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PREFACE

In 1980, IIASA joined together with the Centro de Investi-
gacion en Quimica Aplicada (CIQA) to study resource development
alternatives for arid and semi-arid regions. This joint -effort
is motivated by the perception that planning and programming of
development projects, as they typically are applied to projects
for drylands, are inadequate and pose serious obstacles to suc-
cessful development of these regions.

Two characteristics distinguish the problem of planning and
programming development projects for drylands. First, all of
the common difficulties that beset development planning and pro-
gramming (e.g., inadequate data, importance of poorly understood
~social and cultural relations, inadequate infrastructure, inade-
quate organizational capacity) are present 1in the extreme.
Second, even very modest-sized development projects are wusually
enormous 1in relation to the social, economic, and technical
structure of drylands regions; their ramifications are 1little
short of revolutionary.

To focus our efforts to improve planning and programming
methodologies for dryland regions, it was decided to examine a
specific problem: the prospects for developing a dryland region
in northern Mexico based on the exploitation of 6 vegetal
resources native to the region. A description of this effort is
available in

Anderson, R.J., E. Campos-Lopez, and D. Gourmelon. An
Analysis of Renewable Resource Development Alternatives for
the Northern Arid Region of Mexico: Study Prospectus. WP
81-7. International Institute for Applied Systems Analysis.
(January, 1981).

Guayule (parthenium argentatum gray) is one of the vegetal
resources under investigation 1in this study. Guayule shrub,

which grows wild on the sierras of the Chihuahuan desert, pro-
duces a high molecular weight hydrocarbon that can be processed
into a premium-quality natural rubber. For approximately 50

years during the first half of this century a small but impor-
tant guayule rubber industry operated in Mexico.

The Mexican government currently plans to reactivate the
guayule rubber industry using shrub harvested from wildstands as
the basic source of shrub. This paper examines a critical as-
pect of this plan, the limits on the amount of shrub tnat can be
harvested without exhaustion of the wildstands and without re-
forestation or other forestry management methods.

-iii-
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AN ESTIMATE OF THE MAXIMUM SUSTAINABLE
YIELD FROM HARVEST OF GUAYULE WILDSTANDS
IN THE VICINITY OF CEDROS

Robert J. Anderson, dr.

1 INTRODUCTION

In his prologue to a compendium of papers on guayule

(partnenium argentatum, gray), Campos-Lopez (1978) eloquently

recounts the history of Cedros, a small town in the Chihuahuan
Desert of Mexico. While Cedros was settled by the Spanish, the
town in roughly its present form, he notes, dates to the early
1920's, when the Continental-Mexican Rubber Company began
operating a plant to extract rubber from guayule shrub collected
from stands growing wild on the surrounding sierras.

The plant in Cedros was one of 19 that operated at one time
or another in the Chinhuahuan Desert during the first half of thne
20th century, and one of three operating during World War II.
Until the 1late 1940's, the Mexican guayule rubber industry's
fortunes waxed and waned with prices on the international market

for rubber. During World War II, with the interruption of sup-



plies of hevea rubber from Southeast Asia, guayule production
boomed. Over 43 thousand metric tons of rubber were produced
from guayule shrub harvested from wildstands in Mexico Dbetween
1940 and 1945,

Shortly after the conclusion of the war, guayule rubber
production 1in Mexico <collapsed. The collapse of the social
structures in small towns like Cedros, which were built upon the
operations of this industry, was equally swift. Those who could
left Cedros, some for the emerging industrial cities of Mexico,
and some for other perceived opportunities. Those who remained
eke out an existence based upon subsistence agriculture, animal
husbandry, and harvest of lechuguilla (from which fiber is ex-
tracted) and candelilla (from which wax 1is extracted). Many
await an opportunity to leave.

Most observers attribute the demise of Cedros and the Mexi-
can guayule rubber industry to the reduced demand for guayule
rubber brought about by a resumption of flows of hevea rubber
from Southeast Asia, and by the rapid, almost incredible, emer-
gence of synthetic rubber substitutes for natural rubber. The
importance of these factors certainly is not to be denigrated.
World market natural rubber prices did plunge at the conclusion
of the war and, in real terms, continued to fall during most of
the postwar period.

But there is more than this to the demise of Cedros. All
available evidence points to the conclusion that the standing
crop of guayule had been severely depleted by the high harvest

rates of the 1940s. Even if demand had not collapsed, a drastic



and prolonged curtailment of production almost <certainly was
inevitable.

The story of Cedros typifies what has happened at many oth-
er times and in many other places: excessive use of natural
resources that are, in principle, renewable has depleted them,
both in quantity and quality, and resulted in the temporary ces-

sation or complete abandonment of economic activity based upon

their wuse, with consequent severe social and economic disrup-
tion. Well-known cases include the 1973 collapse of the Peruvi-
an anchovy fishery, the extinction of certain large mammals in

North America, and rampant overgrazing of rangelands in many na-
tions today.

At the root of exhaustion of renewable natural resources is
exploitation at rates in excess of the productivity of the
resource. Excessive exploitation rates may occur for many rea-
sons. Somestimes, there are strong economic incentives which
make it individually rational (on a pure profit and loss basis)
to exploit renewable resources at ruinous rates. Many times,
however, ruin comes as a surprise when some unknown and perhaps
even unanticipated 1limit to production is reached. It is not
easy in most instances to estimate the productive 1limits of
renewable resources. Data frequently are poor, and underlying
bionomic processes usually are only partially understood.

This paper examines the sustainable yields from harvest of
guayule ‘wildstands (i.e. natural stands not subjected to any
form of cultivation) in the vicinity of Cedros. Such analysis

is of more than academic interest. The Mexican government has



recently announced plans to produce guayule rubber wusing (at
least initially) guayule shrub harvested from wildstands. Ac-
cording to preliminary plans, the first plant is to produce §
thousand metric tons of rubber per year, to be located in
Cedros, and to be supported by shrub harvested from wildstands
within a 130 kilometer radius of Cedros.

Can this level of production be sustained? Or will Cedros
flourish briefly, to wilt once again when the standing stock of
harvestable shrub is depleted? What level of production could
be sustained?

These are real and pressing questions for the redevelopment
of the Cedros area, and it is hoped that this paper contributes
to an;wering them. It must be stressed that the estimates
developed below are based upon interpretation of currently
available data. These data are both few in number and sometimes
conflicting. Accordingly, the reader should keep firmly in mind
that the estimates presented here are tentative. It is entirely
possible that new data will make it necessary to revise them.

Subject to the above caveat, the analysis in this paper
will show that the maximum sustainable annual harvest from guay-
ule wildstands in an area enclosed by a <c¢ircle centered at
Cedros with a radius of 130 km, is about 30 thousand metric
tons.

This estimate is somewhat lower than another tentative es-
timate (i.e. 150 thousand tons) that has been advanced by Foster
et al (1980). Moreover, it is well below the level of sustain-

able yield that would be required--under current conditions--to



support an annual production of 5 thousand metric tons of
rubber. Depending wupon the precise figures for rubber content
of shrub (dry weight basis), the difference between dry weight
and field weight (e.g. due to leaves, water, losses during har-
vest and transport from field to factory), and the processing
efficiency of rubber extraction, a sustainable yield of 100
thousand metric tons of shrub (field weight) could be required
to support sustained production of 5 thousand metric tons of
rubber per year.

The plan of the paper is as follows. In Section 2, a model
i1s presented for estimating the sustainable yield of harvest
from guayule wildstands. The model chosen is one of the sim-
nlest possible for this purpose. While there are some objec-
tions that can be raised to the application I shall make of this
model (these objections are also considered briefly in this pa-
per), the model seems to be adegquate to the purpose for which it
is used.

Section 3 examines the data available to estimate the
model. As will become clear, there 1is relatively little data on
which to base estimates of the model's parameters. Moveover,
there are seeming inconsistencies in some of the data, and ambi-
guities concerning the compatibility of data taken from dif-
ferent sources. While some effort 1is made in this paper to
reconcile existing data, much more needs to ©bDe done 1in this
area.

Section 4 presents alternative estimates of the parameters

of the model adopted here, Calculations of maximum sustainable



ylelds based on these parameter estimates are also presented.
As noted above, my estimates imply a maximum sustainable yield
of approximately 30 thousand tons of shrub per year. This sec-
tion also reports some additional supporting evidence for these
estimates of maximum sustainable yield drawn from the history of
guayule exploitation 1in Mexico over the first half of the 20th
century.

In Section 5, some approximate estimates of the ability of
guayule wildstands to support sustained production of 5 thousand
tons per year of rubber are reported. It is doubtful, given my
estimates of the sustainable yield of wildstand harvest, that
this level of production could be sustained wusing only shrub
harvested from wildstands. Rough calculations Suggest that a
rubber production of 5 thousand tons per year would virtually
exhaust guayule wildstands within eight years. Of course, if
these estimates are correct, production probably would come to a
halt for economic reasons (i.e. due to the extreme expense of
harvesting shrub) well before guayule wildstands were completely
exhausted.

In Section 6, a number of carefully qualified conclusions
are offered. It is certainly premature to conclude that my es-
timate of sustainable harvest is correct. While I firmly be-
lieve that the estimates presented nere will turn out to be near
the mark, it is clear that a definitive estimate must await ad-
ditional research. The concluding section comments on the

research that is needed.



2 A BASIC MODEL

The point of departure for the present analysis is one of
the simplest. possible models of biomass accumulation, the logis-
tic model of population growth, Several objections <can be
raised to this model, both in its most usual applications to the
study of populations of motile organisms in an environment small
enough for any organism to be likely to move freely tnhnroughout
the whole of it, and to my application of it to a population of
sedentary organisms--the guayule shrub--that are distributed in
clusters. Some of these objections are dealt with later in this
section. For the moment, let us hold them in abeyance.

The logistic model of biomass accumulation holds that the
rate of mass accumulation may be approximated as a quadratic
function of the stock of biomass. That is, the rate of accumu-
lation is density dependent, with the rate declining continuous-
ly with increasing density. Letting S(t) denote the stock of a
certain type of biomass at time t and s(t) denote its continuous
time rate of change, the logistic model of biomass accumulation

may be written as

S(t)
(1 s(t) = rs(t) |1 - ----
K

where r is a parameter known as the intrinsic growth rate of the




population, and where K is a parameter known as the environmen-

tal carrying capacity or saturation level of the population.

The basic idea reflected in the logistic model formulation
is quite simple. The rate of biomass accumulation at first in-
creases with increasing biomass and then eventually decreases.
This might reflect 1increasing opportunity for reproduction
and/or growth as biomass increases from low levels to intermedi-
ate levels, and decreasing opportunities as biomass increases
from intermediate to high levels due (for example) to competi-
tion for 1limited resources such as space, food, and water.
These limiting resources define the capacity of the environment
to sustain the population in questioa.

The dynamics of a population that obeys Equation (1) are
easily analysed. In Figure 1, a phase diagram corresponding to
Equation (1) is presented. As can be seen, there is one stable
equilibrium population size, K, corresponding to the saturation
population level. The population, if undisturbed, tends to this
Size asymptotically.

The solution to Equation (1) 1is the well-known logistic

equation, and is given by

(2) S(t) = =—ccmecmcceeaa

where
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Figure 1. Logistic model of biomass accumulation



S(0) being the initial stock.

Equations (1) and (2) are formulated for the case in which
time is continuously variable. It is useful, for empirical pur-
poses, to recast Equation (2) as a difference equation. By
suitable rearrangement, it <can be shown that, in difference

equation form,

(3) S{t41) = cccmmamcan e
1 + (a=1) S(t)

K

where a = el,

Equations (1) through (3) describe the natural dynamics of
a population in the absence of any changes in external condi-
tions, manipulation, or exploitation by other populations.
Under these conditions, as noted above, we would expect to ob-
serve the population in question approach a steady size of K.

Now let us consider the possiblility of harvest of this po-
pulation. To do this, we shall use Equation (3), and assume
that harvest takes place instantaneously at the conclusion of
each period. Letting h(t) be the harvest, the difference equa-

tion describing the evolution of population size becomes

4) S{t+1) = ~emcmm———c————m - h(t)
1 + (a=1) S(t)

K



Equation (4) may be used to derive the maximum sustainable
annual harvest. To do this, note that for a harvest to be sus-
tainable, it must result in neither an increase nor a decrease
in the standing stock on a year-to-year basis. That 1s, sustai-

nadbility reguires that

(5) (a=1) S(t) = (a=1)====- = h(t)

which may be derived by setting the left-hand-side of Equation
(4) equal to S(t) and rearranging terms. Maximizing equation
(5) with respect to 3(t) gives the standing stock that results

in maximum sustainable yield,
S(t) = 0.5 K

which, substituted back into Equation (5), gives maximum sus-

tainable yield

(6) h _, = 0.25 (a-1) K

This estimate in fact tends to overstate maximum sustain-
able yield under plausible harvest conditions, which do not--as
is assumed in Equation (4)--harvest the resource in one 1impulse
at the end of the period. An alternative estimate based on the
assumption that harvest takes place continuously at a constant
rate can be derived by finding the maximum of Equation (1) with
respect to S, and substituting back into Equation (1). Esti-
mates based on both procedures are reported here.

Equation (4) is the basic form of the equation we shall use

in our subsequent empirical investigations. Although it is just



about the simplest possible model, containing only two unknown
parameters ( a and K), available data permit only an approximate
estimation of its parameters.

As was remarked above, it 1is possible to question the ap-
propriateness of using the logistic model to analyze the popula-
tion dynamics of guayule. In particular, it can be claimed with
complete justification that the theoretical derivation of the
model i1s based upon several assumptions that do not seem entire-
ly appropriate 1in the case of guayule. These assumptions in-

clude the following:

(1)Biotic and abiotic factors are sufficiently con-
stant 1in time and space as to not affect birth and
death rates

(2)Density uniformly affects all population members

(3)Birth and death rates vary instantaneously and
Wwithout lag in response to density changes

(4)The population has and maintains a stable age dis-

tribution
Guayule and its environment depart from these assumptions
in several respects. For example, climate data show that the
climate in guayule-growing areas is variable, and it 1is Kknown
that the standing stock of guayule is affected by weather condi-
tions. This controverts Assumption (1). Ecological data also
show that guayule is not distributed uniformly, but rather tends
to occur in patches. These data <call into question the ap-
propriateness of Assumption (2). Harvesting may alter the age
distribution of the population, thus calling Assumption (4) into

question.



It is, in fact, possible to modify the basic logistic model
to overcome many of these limitations. Smith (1980), for exam-
ple, has shown how randomly varying environmental factors may be
incorporated into the model, and how the concept of sustainabil-
ity may be reinterpreted when randomness 1is present. Unfor-
tunately, application of a modified model does not seem to be
possible in the present context, due to lack of data.

In spite of its limitations, which cértainly are not to be
minimized, it 1is worth examination of the empirical implications
of the model contained in Equation (4). In this regard, Pielou
(1969, p 80) notes

Extrapolation to populations for which the assumptions
[i.e. the assumptions 1listed above] are, strictly

speaking, unreasonable is often illuminating 1if cau-
tiously done.

On this same point, May (1376, p 4) notes of the wusefulness of
applying simple models that do not explicitly represent all
relevant interactions
Even so, it is often useful to regard all these bio-
logical and physical interactions as passive parame-
ters in an equation for the single population, summar-

izing them as some overall 'intrinsic growth rate',
tcarrying capacity', or the like.

To proceed with full confidence that such a simple model is
appropriate would require the examination of the model against

experimental data. These data do not exist at the present time.

Obtaining the required data is an important research priority if

plans to produce guayule rubber commercially are to be pursued.



More will be said about this in the concluding section of the
paper. In the absence of these data, however, it is still pos-
sible to check the implications of the model against other data
taken from the period earlier this century when a guayule indus-

try operated in Mexico. This we shall do.

3 DATA

The ideal set of data for estimation of the parameters of
the model discussed in the preceding section would be a set of
consistent inventories of standing stock of guayule, data on en-
vironmental conditions, data on the activities of possible pre-
dator species (e.g. goats are present in the Cedros area and
graze on guayule), and data on shrub harvest. In contract the
data actually available include a set of occasional shrub inven-
tories, and a series of data on guayule rubber production (not
shrub harvest). Each of these data sets is described below.

As far as could be ascertained, there have been nine inven-
tories of the stock of guayule shrub in various parts of its re-
gion of occurrence. These inventories (and two additional re-
lated studies--McCallum (1942) and NPI (1980)) are summarized in

Table 1.



Table 1 _
Inventories of Guayule Shrub

Inventory Amount Density Remarks

(1000 tons) (tons/ha)
Lloyd(1911) 500(original) 3.86 Field(Cedros)

250(1911)

Hargis(1942) 213 NE Records(all regions)
McCallum(1942) 1/8 of 1910 NE Observation( " )
Cooperrider(1943) 260 2.00 Records+field( " )
INIF(1974)#* 304 Photo+field(C. Cienegas)
CONAZA(1976) % 462 1.93 Photo+field(C. Cienegas)
CONAZA(1977) 406 1.64 Photo+field(Saltillo)
CONAZA(1978) 1,527 1.79 Photo+field(Zacatecas)
NPI(1980) NE 1.01 Field(Saltillo)
NPI(1981) 2,200 3.86 Landsat+field(Cedros)
CONAZA(1981) 600 Landsat+field(Cedros)

¥ Inventories covered different portions of Cuatro Cienegas

The first inventory is due to Lloyd (1911) in what, in many
ways, must still today be regarded as the most comprehensive
field investigation of guayule ever undertaken. Based on field
investigations over a three-year period and on data and informa-
tion collected from other sources (mainly the Intercontinental
Rubber Company) during this same period, Lloyd estimated that
the standing stock of guayule in the guayule region of Mexico
was on the order of 250 thousand tons in 1910-11, and that this
amount was approximately 1/2 of the standing stock that had ex-
isted 1in the area prior to the commencement of commercial guay-
ule rubber production in the early 1900s. While Lloyd does
state that his estimates of the stock pertain to the entire
guayule area of Mexico, it is probable--given the 1location of
his field 1investigations and the other sources he consulted--

that his estimates pertain only to the guayule stands in a fair-



ly large region around Cedros.

Lloyd's central purpose was other than estimating the
standing stock of guayule, and, as a consequence, there are
several ambiguities in his estimates. The most important of
these 1s that 1t 1s not entirely clear whether his estimate
refers to the exploitable stock of guayule (which--as a rough
rule of thumb--could be taken to be accessible shrub over 25 cm
high) or whether it is an estimate of the total amount of shrub,
irrespective of size or location. Certain of his calculations
suggest that the former is the correct interpretation (see for
example the calculations presented in Lloyd (1311, pp 10-12)),
and others (e.g. Lloyd (1911, pp 34-35)) suggest that the latter
interpretation is correct.

Three more estimates were made during the mid years of
World War II by U.S. Government employees dispatched (as a part
of the U.S.'s Emergency Rubber Project) to Mexico to determine
the quantity of rubber that could be obtained by harvesting the
then-standing stock of guayule. ©0.D. Hargis (1942) estimated
that the standing stock of exploitable guayule shrub (stem diam-
eter approximately 2 cm) was about 213 thousand metric tons. He
noted that this estimate did not include some shrub on
government-owned land.

Because Hargis's estimates were based mainly on the records
of the two rubber companies then producing guayule rubber in
Mexico, the U.S. Department of Agriculture dispatched a team to
make independent estimates based on field 1investigations.

Cooperrider and Culley (1943) estimated a total stock of '"mer-



chantable shrub" in Mexico in 1942 of approximately 259 thousand
metric tons. Of this total, they considered 222 thousand tons
to be in areas 1in which accessibility was fair to good, and
about 37 thousand tons to be scattered in stands in which acces-
sibility was poor. These estimates were further broken down by
geographic region.

W.B. McCallum, perhaps the leading botanical authority of
the time on guayule, was also sent to assess the situation.

McCallum (1942, p 24) reported as follows.

I first went to Mexico in 1910 remaining there essen-
tially two years, much of my time being spent on the
range getting familiar with guayule in its natural na-
bits of growth. Since then I have visited Mexico
every three or four years. There has been one con-
tinuous change very noticeable every time, and that is
the constant decrease in the amount of shrub to be
seen at each visit.

McCallum (1942, p 23) further observed of his visit during the

summer of 1942.

I spent two months in Mexico last summer and went over
many areas that I had known well in the past. The
most noticeable condition to me was the continued de-
crease 1in the general volume of shrub now existing on
the ranges. In many places where it once was abundant
it 1s now virtually gone. And while in places there
are still good stands, it is necessary to go farther
and farther into the hills to get it. On the whole,
there is probably now not more than one-eigth of the
total tonnage of guayule shrub that there was in 1910.

There were, insofar as could be ascertained, no more esti-
mates of tine standing stock of guayule for over 30 years. Then,

in 1974, as a result of revived interest in Mexico concerning

the possibility of producing guayule rubber based upon wildstand



harvest, the 1Instituto Nacional de Investigaciones Forestal
(INIF) surveyed a portion of the area surrounding Cuatro Ciene-
gas, and reported (on the basis of aerial photographs and field
investigations) an estimated 1inventory of harvestable shrub
(shrub over 25 cm in height) of 303 thousand tons. This inven-
tory was later complemented in 1976 by the Comision Nacional de
las Zonas Aridas (CONAZA), which surveyed the remaining area
around Cuatro Cienegas, and reported an estimated 462 thousand
tons of shrub in the balance of the Cuatro Cienegas area.

In 1977, CONAZA (1977) reported results of a survey of
shrub in the region of Saltillo. According to this survey (also
based on aerial photographs and field investigations), the Sal-
tillo region contained approximately 406 thousand tons of harve-
stable shrub.

CONAZA completed its initial surveys of the guayule region
in 13978, when it reported its results for the Zacatecas region.
In this region, according to CONAZA (1978), there are approxi-
mately 1,527 thousand tons of harvestable shrub.

In 1980-1981, CONAZA resurveyed the portions of the Zacate-
cas and Saltillo regions surrounding the town of Cedros. Latest
estimates, which are not yet published, suggest less shrub than
had been estimated for corresponding areas in the previous CONA-
ZA estimates. In a 130 km radius of Cedros, CONAZA now reports
approximately 600 thousand tons of harvestable shrub.

Another estimate, based mainly on Landsat data and a modest
amount of field work, has recently been made by Native Plants

Ine. for the area within a 150 km radius of Cedros. According



to HNPI (1581), 2,200 thousand tons of harvestable shrub are
available in this area. NPI (1981) notes, however, that this
figure 1is biased upward (by an unknown amount) for two reasons.
First, Landsat data were interpreted in a manner that biases es-
timates of the areal extent of guayule upward. Thus, some of
the land area reported by NPI to contain guayule may in fact
have none or have less than estimated. Second, in the field in-
vestigations, particularly good stands of guayule were selected
for study. This undoubtedly accounts for the somewhat higher
density figure reported in NPI (1981).

The second kind of data that are available for estimating

the parameters of the model discussed in the preceding section

are data on annual production of rubber from guayule. These
data, <can be used to estimate approximate quantities of shrub
harvested. Ignoring inventories of shrub (which by all accounts

were negligible due to the poor storage qualities of shrub), the
shrub harvest in any year should be approximately proportional
to rubber production in that year. Several observers have sug-
gested that, on the average, the field weight of shrub harvest,
over most of the period the industry operated in Mexico, was on
the order of ten times the quantity of rubber produced. During
the last few years of industry operations (i.e. 1943-1945), a
factor of about 7.5 might, according to these same observers, be
more appropriate. On this point, Hargis (1942) wrote:

In the earlier years the percentage of extraction was

very low and it 1is only in the last few years that

average extraction of 14% to 16% has been obtained.
It might be fairly assumed that over the entire pericod
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an average extraction of 10% was obtained, in which
case it would have required around 900000 long tons
(field weight) of shrub to produce this amount [i.e.
the amount of rubber that had been produced up to
1942] of rubber.

Table 2 reports total Mexican annual production of guayule
rubber. As can be seen, production fluctuated widely, largely
reflecting demand conditions in international rubber markets.
The high levels of production in the years circa 1910 and 1927
coincide with periods of relatively high international market
prices for natural rubber. The high production levels of the

1940s reflect high wartime demand levels (prices were subject to

wartime price controls).

Table 2
Mexican Production of Guayule Rubber

Year Production{(tons) Year Production(tons)
1905 375 1926 4,765
1906 1,819 1927 5,988
1907 4,305 1928 3,105
1908 5,432 1929 1,551
1909 8,438 1930 1,132
1910 10,738 1931 0
1911 8,032 1932 0
1912 6,935 1933 0
1913 2,205 1934 Bu6
1914 298 1935 595
1915 1,552 1936 1,478
1916 317 1937 3,652
1917 1,150 1938 2,689
1918 2,015 1939 3,204
1919 ]:%4¢ 1819 21949
1929 32 1942 8,082
1922 308 1943 8,645
1923 1,371 194y 9,932
1924 1,538 1945 5,699

1925 4,157



4 PARAMETER ESTIMATES

The basic strategy pursued here to estimate the parameters
of Equation (4) is to select alternative estimates of standing

stock at two different times and a corresponding value of K, and

to find a value (if any) of the parameter "a" that -- given the
intervening estimated harvest history -- yields these estimates
of standing stock. With regard to the estimates of standing

stock at different time priods, we have basically four different
periods to choose from: (i) pre-exploitation (as described by
Lloyd); (ii) estimates of standing stock circa 1910 (as reported
by Lloyd); (iii) estimates made during 1942 (as reported by
Hargis, Cooperrider and Culley, and commented on by McCallum);
and (iv) estimates for «circa 1975 (made by INIF, CONAZA, and
NPI).

As should be clear from the discussion 1in the preceding
section, the inventories avallable present a wide range of
numbers from which to choose. Pending completion of current ef-
forts to reconcile some of the discrepancies in current inven-
tories, there is no fully satisfactory way to decide exactly
which shrub stock estimates to use and how to use them. The
most that can be done is to explore some alternatives and to en-
deavor to check their implications against other information.

One seemingly promising possibility for identifying shrub
stocks at different points of time is offered by McCallum's es-
timate of the depletion of the total stock between 1310 and

1942, the Hargis and Cooperrider and Culley estimates of stand-
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ing stock in 1942, and the implied total stock obtained by ad-
ding the INIF (1974), CONAZA(1976), CONAZA(1977), and CONA-
ZA(1978) estimates. When the INIF and CONAZA estimates are ad-
ded, we obtain an estimate of total standing stock circa 1375 of
approximately 2,700 thousand tons in the entire guayule region
of Mexico. If we multiply the Hargis or Cooperrider and Culley
estimates of standing stock in 1942-43 by McCallum's depletion
factor of approximately eight, we obtain an implied estimate of
standing stock in 1910 of approximately 1,600 thousand to 2,080
thousand tons.

The estimates obtained by summing the INIF and CONAZA in-
ventories and by multiplying the figures given by Hargis or
Cooperrider and Culley are roughly consistent. The latter fig-
ure (i.e., a range of between 1,600 and 2,080 thousand tons) re-
flects an estimate of harvestable biomass after five years
(i.e., from 1905 to 1910) of commercial exploitation. The form-
er figure (i.e., of 2,700 thousand tons) reflects substantial
recovery of the population after a period of 30 years (i.e.,
from 1945 to 1975) during which almost no harvesting was done.

The difficulty with this interpretation of the data 1is
that, even 1if one assumes that guayule exhibited no natural
growth, the production data reported in Table 2--multiplied by a
factor of 10 to convert them into estimates of shrub harvest--
could not conceivable reduce shrub stocks to the levels reported
by Hargis or by Cooperrider and Culley. While the possibility
that some other factors also reduced the supply of shrub over

the period in question (e.g. grazing by goats and pests, un-



favorable weather, fire) cannot be dismissed entirely, there 1is
no evidence reported that these factors were significant com-
pared to the effect of harvest. Another possibility is that far
more shrub was harvested than is implied by the assumption that
shrub field weight is 10 times the weight of rubber produced. A
factor of 20, which is an appropriate factor today to produce
high quality deresinated guayule rubber, would approximately
reconcile an undisturbed population size estimate of approxi-
mately 2,000 thousand tons, the production history given in
Table 2, and the 1942-43 estimates of standing stock. The dif-
ficulty with this line of argument, however, is that there is no
basis for it in the literature, and that the factor of 10 seems
approximately correct given probable resin, water, and other im-
purity content of the guayule rubber produced. These considera-
tions, taken in conjunction with the fact that CONAZA recently
has concluded that the estimates reported in INIF (1974), CONAZA
(1976), CONAZA (1977), and CONAZA (1978) are biased upward, have
lead wus to abandon estimates Dbased on the line of reasoning
described above.

A somewhat more promising line of attack is to focus on es-
timates for the Cedros region. Although the full report remains
to be published, it appears that the 1980-81 CONAZA estimate of
harvestable shrub within a 130 kilometer radius of Cedros (ap-
proximately 600 thousand tons) will prove to be reasonably reli-
able. We might thus use this estimate as an estimate of shrub
stock in the Cedros region after a substantial period during

which almost no harvesting was conducted.
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Of the 1342-43 estimates, only Cooperrider and Culley pro-
vided maps and reported their estimates by region. From these
maps and the regional estimtes they present, it appears that the
total gquantity of shrub 1in a region corresponding roughly to
that covered by CONAZA's 1980-81 estimate of the shrub in the
area surrounding Cedros was about 230 thousand tons. This esti-
mate could thus provide an estimate of the shrub population at
another point of time.

As noted earlier, it also appears that Lloyd's 1investiga-
tions focused on the area around Cedros. Unfortunately, he does
not provide maps, so it is not possible to be sure of the extent
of the area he considered. Assuming that Lloyd covered roughly
the same area as was covered by Cooperrider and Culley (1343)
and by CONAZA (1381), we obtain two more estimates of shrub
stock at two more times: approximately 500 thousand tons before
exploitation (say 1905), and 250 thousand tons in 1910-11.

The difficulty with focusing on the Cedros region ex-
clusively 1is that the production figures reported in Table 2,
and hence the shrub harvest estimates calculated from them, per-
tain to total Mexican production, and not just production in the
Cedros region. This may not be quite as serious as it at first
Seenms. An 1investigation of the history of guayule rubber pro-
duction in Mexico by Velazquez et al (1978) suggests that har-
vest was heavily concentrated in the region covered by the above
estimates. It is probably valid to assume that virtually all of
the production reported in Table 2 was based on shrub harvested

in the Cedros region. We shall make this assumption.
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Table 3 presents estimates of the parameter "a" and maximum
sustained yield conditional on assumptions about initial and
terminal standing stock and the carrying capacity parameter, K.
In the uppermost block

Table 3

Estimates of Parameters of Equation (4)
(guayule in thousands of metric tons)

5(0) S(T) K S(t) a -
500 600 606 249 1.2124 29
(1305)  (1975) (1911) (32)
266
(1942)
230 600 606 —m--- 1.2184 30
(1942)  (1975) (33)

of the table, estimates are presented assuming an initial stand-
ing stock of 500 thousand tons, a terminal stock of 600 thousand
tons, a saturation level of 606000 tons, and that shrub harvest
was ten times the production levels reported in Table 2. Fig-
ures 1in parentheses are the dates corresponding to the values
reported above. The column of the table headed by "a" reports
the estimate of "a" in Equation (4) that, given the estimated
harvest and initial condition, results in an estimated popula-
tion consistent with the assumed terminal value. As can be
seen, the estimated value of "a" under the conditions assumed is
1.2124,

The column headed S(t) reports estimated population at




selected intermediate dates (shown 1in parentheses below the
corresponding figure) assuming the value of "a" reported in the
column next to it. Thus, given the initial condition, harvest
history, and a=1.2124, Equation (4) implies a 1911 population of
249 thousand tons of guayule, and a 1942 population of 266
thousand tons of guayule. Both of these figures correspond rea-
sonably well with estimates reviewed in the preceding section.

The rightmost column reports estimated maximum sustained
yield. Two estimates--one corresponding to the maximum of Equa-
tion (1) and the other (shown in parentheses) corresponding to
the maximum of Equation (5)-- are presented. As can be seen,
under the conditions assumed in the computations reported at the
top of Table 3, estimated maximum sustained yield are 29,179 and
32,179 tons per year, respectively.

The lower portion of the table reports estimates based on
Cooperrider and Culley's estimate of shrub in the Cedros region
in 1942-43 and the most recent CONAZA estimate. Using these
figures, and assuming that rubber weight was 15 percent of shrub
weight in 1942 and beyond, an estimate of "a" of 1.2184 is ob-
tained, along with corresponding estimates of maximum sustained
yield of 29,322 and 33,038 tons per year.

The data and estimates presented in Table 3 thus lead uni-
formly to the conclusion that the maximum sustained yield of
harvest of wildstands in approximately a 130 kilometer radius of
Cedros is roughly 30 thousand tons per year. It is relatively
easy to fashion a great many additional estimates based on al-

ternative estimates of environmental carrying capacity, and al-



ternative assumptions about intitial and terminal shrub stock
values and ratios of shrub welght to rubber weight. Several
such additional estimates have been made. Many of these were de-
voted to testing the sensitivity of the estimates of maximum
sustained yield to the value selected for K. In general,
changes in K produced produced roughly offsetting changes in the
corresponding estimate of "a", with the result that estimated
maximum sustained yield changed very little. Ranges of values
for which one can find some support in the literature do not ma-
terially <c¢hange the above <conclusion concerning the probable
level of maximum sustained yield in the vicinity of Cedros.
Moreover, as has been noted above, there is additional evi-
dence to substantiate this conclusion. First, recall repeated
observations that industry operations during the period 1305 -
1945 had resulted in depletion of the stock of shrub, Lloyd
(1911) found that the harvest levels of the first six years of
operation of the industry had depleted the shrub stock to about
one-half of its pre-exploitation level. McCallum (1942) report-
ed continual depletion of the standing stock (see above). Over
the period up to and including 1942, the average annual produc-
tion of rubber was 2,915 tons per year. If years in which no
production took place are excluded (i.e. 1931-33), the average
is 3,165 tons per year. As can be seen from the table, there
were several runs of years during which production 1levels were
well above this average level. Using a ratio of shrub weight to
rubber weight of 0.10 (see above), this corresponds to an es-

timated annual harvest of approximately 30 thousand tons of



shrub, field weight. This estimate, taken in conjunction with
observations of the continual depletion of the standing stock,
suggests that our approximate estimate of maximum sustained
yield may, if it is biased at all, be biased upward.

Second, Recio (1979) reports that harvest-worker produc-
tivity fell from approximately 500 kilograms per day in the late
1930s to approximately 100 kilograms per day in the mid-1940s.
It 1is also reported that the price per ton of shrub a Torreon
jumped from 10 pesos to 40 pesos in the late 1930's, and to 80
pesos in the mid-1940s. Recio attributes these changes to the

inereasing scarcity of shrub.

5 IMPLICATIONS FOR CURRENT PLANS

The implications of the above results for current plans to
construct and operate a plant producing 5 thousand tons of guay-
ule rubber per year are clear: in all likelihood, shrub produc-
tivity in the region of the plant is inadequate to sustain this
level of rubber production. Every ton of guayule rubber pro-
duced today, using modern processing techniques and shrub of the
average rubber content of harvestable shrub found in the Cedros
region ( ranging from 10 to 11 percent pure rubber on a defoli-
ated dry-weight basis) requires approximately 20 tons of shrub
field weight. That is, the ratio of weight of rubber produced

to field weight of shrub harvested is approximately 0.05. The
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reason for the decline in rubber weight to field weight ratiol
from that which obtained between 1305 and 1945 (recall from
above that this ratio was appoximately 0.10 during the first
half of this century) is that the rubber produced today contains
almost no moisture (which used to account for about 25 percent
of the weight of the rubber product during the period reported
in Table 2) and almost no resin (which also used to account for
about 25 percent of the weight of the product).

Using a product weight to field weight ratio of 0.05, an
initial stock of 600 thousand tons, and a value of M"a" of 1.215,
it is estimated that the wildstands of harvestable shrub would
be completely depleted within eight years. Of course it is
probable that exploitation would run into serious difficulties
well before the point of complete exhaustion of the stock.
Harvestaole shrub would become more difficult to locate and more
expensive (due to decreased density) to harvest and transport.
The data cited above on the decline in harvest productivity and
increase in shrub <costs during the 1940s attest to the impor-
tance of these factors.

The depletion rates implied by annual guayule rubber pro-
duction at a rate of 5 thousand tons do not leave much room for
maneuver., Even if 1t were feasible ¢to begin reforestation
and/or dryland cultivation of guayule simultaneously with the
commencement of production from the wildstands, it probably
would take from five +to seven years before the first managed
stands could be harvested.

Scaling-back production from wildstands could buy quite a
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bit of time. Table 4 below shows estimated times to exhaustion
at a number of lower production levels. Scaling-back to 4
thousand tons per year of rubber
Table 4
Estimated Years to Exhaustion of

Wildstands at Alternative
Rubber Production Levels

Annual Rubber Estimated Years
Production fto Exhaustion
(tons)
4000 11
3500 13
3000 16
2500 20+

= e P R e M o e e Ah Am e .  m = % T M Em e em e A Mt e m T e mm mm wm

extends the estimated 1life of the wildstands to 11 years.
Scaling~back to one-half of the currently planned capacity,
i.e., to 2,500 tons, stretches out the period of exhaustion to
more than 20 years. Based on our estimate of maximum sustain-
able yield, a processing plant of approximately 1,500 tons per
year capacity could operate at this level indefinitely (i.e.

0.05 x 30,000 = 1,500).

6 CONCLUSIONS

Three conclusions may be drawn from the analysis presented
in the preceding sections. First, it is probable (but by no

means absolutely certain) that the maximum sustainable yield



from wildstand harvest in the Cedros region is no more than 30
thousand tons per year. This conclusioh is supported both by
estimates of the parameters of a simple (admittedly perhaps
overly so) model of biomass accumulation, by direct observation
of the effects of harvesting at approximately this level (i.e.,
30 thousand tons per year) over the period from 1905 to 1945,
and by indirect evidence of shrub scarcity in the form of obser-
vations on harvest productivity and the delivered cost of shrub
at the factory gate.

Second, much more needs to be understood about the dynamics
of the guayule population, and the effects on that population of
alternative harvest methods (e.g., hharvest by pulling the entire
plant versus harvest by cutting the plant), possible management
techniques (e.g., application of biostimulants ¢to 1increase
rubber accumulation, selective reduction of competition), and
environmental factors (e.g., meteorological conditions, preda-
tion). Given plans to reactivate the guayule rubber industry in
Mexico, initially based on the harvest of wildstands, it 1is
clear that these topics deserve the highest possible research
priority. |

Four lines of attack should be pursued to make the most ra-
pid possible progress in understanding guayule population dynam-
ics. First, a much more systematic effort to reconcile existing
inventories of guayule should be undertaken. The bases of each
need to be identified and carefully compared, and the raw data
need to be examined. 1In general, all of the field investiga-

tions seem to have arrived at good <characterizations of the



plots studied. The main discrepancies, I think, will be found
in the experimental design and the extrapolations from the field
experiments. Resolution of these discrepancies undoubtedly will
require some additional field work. Second, a series of care-
fully designed and monitored harvesting experiments are needed.
These should determine the effect of harvest on the regeneration
and age-size structure of stands. Third, since commercial har-
vest operation apparently will begin before any harvesting ex-
periments could be considered to be complete, an effort should
be made to identify control plots in the commercial harvest area
and to monitor their regeneration. Fourth, ecological data col-
lected in the various inventories should be analyzed to deter-
mine what can be inferred from them about population dynamics.
Finally, production of any substantial quantity of guayule
rubber annually will require cultivation of guayule. While a
substantial body of knowledge concerning the growth and rubber
content of the guayule shrub under cultivation has been accumu-
lated, it is not at present known whether or not 1large scale
cultivation 1s feasible. Examination of this question is also
vitally important, particularly if production rates that could

result in rapid depletion of wildstands are contemplated.
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