalemnd
have generated a large enough fleet without thewsuigovernment subsidies.

4. Empirical Modeling

The quantity of whales harvested, both sperm ate®hais a function of the number of whaling ships
searching for whales as well as the number of vgralailable for harvest. The number of whaling ship
searching for whales is a function of the expeqterdit from a whale harvest. Expected profit can be
thought of as expected revenue less costs andxipaicted revenue is equal to expected price times
expected quantity. Expected price can be estimate@dn inverse demand equation where expected
price is a function of the price of substitute prot$, real GDP per capita, as well as populatioalse
The expected quantity is a function of the chamgde two previous harvests. If the most recent’'yea
harvest has increased over the prior year's harieeh owners (as well as the crew) are more
enthusiastic to continue whaling operations. Onatiher hand, if the most recent harvest has desdeas
from the prior year's harvest, then owners will hat as enthusiastic to oversee another voyage. In
addition, the whale population available for hatve# part, dependent upon the cumulative chanfes
the harvest in prior years.

The main costs in whaling were the cost of the wigaship itself, supplies and provisions for the
voyage, as well as labor costs. The whaling shipawane-time capital expenditure. Since whalingshi
did not have any other marine purpose other thaaliady the opportunity cost for a whaling ship was
limited. Therefore, the capital expenditure, coasid a sunk cost, would not weigh in on the degitio
partake in another voyage. Only those costs dyrastociated with a whaling voyage would play & par
in that decision. The major cost of a voyage wderdavith voyage supplies and provisions being
considered an insignificant part of the overalltaisa voyage.

As stated previously, labor in the whaling industrglike many other trades, was paid a percentage
of the harvest. This made the decision for the’slugner to manage another voyage very simpléef t
ship came back empty, then the owner did not iaoyrlabor cost. The owner only incurred the cost of
provisioning the voyage. However, the owner wotiltirseed to find a crew willing to take on thekss
of a lengthy voyage. If the ship came back withirsufficient harvest, then the crew received less
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money. Also, if wages were rising in other tradsative to whaling wages, then the opportunity st
whaling would rise for crew members. Both of thesents could cause the crew to demand a higher
percentage of the revenue from the harvest whicturin would reduce the owner’s profits, giving
owners less incentive to continue their whalingrapens.

With these considerations in mind, the empiricalleidor the quantity of either whale or sperm oll
for the period of 1807-1858 can be specified atidvics;

Qtyy =a+RY + boPy +sW + by T + bl + bgPop + BQtyst1—t2)* beQtYw(t1-t2)+ PoQlYh(t1-t2)

where:
Qty, = quantity of either sperm or baleen whale oil

Y = GDP per capita

P, = average price of either sperm or whale oil

W = index of unskilled wages in selected tradesdues a proxy to represent the opportunity cost for
crew members to engage in a lengthy voyage)

T = average price of turpentine per gallon (primagredient for camphene)

L = average price of linseed oil per gallon
Qtys(t1-t2)= change in quantity from the previous two harvestsperm oil

Qtyw(t1-t2)= change in quantity from the previous two harvestshale oil
Qtyp(t1-t2)= change in quantity from the previous two harvestshale bone

Regressions were run for two different time periodse first was the period of 1807 through 1858,
the year before petroleum was discovered in Titles\wennsylvania. The second regression was mn fo
the period of 1859 through 1905. After 1859 thekaafor both sperm and whale oil began to fall apar
due to the introduction of petroleum based prodactthe market. The explanatory variables are ldgge
one year before the dependent variable due teetiggh of a typical voyage. Table 2 below displdngs t
empirical results for the harvest of sperm oil.

Table 2. Two Stage Least Squares result on the quantigpefm oil between the years

1807-1858.
Unstandardized Coefficients _
Beta T Sig.
B Std. Error
(Constant) -9104.26Q0 2537.278 -3.588 0.001
real_GDP_per_capitp 11.139 1.955 2.176 5.698 0.000
price_spermoil —-843.131 396.189 -0.72D —2.128 0.04p
price_whaleoil —2739.317 643.193 -1.012 —4.259 0.000
unskilled_wages 7.326 14.123 0.05¢ 0.51p 0.607
Equation 1 price_turpentine -1134.951  779.026 —-0.249 —-1.457 0.153
price_linseedoll 294.154 587.289 0.055 0.501L 0.619
Qtygt1-t2) 0.183 0.198 0.100 0.926 0.360
Qtyw(t1-t2) —-0.265 0.119 -0.329 —2.217 0.033
Qtyb(t1-t2) 0.303 0.249 0.182 1.220 0.230
adjusted Rsq = 0.51B
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Commodity prices for linseed oil and turpentine eafrom 2 sources. They are: Cole, A.H.,
“Wholesale Commodity Prices in the United State®04¥861 [19] and Bezanson, A.,Wholesale
prices in Philadelphia, 1852—-189(20]. GDP per capita came from “What was the Gix#ek Then.”
Source: Johnston, L.; Williamson, S.H. “What was thS. GDP thenMeasuring Worth2010. URL:
http://mww.measuringworth.org/usqdp/ [21]. All coradity prices for the purposes of the regression
analysis were based in 1967 dollars.

The empirical results show that real GDP per caigithoth positive and highly significant with
respect to the quantity of sperm oil. During thesipd of America’s industrial development the dethan
for illumination increased with the growth of c#i@nd mass urbanization. In addition, industry also
required great amounts of sperm and whale oil talois as the number of machines and equipment with
fast moving parts increased due to America’s rapaiistrialization. This phase of industrial growth
finds GDP per capita almost doubling between1805818

The whaling industry was interested in both sperfmales and baleen whales. The empirical results
find that the price of sperm oil and the price ¢fale oil to be both negative and highly significeuith
respect to sperm oil harvested. The negative oglship between the price of whale oil and the qtiant
of sperm oil shows the interrelationship betweaséhtwo products. This relationship suggests that a
the market price of whale oil would rise, whalersuld shift their focus from harvesting sperm whales
to harvesting more baleen whales. The opposit@ngag is also implied. That is, as the price of igha
oil decreased then whalers would shift their fodeaying certain baleen whaling grounds in seafch o
sperm whales.

The index of wages for unskilled workers, used asoxy for the opportunity costs faced by crew
members, is insignificant for the time period 0D%81858. Whaling, as previously mentioned, was an
extremely well paying trade. As long as the haiwasgtre bountiful and as long as sperm and whale oll
prices held up, then it appears that owners dichagé trouble attracting crew members.

The empirical results find both the price of lindexl and turpentine had an insignificant impact on
the sperm oil market. This demonstrates that batdyzts, although considered substitutes for sperm
and whale oil, where actually inferior to sperm awighle oil. The empirical results also finds that a
change in the prior two years of harvest for speilnand whale bone did not have an impact on the
current year’s harvest of sperm oil. However, thange in the harvest between the previous two years
for whale oil had a negative and significant relaship on the current year’s harvest of sperm oil,
suggesting that an increased harvest in whaleai the previous two whaling seasons tends toeedir
the current year’s harvesting efforts from spernaleb to baleen whales.

The empirical results for whale oil are similar ttee results for sperm oil for the time period
of 1807-1858. Table 3 below displays the empinieaults. Real GDP per capita, the price of whdle oi
as well as the price of sperm oil are highly sigaimt with the slope coefficients showing the cotre
predicted relationship. Once again, the negatige en the price of sperm oil demonstrates thahas t
price of sperm oil would increase whalers wouldtsthieir focus from harvesting baleen whales to
harvesting sperm whales.
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Table 3. Two Stage Least Squares result on the quantityhafievoil between the years

1807-1858.
Unstandardized Coefficients _
Beta T Sig.
B Std. Error
(Constant) —18027.587 3904.992 -4.617 0.000
Real_GDP_per_capith  19.066 3.008 1.801 6.337 0.000
price_whaleaoil —2455.322 989.904 -0.43p -2.480 ®.01
price_spermoil -1263.241 609.754 —0.52p —2.0712 5.04
unskilled_wages 5.177 21.736 0.02¢ 0.238 0.813
Equation 2 price_turpentine —1953.792 1198.959 -0.207 -1.6830 .1110
price_linseedoill 106.084 903.866 0.01¢ 0.11f 0.9Q7
Qtygt1-t2) -0.410 0.305 —-0.108 —1.346 0.186
Qtyw(t1-t2) —-0.481 0.184 —-0.289 —2.616 0.013
Qtyb(t1-t2) 1.146 0.383 0.333 2.994 0.005
adjusted Rsqg = 0.887

The price of turpentine has a negative relationstig/hale oil (which is counterintuitive), and is
slightly insignificant with a “p” value of 11% wtlalthe index of wages for unskilled workers and the
price of linseed oil are insignificant.

Like the empirical results on sperm oil, the chamgéhe harvest of sperm oil from the two most
recent years has a negative relationship on thetiqpaarvested of whale oil, however this relasbip
is insignificant at the 18.6% level. The coeffidien the change in harvest for whale oil is expetbdebe
positive. This would suggest that an increase mds between the two most recent years would cause
whalers to continue to focus harvesting effortdateen whales. However, the empirical results show
the coefficient to be negative and significant. Bl change in the harvest of whale bone (a biyobd
from the harvest of whale oil) is positive and gfigant, which was expected. This indicates that an
increase in harvest for whale bone over the pasty®ars would encourage whalers to harvest more
baleen whales.

The specification for the empirical model for theripd of 1859-1905 is the same as that for
the period of 1807-1858 except that the price dfopeum was added as an explanatory variable.
Starting in 1859 petroleum products became comalgr@vailable. The empirical results for sperm oll
are displayed in Table 4.

The empirical results from the regression run dfterintroduction of petroleum based products onto
the market show that the price of petroleum is Ipatitive and significant at the 1% level. Thesilts
strongly attest to the disruptive impact petrolebad on the whaling industry. Petroleum oil soon
overtook both sperm and whale oil as the majors®af illuminating oil and lubricant for the econpm
The dramatic misfortunes of the whaling industrieafLl859 meant that even rising incomes for the
population could not generate enough demand forlevhad sperm oil to remain viable in the
marketplace. This is demonstrated by the fact éffier 1859 the coefficient on real GDP per capita
turned from positive to negative for sperm oil,igading that sperm oil could no longer be clasdifis a
normal good but rather an inferior good. The incamefficient for whale oil also turned negative and
insignificant (see Table 5) after the introduct@inpetroleum based products. The Chow test further
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attests to the significance of a structural breathe regression equation parameters after 18%Dtinat
F-statistic for the sperm oil time series beind22Gand the F-statistic for the baleen whale oiktseries
being 9.22. Both F-statistics indicate a structbrabk at a significance level of less than 1%.

Table 4. Two Stage Least Squaressult on the quantity of sperm oil between theryea

1859-1905.
Unstandardized Coefficientg .
Beta T Sig.
B Std. Error
(Constant) 1929.027 640.932 3.010 0.00p
price_petro 15.972 4.877 0.215 3.275 0.00p
real_GDP_per_capita —0.232 0.116 -0.301 —2.003 0.053
price_spermail 318.130 83.877 0.505 3.793 0.001
price_whaleoil —-256.548 170.643 —-0.154 -1.508 0.142
_ unskilled_wages -5.448 5.850 —0.107 —-0.931L 0.3%8
Equation 3 - -
price_turpentine 94.298 49.071 0.176 1.922 0.043
price_linseed 1.782 226.294 0.001 0.008 0.994
Qtys(t1-t2) 0.149 0.121 0.074 1.224 0.229
Qtyw(t1-t2) —0.006 0.079 —0.006 —-0.079 0.937Y
Qtyb(t1-t2) -0.578 0.317 —0.149 —1.825 0.07y
adjusted Rsq = 0.88f

Table 5. Two Stage Least Squaressult on the quantity of whale oil between thergea

1859-1905.
Unstandardized Coefficientd ,
Beta T Sig.
B Std. Error
(Constant) 987.465 1494.439 0.661 0.513
price_petro 68.281 11.371 0.455 6.005 0.000
real_GDP_per_capit -0.261 0.270 —-0.168 -0.970 0.339
price_whaleoll —26.133 397.883 —-0.008 —-0.066 0.948
price_spermail 463.899 195.572 0.365 2.372 0.023
_ unskilled_wages —7.475 13.641 —-0.073 —-0.548 0.587
Equation 4 - -

price_turpentine 68.297 114.418 0.063 0.597 0.554
price_linseed 249.335 527.642 0.098 0.473 0.639
Qtys(t1-t2) -0.020 0.283 —0.005 -0.071 0.944
Qtyw(t1-t2) -0.215 0.184 -0.103 -1.170 0.250
Qtyb(t1-t2) 0.236 0.739 0.030 0.319 0.752

adjusted Rsq = 0.84

As the petroleum industry began to develop, thegoof petroleum began to decrease. This impacted
both the price of whale oil and sperm oil as thalhndustry began to collapse. The coefficienthan
price of whale oil turned insignificant after 18&®ile the coefficient on the price of sperm oilrted
from negative to positive after the introductionpeftroleum based products. To test the strengtheof
petroleum price effect the standardized residuaevexamined for the 1859-1905 time series. Using
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the conventional rule-of-thumb of two standard d&weins constituting an outlier, 18 outliers wererid

in the 21 years after 1859 in the sperm oil datd, @outliers in the 9 years after 1859 in the whal
data. There were no outliers after those obsemstidhis indicates that the discovery of oil had a
significant and long lasting effect on the whalimglustry, particularly with respect to the sperm
oil market.

The coefficients on both the price of turpentine dnseed oil were positive, as expected, however
only the price turpentine was significant whilesi®d oil was insignificant. Unskilled wages was
negative, as anticipated, but insignificant. Fypalith respect to the change in harvest levell; tire
change in the harvest of whalebone from the preview periods was significant. Its sign was also
negative, indicating that an increase in the harekwhalebone from the prior two years would cause
whalers to redirect their efforts away from thevast of sperm whales towards harvesting baleeneshal
Of course, a decrease in the harvest of whaleban#gdwave the opposite effect and cause whalers to
intensify their harvesting efforts of sperm whales.

The empirical results for whale oil are similar ttee results for sperm oil for the time period
of 1859-1905. Table 5 displays the empirical resoéiow. As with the harvest of sperm oil after385
the price of petroleum had a positive and signifiagepact on the harvest of whale oil. The coedinti
for GDP per capita turned from positive and sigaifit to negative and insignificant after 1859.
The coefficient on the price of whale oil becamsignificant after 1859 while the coefficient on the
price of sperm oil turned positive (although sitinificant). The remaining explanatory variableshe
two stage least square regression were insigntfican

Assume for the moment that technological discogeaie random events throughout history and that
the discovery of oil in Titusville, Pennsylvaniautd just as likely have been delayed by two decades
Then by 1880 what would the annual sperm and balkbate oil harvest have looked like? Based on the
results from Tables 2 and 3, GDP per capita wagrgfisant contributor to the demand for both sperm
and whale olil. Is it possible that rising incomesAimerica could have stimulated enough demand to
generate harvesting rates beyond the maximum eablai yield? The regression results for the time
period between 1807 and 1858 shows that for eveltgrdncrease in GDP per capita the harvest of
sperm oil would have increased by 11,139 gallowisthat the harvest of whale oil would have incréase
by an additional 19,066 gallons.

From 1858 to 1880 GDP per capita increased by 81(ift 2000 dollars). Assuming a linear
relationship between the demand of sperm oil an® @&r capita, the harvest for sperm oil would have
increased by 12,787,572 gallons over its 1858 lef/8)441,522 million gallons of consumption in 885
This would have been a total harvest of 16,229@®ns of sperm oil or 515,209.33 barrels in 1880.
Of course, this is assuming that the price of spatnas well as, the price of all substitute proiduare
held constant and that petroleum had not yet bessovkered.

Based on Davis, Gallman, and Hutchins ([15], p.)Siffures that a sperm whale on average would
yield 33.6 barrels of oil, then it appears that1B80 harvest would have been 15,333.61 sperm shale
Using the more conservative estimate of an ingigdulation for sperm whales of 1.8 million, thisane
that the harvest would have still been less tharofiée initial population ([15], p. 577). This esated
harvest figure means that the sperm whale woulchsti have been in jeopardy by 1880.

The story is different for the baleen whales. Assignthe same linear relationship between the
demand for whale oil and GDP per capita, and bgihglthe price of whale oil and all other subsétut
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commodity prices constant, harvest of whale oil Mobave increased by 21,887,768 gallons
from its 1858 level of 7,653,366 gallons. This wbulave put the 1880 demand for whale oil
at 29,541,134 gallons or 937,813.77 barrels.

Using Davis, Gallman, and Hutchins ([15], p. 58#ufes that an average baleen whale would
yield 73 barrels, then the 1880 harvest would Is@en 12,846 baleen whales harvested. Davis, Gallman
and Hutchins ([15], p. 587) estimated the maximwstanable yield for baleen whales to be 10,350.
They also report that American whalers never toakarthan 7,000 baleen whales in a given year.
However, based on this linear extrapolation, iapparent that had the discovery of petroleum been
delayed until 1880 then there was a good chand¢aeldmand for baleen whales, due to rising incomes,
would have exceeded the maximum sustainable yield.

It should be noted that the maximum sustainabliel YMSY) is often criticized by some as a method
for managing whale populations. Foremost among dfitecism is that the MSY encourages the
harvesting of the largest of the species undeeptiain. In addition it assumes that the environnhexst
an unvarying influence on the species populatidrer& are other methods of population management
that compete with MSY, such as; Optimum Sustainabitdd (a method which would maximize
economic rent), Yield Per Recruitment, Age StruetiiModels ( where the population is not tracked in
totality but rather by age), Catch Limit Algorith(mthe catch limits are continually refined as more
information regarding the population parameteroberavailable), Strike Limit Algorithms (similar to
catch limit algorithms but it is based on the numbiewhale “strikes” as opposed to the number of
whales “landed”).

5. Conclusions

The purpose of this paper is to address the questiovhen a competitive industry is engaged in the
harvesting of a natural renewable resource anidaif industry is left unregulated, will it continte
harvest that resource beyond its maximum sustangbld. The American whaling industry of the
1800s was used as a counter factual study to althrisspoint. Classical arguments along these lines
suggests that regulation of common property rentwvedsources be held to a minimum since the
marginal cost of harvesting will rise as the reseus depleted. This will cause the price to risai
competitive industry as the marginal cost of hatimgsincreases, thus choking off demand. As firms
leave the industry, the renewable resource hastomepopulate back to sustainable levels. However,
this paper demonstrates that other factors thaadiihe resource price also need to be considered.

The empirical results of this paper show that gsimcomes due to America’s rapid industrialization
of the 1800s was great enough to put upward pressudemand and prices to keep the whalers chasing
fewer and fewer whales. The results show that enxadigt all other factors remaining the same, the
whaling industry would have eventually increasedsésting beyond the maximum sustainable yield,
thus jeopardizing the baleen whale populations.

A number of factors need to be kept in mind, howewden considering this point. First, it took
nearly two decades for incomes to rise high enamgbenerate sufficient demand for the whaling
industry to harvest such levels. Had the discoeépetroleum in Titusville, Pennsylvania been delhy
from 1859 to 1880, for instance, then it is justasceivable that another product superior to whdle
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could have been developed. In fact, coal oil wasgheefined just prior to 1859 and that could have
replaced sperm and whale oil as the primary oillfomination and lubrication.

Although rising incomes would take nearly two dezsath generate enough demand to put the baleen
whale population at risk, this time frame cannotriferred upon all other renewable or non renewable
resources. Demand factors, such as rising incomas take a considerable shorter time. It would all
depend on the income elasticity of the productuestion.

Second, in the case of the American whaling ingugchnical advances were, for the most part,
static. There were no significant improvements wigéspect to harvesting for the industry from
the 1830s on. Improvements in technology, suctagsaon cannons or steamships outfitted for whaling
were never adopted by the American whaling industityt well after the demise of the industry. Had t
industry been aggressive in adopted improved hangetechniques then it is more than likely thedim
frame associated with rising incomes would havenlserter.

Finally, and most importantly, it is important torsider the increasing marginal harvesting cost
factor for either renewable or non renewable resssirThe American whaling industry was unique in
the fact that labor was paid a percentage of thgesa Owners did not have to directly concern
themselves with rising marginal costs. Their ordypeern was whether or not they could find enough
crew members for a voyage. To address this varthldestudy uses as a proxy for the index of wages
unskilled workers during the 1800s. If labor waseiging less pay due to smaller revenues eithen fo
decreasing price on the harvest or a reductiomeénharvest itself, then higher wages in alternative
employment opportunities would make it difficult fawners to attract crew members for a voyage.

In this analysis the alternative employment oppaties did have a significant impact on the whaling
industry and the quantity of whales harvested. Hanethis was found to be significant only aftee th
introduction of petroleum products onto the marlétis was not found to be the case prior to 1859
when whale oil prices were still high. Had pricésmale oil remained high after the introduction of
petroleum, then perhaps alternative employment ppibies would not have had a significant impact
on the industry just as was the case before tihedattion of petroleum onto the markets.

There are other demand factors to take into coretid@, such as population growth or increases in
international trade due to globalization. With redpto the analysis on whale oil, population growth
appeared to be insignificant, but that might nothee case with all common property resources. The
insignificance of population growth is attributedthe high level of correlation between GDP peiiteap
and population.
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