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ABSTRACT

THE ESTIMATION OF CAERYING CAPACITY
FOR HUMAN POPULATIONS IN A PART OF
THE TEANSAMAZON HIGHWAY COLONIZATION AREA OF BRASIL

by
Philip Martin Fearnside

Co-chairpersons: Daniel H. Janzen and John H. Vandernmeer

This study is aimed at estimating carrying
capacity for the human population in a portion of Brasil's
Transamazon Highway Colonization Area under a variety of
assumptions., Special emphasis is given to the effect of
variability iu a number of factors related to agricultural
production and consumption, Carrying capacity is defined
operationally in teras of a gradient of increasing
probability of «colonist failure with population density
withipn a 1limited range of densities. Both the criteria
defining a "failure” and the «critical value for the maximanm
acceptable probability of colonist failure can be culturally
defined. Multiple criteria, dincluding both consumption and
environmental gquality measures can be used. Failure
probabilities for carrying capacity estimation are taken to
be sustainable over a long period of years. A computer

simulation is developed which reproduces many features of



the agroecosystem of which the <colopists are a part,
including sectors for agricultural production, resource
allocation, product allocation, and population. Gradients
of failure ©probabilities for the estimation of carrying
capacity are constructed from information output by the
simulations. Both deterministic and stochastic runs are
made, allowing the assessment of the importance of
variability. Variability in crop yields results in colonist
failure frequencies based on a number of criteria which
greatly exceed the goals of Brazilian planners, despite
restrictions on the data set which tend to make simulation
results over-optimistic.

Special emphésis is given in the present
presentation to pasture and perennial crops, which are
currently viewed by government planners as having potential
for long-term sustainable yields both for the small farmers
of this study and for large enterprises nowv being encouraged
throughout the Amazon. Although the farming of annual crops
is a very risky business as 1is shown by the data in this
study, the simulated results for pasture and perennial crops
cast doubt on the presunmption of secure and sustainable

yields for these as well.
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PREFACE

The following dissertation forms a part of a
continuing study @ aipmed at the development of the
theoretical and practical framework for estimation of human
carrying capacities in tropical agroecosystems. Carrying
capacity is operationally defined as the maximum population
density that can be supported indefinitely in an area with a
probability of colonist failure lower than a maxinmum
acceptable value. Both the <criteria used for defining a
failure and the @maximum acceptable probability of colonist
failure can be socially defined in a variety of ways. An
increasing gradient of probability of colomnist failure with
population density is expected to apply only within a
linited range of densities. Additional restrictions on
technology, consumptive habits, and other items are added to
the definition to conform to the restrictions of the
particular calculation procedure enmployed. The present
study is limited to making such calculations for a small
area in the Transamazon Highway Colonization area of Brasil.
Only those technologies presently being being employed or
contemplated for this area are included. Allowances for
technological changes are included within the framework of
these technologies, bﬁt completely different technologies
such as urban industrialism are deliberately excluded.

The study arrives at some limited conclusions
regarding carrying capacity in the area, but limitations on

the current data base make caution necessary in accepting

ix



these as any sort of definitive estimates. Data limitations
discussed in the dissertation generally have the effect of
making the outcomes of the computer simulations over-
optimistic, In spite of this fact, probabilities of
colocist failure as determined from several criteria both
individually and Jjointly, are much higher than those
considered desireable by Brazilian planners, even at the
lowest population densities simulated. The implication that
the carrying capacity for this type of agriculture is low in
no way implies that the sustainable yields desired by
planners are likely to be the result of other forms of
development such as the development of large areas as cattle
ranches which is currently underway througbout the Brazilian
Amazon. Special emphasis is given to pasture and perennial
crops in the present dissertation, since these are viewed by
Brazilian planners as providing dependable and indefinitely
sustainable yields in <contrast to the obvious probleams
associated with annual crops. The information presented in
the study makes many of the risks associated witbh these
forms of development‘apparent. Other development forms with
potential for sustainable yields, such as carefully designed
and controled forestry projects, are not considered here.
The organization of the present dissertation is a
bit unusual in that the individual chapters are designed as
free-standing vorks, referring to each other through
literature citations. This organization, suggested by one

of the co-chairpersons, adds to the flexibility of the



presentation format. Many of the parts of the full data
base have been condensed into a series of appendices, which
are also cited in the same manner. These will form the basis
for future publications on their respective subjects.
Although the present study will not attain its
ultimate goal of producing usable estimates of carrying
capacity, it will make a variety of both theoretical and
practical contributions to the understanding of tropical
agroecosystems in general and carrying capacity esfimation
in particular. 1Its principal practical contribution is the
providing of a framework, which is physically manifested as
a series of computer programs, allowing the synthesis of a
multitude of diverse and until now disconnected pieces of
information into a coherent picture. Information can be
obtained from this picture which 1is relevant to human heeds
-- namely estimates of human carrying capacity. This
framework will permit future pieces of information to be
added and rapidly interpreted in terms of carrying capacity.
The principal theoretical contributions of the study are: 1)
the ountlining of a new concept of carrying capacity in ternms
of a gradieant of probability of colomnist failure as
determined by a variety of different criteria, including
decisions based on multiple criteria, and 2) the assessment
of the influence of variability on carrying capacity. The
stochastic and dynamic aspects of the models are vieved as
their most powerful features contributing to the realism of

carrying capacity estimates.
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CHAPTER I

THE ESTIMATION OF CARRYING CAPACITY FOR HUMAN
POPULATICNS: NEED, ASSUMPTIONS, AND STATE OF THE ART

Introduction

The follovwing review of the need, assumptions, and
state of the art of carrying capacity estimation for human
populations is aimed at providing a background for a series
of models which have been constructed by the author for use
in estimating carrying capacity for a population of pioneer
farmers 1in a portion of Brasil*s Transamazon Highway
colonization area. The result of this effort is not a
single estimate of <carryimg capacity, but an array of
different estimates based on different c¢ombinations of
assumptions. Among other features, the most advanced forms
of the models proposed are stochastic, thus allowing the
importance of variability in yields and other systenm
components to be assessed. The extreme variability in
yields obtained by tropical agriculturalists is viewed by
the author to be of primary importance in limiting the
carrying capacity of these systems, and 1is also a factor
which previous carrying capacity estimation technigues have
been incapable of assessing. An analysis of the limitations
and assumptions of other «carrying <capacity computation

techriques that have preceeded the present modeling effort



will make the rationale clear for many of the features which
have been incorporated 1into the models developed for the
present Transamazon Highvay study, as wvell as help %o
identify areas in which future modeling efforts can improve
upon these results.

The present study is intended to address the subject
of carrying capacity only 1in the «context of the types of
agricultural systems currently in use or being contemplated
for the Transamazon Highway Colonization Area in Brasil.
This includes traditional agriculture based on annual crops,
plantations of perennial crops such as cacao and black
pepper, and cattle pasture. Within +the <context of these
agricultural types allowances for technological changes have
been included. Ko consideration will be given to completely
different foras of technology, such as urban centers
supported by industrial technology. I have deliberately
chosen not to study the carrying capacity of such areas, but
instead have limited myself to the colonists 1in a small
portion of the Transawmazon Highway.

The development both +the theoretical and practical
tools for estimating human carrying capacities with
sufficient reliability to make them useful for development
planners is urgent. This should be obvious to anyone
concerned with the fate of those who wmust live with the
future consequences of the current race to convert the
remaining areas of natural ecosystens into poorly

understood, and even more poorly controlled, agroecosystens.



The current effort will not succeed in achieving this
ultimate goal, but 1t will contribute to advancing our
knowledge of the operation of actual tropical agroecosystenms
such as tnose 1n use on the Tramsamazon Highway, to
advancing our knowledge of human carrying capacity in
general, and to bringing us closer to the goal of usable

carrying capacity estimates.

Definitions of Carrying Capacity

The term “carrying capacity" has been used by
vorkers in fields such as biology, anthropology, geography,
range mwmanagement, fisheries, wildlife management, and
business management with related but different meanings.
A1l refer to the number of individuals that can be supported
in a given area, but the 1level of consumption at which they
are to be supported and the time over which the area is to
be capable of providing this support varies with the
definition.

In reviewing carrylng capacity literature I classify
the often-unstated definitions used by the time horizon of
the estimate. Some authors are sufficiently unclear or
inconsistent in their usage o©of carrying capacity that their
vork could easily fit into either the "instantaneous" or the
"sustainable" category.

Carrying capacity definitions <can be further broken
down according to whether they are static or dynanmic,
deterministic or stochastic, or based on a single limiting

factor, several possible 1limiting factors, or a combined



measure representing contributions from several factors.
Static estimates make the assumption that all parameters are
constant through time, while dynamic estimates allow for
changes with time. Deterministic estimates are based on
fixed values for all parameters, while stochastic estimates
include random variation in at least some of the parameters.
Since the real world 1is characterized by both changes with
time and variability, dynamic stochastic estimates should
lead to the most realistic estimates of carrying capacity.
The aim of the Transamazon Highway modeling effort,
as is true for most previous studies of human
carrying capacity, is to produce estimates in the category
of sustainable carrying capacity. The basic definition I
use for this type of carrying capacity (which is altered in
the wmore complex models as successive assumptions are
relaxed) is patterned after +that used by Allan (1949, 1965)
in his pioneering work on estimating carrying capacities for
shifting agriculturalists in Zimbabwe (then Northern
Rhodesia). It is:
the maximum number of persons that can be supported in
perpetuity on an area, with a given technology and set
of consumptive habits, without causing environmental
degradation.
Such studies of sustained carrying capacity are fraught with
assumptions, which will be discussed later. Some of the
restrictive features of the foregoing definition conceraning
constant technology and consumptive habits have been relaxed

in the more advanced versions of the Transamazon Highway

models, There is also flexibility in the restrictions



The logistic equation is based on a long list of assumptions
which make it's applicability strained even for organisms as
simple as Daphpia (Frank 1957). Humans clearly do not
conform to assumptions such as the absence of age structure
and time delays, or the complete ecological equivalence of
all individuals, to say nothing of the interposing of such a
complex network of relationships as that represented by
human culture between the "cause"” of a given increase in
population density and the Yeffect” of a given change in
population growth rate. The "(K - N)/K" tera of the
logistic representing "environmental resistance" bears
little functional relation to the processes vwhich were
actually at work in the United States during the period when
the initial exponential population growth began to slow in a
"demographic tramsition".

Modifications of the logistic equation can be made
to alleviate some of its limitations. One such modification
which should increase the realism of calculations of
carrying capacity from the 1logistic is the addition of
stochastic terms. This has been done by lLevins (1969) and
by May (1973, p.122). Roff (1974, pp.264-65) has also shown
through computer simulations of populations of hypothetical
organisms that variability in 1logistic <carrying capacity
leads to higher extinction rates in addition to lower
population sizes.

There are examples of instantaneous carrying

capacity definitions aside from the 1logistic. Most



rangeland management usage of the term "carrying capacity"
refers to a sustainable carrying capacity, hovever some of
it, 1including aost of the Brazilian 1literature on the
subject, is clearly wusing the term to refer to something
that can only be described as instantaneous. I call this
the "short term feeding capacity"” in nmy discussion of
pasture management and yields (Fearnside 1978h,s).

There are other continuous models in addition to the
logistic which avoid some, but by no means all, of the
logistic's restrictions. These do not have the history of
application to humans that the logistic unfortunately does,
and so will not be reviewed here.

Sonme carrying capacity estimation techniques
determine when carrying capacity has been reached by some
behavioral change in the population. Such behavioral
changes indicate that the rate of production being obtained
is unsatisfactory by the population®'s own culturally-defined
standard. These methods work only for populations which are
observed during the period when the instantaneous carrying
capacity is exceeded, or vwhere different subpopulations can
be observed at the same time displaying different behaviors
at different densities. Examples of these techniques
include the study of Hunter (1966) in Ghana where emigration
from densely populated areas as indicated by changing sex
ratios indicated that this point had been passed, and the
classic study of Vermeer (1970) wvwhere a shortening of the

fallow period among shifting cultivators in Nigeria at high



population densities indicated that the instantaneous
carrying capacity had been reached. In the case of the
Veraeer study, some broad indications can be deduced related
to a sustainable carrying capacity as well, to the exteat
that the 10 year minimum fallow period traditionally in use
in the sparcely populated areas appears to be sustajnable,
whereas the twvo-year fallow in the densely populated areas
results in visible eanvironmental degradation.

The information which can be gathered froas
instantaneous carrying capacity estisates such as these,
vhen coupled with information from other studies concerning
changes in soils, yields, and vegetation uader different
falloving regimes, can lead to useful information conceraing
sustainable population levels vwith appropriate assuaptions
concerning technology and consusption. The principal
probles with applying such sethods in sany cases is the need
for the special situation of comparable populations at
different popnlation-densitieé ranging froa levels belov to
levels above the instantaneous caﬁrying capacity.

It should be mnoted that =many of the shifting
agriculture studies vhich bhave been done with the avowed
intention of producing carrying capacity estinates of the
sustainable variety vould actually be more honestly
categorized as instamtaneous, despite the claims of their
respective authors. In the case of a broad class of
permanent field agriculture studies as vell, epitomized by

that of Cooke (1970), the calcultions are simply sade with.



no concern for sustainability whatever.

Sustainable Carrying Capacities

Sustainable carrying capacity, allowving a population
to be supported for an indefinite period at a level which
allows survival and reproduction, 1is the normal use of the
term "carrying capacity" in the wildlife management
literature.

Archacologists have made numbers of carrying
capacity estimates, usually basing the selection of a
carrying capacity value on the observations that 1) the
population being studied had successfully survived and
reproduced at a given population density over a period of
time, and 2) that the population did not destroy the soil or
other resources in the process. The many ancient
anthropogenic savannas throughout the tropics attest to the
frequent violation of the "Yharmony with nature"™ that is
often assumed by investigators. Ammerman (1975) has
recently published an excellent review of how archaeologists
approach the problem of carrying capacity estimation.

Some anthropologists writing on contemporary
aboriginal (as well as exinct) groups have used the sanme
sorts of general observations on persistence and apparent
equilibrium to draw qualitative 1inferences about carrying
capacities (cf. Meggers 1971) . Many social behavior
patterns have impacts on birth and death rates. Some
authors switch deceptively between definitions of carrying

capacity, usually without any attempt to define their terms.
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The "Limits to Growth®" group, for example, uses a logistic
equation carrying capacity for part of its discussion
{(Meadows et al., pp.100-101), but a sustainable carrying
capacity is <clearly the intention 1in the bulk of the
group's writings, including its "carrying capacity of the
globe" paper (Randers and Meadows 1972).

There are a number of different formulas for
calculating carrying capacity under systems of shifting
cultivation given such information as the farmed period, the
fallow period needed to restore soil fertility, average
yields or areas needed to produce "subsistence" quantities
of appropriate foodstuffs, and proportions of the available
land area suitable for cultivation. Formulas have been
devised by Allan (1949, p.15), Carneiro (1960, p.230),
Conklin (1959, p.63), Gourou(1966, p.45), and Fearnside
(1972, p.u487). It should come as no surprise that all of
these formulas can be reduced algebraically to a common
form. This has been done by Faechem (1973) for those of
Allan, Carneiro, and Conklin; I would add to this that the
same can be done with that of Gourou as well as my own
contribution to this genre. It should be noted with respect
to Faechea's (1973) review of the formulas that, despite his
timely demonstration of the equivalence of the various
formulas, the central point of his review 1is based on a
serious misinterpretation. After reducing the formulas to a
common form, he proceeds to reduce the result into an

expression indicating that the ratio of what he calls the
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“"theoretical population” to the current population is equal
to the ratio of the land available to the land in use. What
Faechem fails to mention is that he has made an unstated
assumption earlier that the “current" population, as
computed from the "mean area per capita currently required
to complete a full agricultural cycle" is in equilibriuam!?
The fact that it is being assumed to be in equilibrium is
indicated by farmed and fallow areas corresponding to the
farmed and fallow times which are input as parameters in the
formula. Faechem is not the first to run afoul of this
pitfall. As Street (1969) has pointed out in his excellent
review of the assumptions associated with this type of
carrying capacity formula, the assumption of equilibrium is
often unwittingly made by those who attemapt carrying
capacity estimates. Such an assumption, of course, makes
arguments related to carrying capacity completely circular.
Fortunately, the carrying capacity formulas of this general
class, despite a plethora of limiting assumptions, need not
be as vacuous as Faechem would have his readers believe.
If the inputs to the equations are determined through
measurements which are independent of other portions of the
equation, as by determining fallow times based on studies of
changes in soil and other nutrient stores, and deteraining
land area requirements based on yield observations and
nutritional requirements, then the information obtainable
from subsequent calculations wusing the egquations is valid

within the limitations of the set of assumptions on which it
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is based.

In discussing reviews of the shifting agriculture
formulas, I should mention that of Brush (1975) 1lest
misinformation presented there be perpetuated. Brush
correctly shows the identity of the Allan and Carneiro
formulas., In discussing the formulas of Gourou and Conklin,
however, he succeeds in creating a thorough muddle. There
are two critical errors in his presentation of the Conklin
formula. He can be excused for missing the "erratum" slip
pasted in the front of the journal containing the original
publication of Conklin's (1959) vwork correcting a misprint
in the formula (the "T" in the denominator of the critical
population density formula should be an "L"), although the
fact of the misprint is transparent from context. Second,
Conklin had included a term "A"™ in his formula representing
the area in hectares, along with a constant of 100 to
convert the hectares into square Kkilometers. Brush
mistakenly interprets the "A" as "acreage", but leaves the
conversion constant in the equation rendering it
incomprehensible.

Yn Brush's presentation of the Gourou formula the
opposite problem occurs: he copies the formula correctly
from Gourou (1966, p.45), and then proceeds to claim that
one of the symbol definitions 1is erroneous, namely that the
rotation period should not be simply the cultivated period
plus the fallow period, but should be this quantity divided

by the cultivation period. Since Gourou's other published
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discussion of the formula (Gourou 1971, p.188) confirms his
original intention, and since the original Gourou formula
can be readily shown to be identical to the other shifting
agriculture formulas, the rational for Brush's re-
interpretation is far from obvious.

Confusion among the appliers of the shifting
agriculture carrying capacity formulas has resulted from
lack of attention to the precise definitions of the terms of
each formulation. Clarke (1971, pp.187-88), for example,
makes computations using both the Conklin and Carneiro
formulas and manages to get different results. The reason
lies in his <confusion of the term 1in Carneiro's foraula
representing "the area of cultivated 1land required to
provide the average individual with the amount of food that
he ordinarily derives from cultivated plants per year" with
Conklin's term representing "the minimum average area
required for clearing per vyear per individual". Conklin's
term must be multiplied by the farmed period in years (with
appropriate measurement unit transformations as well) in
order to obtain a term eguivalent to Carneiro's. When this
is done using Clarke's data, identical results are obtained
from the two formulas. In Clarke's case, the value he uses
(Clarke 1971, ©p.157) corresponds to the Carneiro terns,
making his discussion of the Conklin results spurious.

If confusion in the terms of simple algebraic
formulas like the shifting agriculture carrying capacity

formulas is easy, 1t 1is doublely easy when estimates are
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made using computer sinmulations. One example deserves
special mention. This is the DYNAMO simulation done by
Shantzis and Behrens (1973) based on Rappaport's (1968)
landmark study of ritual and carrying capacity in the
Tsembaga Maring of New Guinea. Durhama's (1976, p-.410)
criticism devastates the group-selectionist evolutionary
interpretations of this pair, and deplores the "distortioas"
of Rappaport's careful study they have used to support their
conclusions. Carr (1973) is less restrained than Durham in
savaging the article: scientific dishonesty is charged. I
would not denegrate the Shantzis and Behrens work in any
vay: without training in the biological sciences they were
undoubtedly unavare of the academic minefield onto which
they had strayed, making honest mistakes in the quite valid
undertaking of re-interpreting other workers' data with new
analytic methods. The Shantzis and Behrens DYNAMO prograam
makes human deaths from warfare in the ritual cycle a key
factor in regulating the human population. Rappaport does
not ascribe such a powerful effect to the war casualties,
and says specifically "...the Kaiko cannot preveat an
expanding human population from exceeding the carrying
capacity of its territory..." (Rappaport 1968, p.164). The
behavior of the Shantzis and Behrens simulation hinges on
the Kaiko having exactly this effect: "In the absence of
the ritualistic wvarfare, previously an accepted part of
Maring affairs, the human population outgrows the carrying

capacity of the land....” (Shantzis and Behrens 1973,
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p-280).

With respect to the carrying capacity calculations
in the sShaatzis and Behrens model there 1is a marked
discrepancy between the discussions of "carrying capacity"
in the text and the equation used for the calculation in the
progran. The text makes it clear that a sustainable
interpretation is intended, and refers to it as “the long-
term carrying capacity of the 1land" (Shantzis and Behrens
1973, p-259). The program, which calculates and outputs
this "carryiang capacity", uses a formula which is clearly a
measure of instantaneous carrying capacity instead: carrying
capacity in numbers of persons in the tribal area is equal
to the area of arable land times the yield per acre times
the "intensity" divided by the desired food per capita. The
“"intensity" is a variable which changes wvwith increasing
population density and refers to the years cultivated
divided by the sum of the years cultivated and the years
fallow. Were this "intensity" limited by the cultivated and
fallow times which somehow are known to be sustainable, then
the result would be the sustainable carrying capacity that
is implied in the text. Since the intensity is allowed to
vary freely all the way up to a value of one (indicating
that all land 1is being cultivated continuously) wvwithout
regard for long-term sustainability, the discussion of the
resulting carrying capacity values 1is quite deceptive.
There is an alternative way of wusing the Shantzis and

Behrens model to produce sustainable carrying capacity
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estimates, assuming that their degradation and regeneration
rates are valid even though not based on soils data. This
would be the strategy of holding the human population
constant at different levels. Sustainable carrying capacity
wvould correspond to the maximum population where the food
per capita measure output by the program is stable at a
level above the "desired food per capita®". This technigque
would be similar to that employed for the Transamazon
Highway (Fearnside 1978e). In the case of the deterministic
Shartzis and Behrens Tsembaga model, howvwever, such a
simulation would not yield any more information about
sustainable carrying capacity than the Carneiro formula
calculations of Rappaport.

The world models of the various Club of Rome teanms
must be included among sustainable carrying capacity
estimation techniques. The nodels themselves are not
intended to produce quantitative results such as values for
carrying capacity, but only to explore the modes of behavior
of the world system resulting from continuation of current
trends and from various alternative policy strategies.
Standard runs of all of the world models (Forrester 1971;
Meadows et al. 1974; Hesarovic and Pestle 1974a,b) have
produced similar behavior modes leading to an overshoot of
carrying capacity (as defined by either instantaneous or
sustainable carrying capacity definitions) with subsequent
population declines. The gqualitative conclusion reached by

the group that the sustainable carrying capacity of the
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earth under the present system has already been surpassed is
indicated by runs with the population size frozen (Meadows
et al. 1972, p.166). Only by altering such key variables as
industrial investment 1in addition to halting population
growth can the system be stabilized. The same general
conclusions are reached regarding the carrying capacity of
the earth, and of the ten smaller regions into which the
earth was divided, in the regionalized nultilevel world
models (vhich I will henceforth refer to simply as
"YORLDUM), So far the efforts of skeptics have not been
directed at constructing alternative models. A valuable
airing of the dangers of bias froam the cultural milieu in
wvhich the models were written has been compiled in prose
form {(Cole, et al. 1973), but the effort at computer
analysis of the implications of the models which forms the
centerpiece of the same volume (Cole and Curnow 1973) was
founded on such a fundamental misunderstanding of systeas
dynamics that it must constitute something of an
embarassment to the other participants in that work. The
models were run backwards from 1900 in an attempt to show
that the resulting obvious deviations from historic trends
invalidated the basic structure of the models. Of course
numbers of variables exploded out of reasonable ranges when
this was done as all of the negative feedback loops which
had acted to stabilize the system when run forvwards became
positive feedback 1loops when run Dbackwards. Meadows et

al. (1973b) handily demolish the «criticisas made by this
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group on the level of computer modeling. Other critics such
as Berlinski (1976) discuss shortcomings 1in the systeas
dynamics techniques enmployed, principly in terms of the
over-simplifications on which the equations used are based.
They do not coastruct operational alternative aodels of
their own to remedy the over-simplifications they note.

The limitations of systems dynamics models as means
of obtaining usable carrying capacity estimates for specific
areas are clear, and are covered by the frequent warnings of
the Club of Rome project authors against readers using
specific numbers in the output as though they represented
quantitative estimates. In the regionalized "WORLDU" model,
the authors are the first to concede that the complete lack
of available population data for Brasil leaves something of
a hole in their models for region numrber six covering Latin
America (Bruckmann 1974). Even were much more detailed and
complete data sets condensed for use with this method, such
as the data set which has been collected for the Trapnsamazon
Highway carrying capacity models (Fearnside 1978e), some of
the limitations inherent in the method would remain. The
condensing of all information about soil quality for an
entire region into a single number stored in a box labeled
"quality of land"®, for example, would mask the effect of
variability vhich has been the central focus of the
Transamazonh Highway study. Even use of the "NOISE" command
available in the DYNAMO compiler for generating random

variation could not begin to approach the level of realisnm
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in modeling this variability that can be attained in a model
such as the stochastic versions of the KPROG2 model written
to simulate a study area on the Transamazon Highway. KPROG2
stores values for a variety of different soil quality
measures separately for hundreds of tiny patches of land.
The level of detail in KPROG2 has its own limitations, of

course, vwhich are discussed elsewhere (Fearnside 1978y).

An Operational Definition Of Carrying Capacity

Sustainable <carrying capacity is operationally
defined in terms of a gradient of probabilities of failure
as shown in figure 1-1., Failure rates are those which would
be sustainable over sone long tine period at the
corresponding human population densities. The criteria for
vhat constitutes a "failure" can be defined in a variety of
vays and can include multiple limiting factors or
combinations of factors.

Criteria for "failure® can include @measures of
environmeantal degradation as vell as individual consumption
The focus of the criteria on individual consumption levels
provides a healthy change from the area-wide average
consumption level <criteria implied by other definitions.
This has lead to the tainting of the concept of carrying
capacity association with group selectionists, such as
Meggers (1971), who attempt to argue that various
population-limiting behaviors have evolved to hold
population sizes below carrying capacities for the benefit

of groups. Basing carrying capacity determinations on
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PIG. 1-1. -- carrying capacity (K) as determined from a
gradient of increasing probability of colonist failure with
increasing human population density. Failure probabilities
are probabilities sustainable over a long time period under
appropriate assumptions. Criteria for defining a "failure"
and the value of the maximum acceptable probability of
colonist failure (P) can be culturally defined. ©Note that
this hypothetical curve is not drawn for low densities which
may have higher probabilities of failure due to an Allee
effect. The reader is reminded that this operational
definition is intended only for tropical agroecosystems such
as those existing on the Transamazon Highway, not for urbanm
industrial areas.
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individual consumptions should encourage anthropologists
such as these to frame their analyses in teras of the
inclusive fitness of individuals in 1lime with current
evolutionary theory (ﬁillians 1966; Lewontin 1970; Durham
1976) .

The maximum acceptable probability of colonist
failure, as well as the criteria for failure, can be chosen
to accord with socially-defined values. Figure 1-1
illustrates a hypothetical relationship betveen human
density and the probability of failure which should apply
within some range of po;sible human population demsities.
Note that the curve is not shown meeting the ordinate on the
left-hand side of the figure. It may well be that the
probability of failure vould rise at 1low population
densities due to a sort of Allee effect. Once a aaximua
acceptable probability of colonist failure has been selected
(point "P" in figure 1-1), the carrying capacity (“K") in
figure 1-1) can be taken to be the corresponding population
. density above which deasity-dependent effects cause the
combined (density dependent and independent) probability of
failare to exceed this maxiaua value, This is the
operational definition of carrying capacity used in the
present study. In a case where extremely high levels of
risk cause the curve of figure 1-1 to exceed the maximua
acceptable probability of colonist failure at all points, a
reasonable solution would be to select the nminimua

probability of failure as the point corresponding to "K".



23

Restrictions from other assumptions must be added to
the definition to conform to the particular probleas of the
area for wvhich the estimate is being made, the type of data
available and the model being used for the estimate. Two
computer simulation models have been prepared for the
Transamazon Highway study knovwn as "KPROG1* (Pearnside 1978)
and "KPROG2" (Fearmnside 1978e). Both of them can be run as
either deternministic or stochastic models. Carrying
capacity estimates can be obtained from these models using
the foregoing probability gradient definition. Depending on
the version of the model used and the parameters specified,
it is possible to relax many of the restrictions assumed in

the shifting agriculture foraulas.

Assupptions in Carryinq Capacjty Estimates

Carrying capacity estimates are notoriously fraught
with assumptions which often invalidate the techmiques for
the purposes they are intended to fulfill, Worse, the
authors of carrying capacity studies often do not appreciate
" the assuaptions imherent in their nmethods, leading them to
overstate the value of their work. Street (1969) has
revieved several assumptions common in such studies and
excoriated such vell-known workers in the field as Carneiro
(1960) , Conklin (1957), and Brookfield and Brown (1963) for
their 1lack of attention to assumptions. Street's most
withering criticisa is directed at these and other wvorkers
for having either unwittingly assumed, or in the case of

Brookfield and Brown (1963) assumed in the face of some
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contrary evidence, that the faraing and fallowing practices
in use at the time of fieldwork are not resulting in
environmental degradation.

A number of variables are often assumed to be
constant over time in carrying capacity studies. Some of
these discussed by Street (1969) are the assumptions of no
technological change, no change in consumption patterns, and
no change in 1land use allocation vwvhich are included in
standard definitions discussed earlier. Other assuaptions
often umwittingly made in carrying capacity estimates such
as those based on the various shifting agriculture foraulas
include the density dependent effects of weeds and insect
pests, which Street (1969) points out can act to reduce
yields as land use intensity increases. 1In addition, those
fev studies vhich are based on independent evidence of soil
quality degradation and regeneration rates aust also face
the inevitable probless of soil gquality nmeasurement,
including the difficult problem of nmeasuring “available®
nutrients which are relevant to crop vield prediction.

A number of additional assumptions can be added to
the 1list of Street (1969) discussed above. Of prinse
importance is the assuaption wvhich has been the focus of the
Transamazon Highway study (Fearnside 1978e): the importance
of variability. The high levels of variability that
characterize tropical agriculture will act to reduce
carrying capacity both by necessitating a large buffer of

additional land be planted each. year as insurance against
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poor yields, amd by reducing the wmargin protecting the
population froa density-related failures due to both
background levels of demsity-independent fajilures. 1In teras
of figure 1-2 it 1is hypothesized that the effect of
increasing variability would be to raise the curve upward in
the region of relatively low probability of colonist failure
at the left of the graph, including the point corresponding
to the maximum acceptable probability of colonist failure.

Many of the applications of the shifting agriculture
formulas have assumed that a coustapt vield is obtained each
year. One importaant exception to this is Allaa's classic
discussion of the “patural surplaus of subsistence
agriculture® from buffer areas planted by subsistence
cultivators in Rhodesia as protection against yield
fluctuations (Allan 1965, p.38).

A recurrent problem in wmaking carrying capacity
estimates is that of selecting appropriate limiting factors.
Most estimates based on the shifting agriculture formulas
are based on a simngle 1limiting £factor, usually calories.
This applies to the earlier works of the Club of Rome teanms
as vell. The choice of calories is often an unfortunate
one, since the tropical systeas for vhich most of the
estimates have been made usually have wmuch more ready
sources of calories from root crops than they do of protein,
especially animal protein. Basing a carrying capacity
estimate solely on calories can produce results at least am

order of sagnitude higher than  estimates which include
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anpimal protein. The importance of protein has been
recognized by numbers of authors (cf. Denevan 1970; Lathrap
1968) , but carrying capacity estimates based on calories
alone are still coamonplace (cf. Shantzis and Behrems 1973).

Howvard Odum, wvhose analog computer nmodeling of
energy flows in a wide variety of human and non-human
systeas are justly famous, has struggled with the thorny
problea of limiting factors in carrying capacity estimation.
Odum recognizes the central place of carrying capacity
estimation as an ultimate goal of auch of his work: "The
essence of the problem of food productibn for the world is:
‘vhat is the carrying capacity of the earth's surface for
man?'® (Odum 1971, p.125). At the same tiame there are
difficulties wvhich he recognizes with his approach of
converting all of the flows in the different systeas modeled
into kilocalories of energy:

..« the carrying capacity of an area may not be computed
on the basis of gaining 3000 calories of emnergy, for
also required are the special coamponeats, each of which
has an energy cost. The energy value of a vitasin is
not its potential value as a fuel but the calorie
expenditure regquired to manufacture it and deliver it to
man. (Odum 1971, p.124).

Odum'’s solution to the probleam of special components
such as the vitamin mentioned is to convert theam to larger
amounts of energy than would be gained froa burning the sanme
vitamin in a bomb calorimeter, but nevertheless still
converting theam into the common currency of energy before
perforaing the calculations that ultimately result in a

value for carrying capacity. The simplicity gained from

converting everything to a coammon currency has been a
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valuable tool in promoting understanding of whole systeas
and of the parallels between different types of systeams. It
also has been valuable in making clear the multitude of wvays
in which present technological societies desperately depend
on fossil fuel for their affluence and survival. Along with
the advantages of being able to visualize an entire human
systea from a single page of flow-chart symbols, there are
also prices which must be paid for the loss of different
kinds of information. One is the magnification of errors
from the conversion of tiny gquaatities, such as the vitaain
in Odum's example, to 1large amounts of calories: samall
errors in the guamtity of the vitaamin would result in large
errors in the caloric result. Another nmore fundamental
problem is the masking of limitations from resources which
are not as easily substitntable‘ as the caloric conversions
would suggest. A third drawback is one which the analog
models share with Forrester's systems dynamic models for the
digital computer -- the loss of information about the nature
and effects of variability in the different components which
results froa condensing information represeating an
"average® value for an entire system into a single box,
vhether it be labeled “quality of land® or "kilocalories",
All of these problems represent different manifestations of
the difficulty of making carrying capacity determinations
based on a single limitimg factor.

The problem of limiting factors in carrying capacity

has been addressed by Hubbell, who argues strongly against
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the "spate of single-factor answers in the last 20 years"
(Aubbell 1973, p.95). He suggests instead that "several
factors may act simultaneously, conceivably egually® in
limiting the instantaneous carrying capacity. The saae
could be said for sustainable carrying capacity as wvell.

The problea of single liamiting factors is intimately
linked to that of variablility as msentioned earlier.
Aschmann recognized this connection in his study of
aboriginal populations associated with early Spanish
missions in Baja California:

The seasonal availability of a particular food was
probably of more significance than the amount present.
The carrying capacity of the area, in teras of a human
population which made little effort to store food, nmust
be stated in terms of wvhat vas available in the poorest
season of several years, not in terms of the average
food supply. Consequently, a food available only in
small quantity and ordimarily ignored may be the one
that at critical moments preveated starvation. A
consideration of only the en or tventy most important
foods may amiss this critica aspect of the food economy
{Aschmann 1959, p.78).

Closely associated with the problea of liamiting
factors in the context of sustainable carrying capacity
estismation 1is the question of defining environmental
degradation. 1In studies focused on a single limiting factor
such as calories, it is possible to define away the problea
of degradation by simply equating degradation with anything
that reduces the supply of the limiting nutrient and hence
the carrying capacity. Carneiro (1960), for example, leaves
this out of his definition entirely. A amuch more flexible

treatment of sustainable carrying capacities is possible,

however, if restrictions on degradation can be added as
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additional limiting factors which allow for amn area to be
vieved as a patchwork of differently classed sub-areas to
wvhich different standards of permissible degradation apply.
Eugene Odum?®s (1969) paper on the strategy of ecosysten
developmsent points the vway to this form of nmultiple
criterion-based decision making on carrying capacities. The
environment is viewed as a mosaic of patches vhich are
allotted to different uses wvwith dJdifferent environmental
standards to be maiantained: some may be allotted to uses
vhich result im a "degradation® by some criteria, vhile
others may be required to remain in pristine condition.
Maintenance of the integrity of the various kinds of forest
and biological reserves which the Brazilian government has
set aside in the Amazon is an example of this type of
criterion. Such criteria cannot easily be translated into
conmon currencies such as kilocalories for use in single
limiting factor models.

The question of selecting appropriate standards for
sustainable carrying capacities is not as easy as it may at
first appear. Cultural biases from investigators of
subsistence systeams can often make inappropriate decisions,
as has been discussed by Nietschmann (1971). 1In pioneer
agriculture situations which are throughly integrated iato
the money economy, such as the colonization area of Brasil's
Transamazon Highvay, this does not pose quite such a
difficult problem (Fearnside 1978e). The selection of

criteria nevertheless remains a difficult and somevhat
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arbitrary process.

Assumptions related to 1land quality classifications
have posed difficulties regardless of the technique applied.
Some of the shifting agriculture formula studies have simply
assumed constant gquality of ®arable® 1land (cf. Carneiro
1960) . Others, such as Allan (1949, 1965), Brookfield and
Brown (1963, pPp.110-114), Pearnside (1972), Rappaport
(1968) , and Waddell (1972, P-170) have made various
adaptations of the basic foraulas to accommodate different
land guality classes. In highly aggregated simulations such
as the Forrester-Meadows vworld models, there is also a
lumping of all ™arable®™ 1land as equivalent. The generation
of Adiffereat soil qualities for hundreds of different
patches of land which takes place in the KPROG2 model of the
Transamazon Highway agroecosystem has reduced the loss of
variability that lumping land qualities ianto one or a few
quality classes entails.

Assumptions regarding the isolation of the systea
~under study froa exchanges vwith the outside world can
greatly affect carrying capacity results. For aboriginal
tribes the assumption of isolation is often more or less
varranted, but the situation can change radically when cash
economies iatrade. Nietschmann's study (1974) of the
Biskito Indians of Nicaragua illustrates this. Here the
result is destruction of the marine turtle populations on
wvhich the MNiskito depend. Gross and Undervood's (1961)

study in northeastern Brasil indicating that farmers
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switching to a sisal-based cash economy could no longer buy
the same quality of diet they had formerly enjoyed from
subsistence agriculture represeats a similar phenosenon.
Odum's (1971) discussion of the carrying capacity-elevating
effects of outside subsidies of power from fossil fuels
constitutes the wmore widely-appreciated effect of such
exchanges.

BExchanges within the population, as wvell as those
with the outside wvorld, can affect carrying capacity by
cushioning individuals against shortfalls and imbalances
in their production (cf. Freeman 1955; Sahlins 1972).
Related to this is the ability or 1lack of ability to
subsitate specific food or other items for ome another.

In the case of open systeamas like that of the
Transamazon Highvay, the exchanges with the outside relate
closely to changes 1in farming technology and allocation
patterns, This can be in the form of changing the habits of
the existiang population by importation of nev seed varieties
~or other material or behavioral changes, or, as seeams to be
predominating at the moment, rapid changes can result froa
continuous flow-through of families of colonists (Pearnside
1978e) . The newcomers have different behavior patterns
(Moran 1976; Fearnside 1978e,u-x), which affect carrying
capacity. The assumption of constant technology as related
to internal change processes (cf. Boserup 1965; Geertz 1963;
Brookfield 1972) is egquivalent to this, as nmentioned

earlier.
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#ith varying degrees of success, attempts have been
made to deal with all of the foregoing assumptions and
problems in constructing the models for estiamating carrying

capacity in the Tramsamazon Highway agroecosystea.

Currept Carrying Capacity HModels

The models which have been +written for simulating
the agroecosystem of a part of the Tramsamazon Highway
colonization area bhave a number of specific features
designed to reduce the bias in the resulting carryiag
capacity estimates as a coasequence of restrictive
assuaptions such as those discussed above. The models
themselves are discussed in detail elsevhere (FPearnside
1978a,b,e). Hany features of the models are general enough
to make them applicable to other systems with appropriate
modifications. The rapid incre;se in the scale of open,
cash-oriented pioneer settlements of this kind throughout
the tropics, and the continued shift of subsistence
economies to cash-based economies reseabling that of the
Traﬁsa-azon colonists, makes this type of modeling
particularly tiamely.

Variability is viewed by the author as a key and
often ignored feature of this and other tropical
agroecosystemas. Preserving the observed variability im a
nuaber of key parts of the system, including crop yields
-- and the soil, veather, pests, and hauman behavior that
contribute to the yield variability -- has been a principal

feature of the modeling effort. Deterministic runs of the
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models are also possible, which demonstrate the differences
in model behavior resulting from variability. Tvo FORTRAN
programss have beemn written for this purpose, knovn as
"KPROGTY and %“KPROG2"™, KPROG! (Pearnside 1974) does not
include the series of relationships connecting yields to
soils and other factors, and uses yields generated directly
froama the distributions of yields on first- and second-year
fields. The 1land use allocation sector has also been
coapletely revised in KPROG2, making it far less dependent
on "omniscient" colonists, among other improveaments.

The subroutines of KPROG2 in the agriculture sector
have also been incorporated into a smaller program, with a
ayriad of small but necessary wmodifications, to produce
simulations of crop yields over time vwvithout the added
complexity needed to translate these yields into human
carrying capacity. The agriculture simulation known as
®"AGRISIN", requires that land use decisions, and the farmed
and fallov times in the case of annual crops, be entered
froa the terminal when each run is made., Both KPROG2 and
AGRISIN are interactive, with a nuaber of key variables and
switches being specified from the terminal by the user. The
remaining input data is read froa a file; this too can, of
course, be changed at will. As auch as possible of the
inforamation about the system is specified wvwith the input
data rather than being embedded in the compiled prograams in
order to maximize flexibility. The prograss theaselves are

also designed to facilitate revisions so that they may be
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both improved and adapted to other systeas.

Features of KPROG2 designed to avoid the restrictive
assumptions of other carrying capacity estimation methods
include the following.

1.) Capability for making carrying capacity
determinations based on multiple limiting factors |is
included. Colonist failure probabilities are computed
separately on the basis of calories, total protein, aminmal
protein, cash per capita, cash per family, and proportiom of
land cleared. A combined probability of failure based on
the per capita measures is also output. Failure
probabilities are the proportions of colonist years in which
the minimal consumption standards are not set,

2.) Provision for technological change has been
made in tvo forms: a.) the gradual improvement of base
yields of different crops, as from improved seed varieties,
during specified year intervals, and b.) the changing of
land use behavior patterns, for example a switch from annual
crops to ranching or perennial crop strategies, based on
turnover in the colonist population. No provision has been
made for unforeseeable changes to completely novel
production techmologies.

3.) Variable initial soil quality is generated from
a Markov matrix of transitiom probabilities representing the
probabilities of traasition between levels of various
nutrients givem moves between lots or between patches within

a lot. The correlations existing between nutrients in
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actual virgin forest soils are maintained in the simulated
soil gqualities.

4.) PFallowv times are free to vary according to the
pattern of actual coloanists rather than being artificially
restricted to periods that correspond to full recovery of
soil fertility. Runs with fixed fallow periods of differeant
lengths can also be made.

5.) Burn qualities are variable, good and bad buras
being predicted from cutting and burning dates and weather
patterns generated to reproduce the observed distributions
of these variables., Burm qualities were found to be crucial
factors in limiting yields fros field observatioms
(Fearnside 1978g,h).

6.) Erosion is predicted from regressions based on
land use, rainfall, slope, and soil characters. Effect of
erosion on soil gquality is included, in contrast to many of
the studies previously mentioned vwhich tacitly assumed that
soil degradation does mot occur.

7.) Soil changes are computed and stored separately
for each patch of 1land, creating a mosaic of patches in
different stages of degradation and regeneration. Burn
effects on soils are computed separately for three burn
types: virgin, second growth, and weeds. Virgin and second
growth burn effects depend on burn quality, amd are
incorporated into nmultilinear regressions for soil change
calculation as dumamy variables, Days spent in different

land uses, levels of other nutrients, and erosion are also
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important. Pasture so0il changes are computed separately.
Inputs from fertilizers and 1liming are included for cacao
and black pepper, with appropriate calculations of
probabilities of fertilization, dosages, and cash
adjustaents. The inclusion of soil change calculatioas
based on actual data is unique to this model. Deficiencies
remain in some of the soil change relations, as is discussed
elsevhere along with possible solutions to these probleas
(Fearnside 1978e, j,Y) -

8.) Crop yields are predicted with provisions for
reproducing the variability contributed by various causes.
Crop yvields are first predicted from regressions of yield on
soil nutrients and other factors where sample sizes perait.
Planting demsity and interplanted crop densities are
generated froa observed frequencies and included in
regression models where possible. Effects not included in
regressions directly, such as crop diseases, toppling,
insect pests, vertebrate pests, poor germination, and those
variety effects not included in the regressions theamselves,
are incorporated after the regressions by generating
mnultipliers for these effects, expressed as proportions of
the regression-predicted yield, from observed yield
distributions. The remaining unexplained variability is
generated from the standard error of the estimate for the
regression. Yields are first calculated as proportions of a
base yield representing the yield for the crop froa

agricultural experiment station trials in the area. The
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base yields can then be changed -- presumably increased
-~ to sisulate technological advance in seed varieties.
also included is spoilage of stored products, with separate
spoilage rates for products stored for seed as opposed to
storage for later coamsuamption or sale.

9.) Crop diseases are modelled for several crops.
in the case of two cacao diseases, one black pepper disease,
and one Phaseolus bean dJdisease, the epidemiology of the
diseases is reproduced to represent as realistically as
possible the pattern of these diseases in spreading through
an area such as the Transamazon Highway colonizatiom area
(Pearnside 1978n,q,r). Crop diseases have not beem included
in any previous carrying capacity models, although they have
repeatedly shown thesmselves to have the potential ¢to
devastate crops, including these crops, in large areas.

10.) Animal protein sources are modeled with special
care. Game obtained from hunting is not assumed to be
harvested in a sustainable fashion (as it was in KPROG1),
but is harvested im accord with catch census by "hunter" or
“non-hunter® status in accord with the actual frequencies of
these two culturally distinctive types. Surplus game is
sold to other 1lots within the community if available.
Animal protein is also obtained from chickems, which are fed
on maize. Deficits not met fros lot production and within-
comaunity purchases of game are met by purchase of canned or
dryed meat or fish from outside, provided sufficient cash is

available. Protein relationships are described in greater
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detail elsevhere (Fearmside 1978s).

11.) Land use allocation includes a variety of
different crops. Single crops are: upland rice, maize,
Phaseolus beans, Yjgna cow-peas, bitter manioc, sveet
manioc, cacao, black pepper, pasture without animals, and
pasture with animals. With interplanted combinations there
are 20 possible crop coabinations, plus four additional mon-
cropped land uses. Although the coaplexity of the actual
agroecosystem is much greater than this, the diversity of
land uses in KPROG2 far exceeds the possibilities in any
comparable model, Diversity of crop types and combinations
is a hallmark of tropical agroecosysteams generally (Jamzen
1974y .

12.) Labor supply is simulated so that the amounts
of land which may be cleared and cultivated in differeat
crops are limited, rather than being assumed adequate for
clearing all land needed as has been the case in all
previous models iancluding KPROG1. Supplements to family
labor from hired hands is also included, with appropriate
restrictions from the amounts of capital allotted by each
family to investment in lot development. Labor supply is
also modeled to reflect the effects of several human
diseases. Disease probabilities are calculated from the
data of Smith (1976). The small but important probability
of key family members falling ill at the time of felling,
planting, or harvesting is not uncommon as a sort of coup de

grace for agricultural production.
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13.) Variable colonist behavior types are included,
avoiding the assumption of identical behavior in an
"average™ pattern which is implied by all previous carrying
capacity estimation techniques, including KPROG1. Colonists
are classed into four types roughly equivalent to a typology
devised by Moram (1975, 1976). A nuaber of initial values
including demographic inforamation, initial capital and
durable goods are generated in accord with the colonist
type. HNore importantly, a selection of four possible lot
developament strategies and four outside labor patterns are
also based on probabilities specific to colonist type. The
variety of strategies gives great flexibility ia
representing the behavior of the colonist population.
Turnover in the colonist population results in newcomer
colonists selecting among the possible strategy coambinations
with different frequencies than the original population.
Product allocation between investment and consumption and
between durable and aon-durable purchases is also influenced
. by colonist type.

14.) Exchanges with the cash econoay are modeled in
some detail. Selling and buying prices for the various
products are variable, Cash costs for installing and
maintaining various crops are included iama the resource
allocation sector. Government supply of seeds is also
included vhen appropriate. The details of the financing
systea including interest, paysment schedules, financing

probabilities, and eligibility criteria are included for 12
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different types of loans. The effect of inflation, alvays
an item of concern in Brasil, is included with respect to
debt payments. The availability of transportation for
taking cash crops to market is also included, since this vas
a major problem for many coloaists in side roads during the
early years of coloaization. Provision for improvement of
transportation conditions wvith time is also included.

15.) MNon-agricultural income sources are included.
Cash income from outside labor often makes a critical
difference for colonists, and four different types of labor
are included in KPROG2. Also included is the possibility of
colonists investing in other types of small enterprises,
such as general stores or pickup trucks. Large-scale
industrialisa is not included.

16.) A flexible population sector is included. A
switch allovs runs to be made with a "frozen"™ population at
a family size fixed at an average value so that different
lot sizes can be simulated and the runs compared to compute
sustainable probabilities of colonist failure at different
population deasities. Carrying capacity is then estimated
from plots of the results of a number of runs similar to the
hypothetical curve shown earlier in figure 1-2.
Alternatively, a dynamic population sector can be enabled
vhich is patterned after some of the population modeling of
the Club of BRome's ®WORLD4* group (Weisman 1974; Ochmen and
Paul 1974; Fearnside 1978x).

17.) Buffers against colonist failure are
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incorporated in the =model at several points. Land use
allocation is done with an allovance nmade for the
variability in yield for each crop with its isplied
probability of crop failure. The allowance is based on the
wz" statistic of the colonists' nmaximuam acceptable risk of
failure (an input parameter) and the expected variability in
the yield for the crop. A learning function is included so
that colonists base their decisions on the cuaulative past
experiences with crop yields in the area, including both the
sean and the variance of those yields. Colonists?
allocation for subsistence crops thus tracks past trends in
crop yields, within the 1limitations of available labor,
capital, and seed, providing a buffer against yield
variability. #hen shortfalls do occur for individual crops,
the colonist is able to buy the desired subsisteace
quantities of the product with money earned from sale of
cash crops or other sources. Money for these purchases may
be earned from outside labor, froam the sale of durable
goods, or from private loams if the colonist is lucky enough
to get one. The diversity of crop types mentioned earlier
also provides some measure of protection against colonist
failare from a poor yield for any particular crop.

The foregoing summary of features of the KPROG2
program is far from coamplete. The program and documentation
are presented elsevhere (Fearnside 1978b), as is a fuller
description of the model and simulation results (FPearnside

1978e). The parameters for the different sections of the
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program, and the causal structure of these sections, are
also Jjustified separately {fearnside 1978f-y) . The
parameters and model are some of the results condensed from
two years of fieldvork among the Transamazon Highway
colonists (Fearaside 1978a) . Possible ways in which KPROG2
and its data base could be improved and how it could be
adapted to other areas are given a separate discussion of
the future of carrying capacity studies (Pearnside 1978y).
A package of 50 different data management prograss and
subroutines specifically designed for handling the rather
massive data demands of KPROGZ2 has also been prepared
(Fearnside 1978c). The data management package should make
future studies of this kind far more practical, and will
hopefully encourage the use of actual field data in studies
of tropical agroecosystems in general. It is hoped that
such studies will suggest answers to some of the theoretical
questions that underlie the estimation of human carrying
capacity in theée agroecosysteams, such as the importance of
variability vhich has been a principal focus of the KPROG2
simulations. Along with this, there is special urgency in
the problem which faces those humans vho nov live or soon
will live with the environmental degradation resulting froms
exceeding carryiang capacity. Any plans that could hope to
avoid exceeding carrying capacity would be unlikely to be
mnade, and less likely to succeed, vithout reljiable estimates
of sustainable carrying capacity. This demaads action.

Fhat is needed is a viable science of carrying capacity.



CHAPTER II

A STOCHASTIC MODEL
FOR THE ESTISATION OF HUMAN CARRYING CAPACITY
IN A PART OF THE TRANSAMAZON HIGHWAY
COLONIZATION AREA OF BRASIL

Introduction

The following account provides an overview of a
model known as PKPROG2", vhich has been developed for
siaulating the agroecosystem of a population of colonists
settled in a part of Brasil's Transasazon Highway. The
model is aimed at producing a series of estimates of
sustainable social carrying capacity under different
assuaptions. Sustainable social carrying capacity has been
defined operationally (Fearnside 19784) in terms of a
gradient of increasing probability of colonist failure with
increasing population densities within an appropriate range
of densities. Failure probabilities are taken to be
sustainadble failure rates over a long period of years, vith
the criteria defining a ™“failure” being culturally defined.
Carrying capacity is then taken as the population demsity
at which this gradient of sustainable failure probabilities
exceeds a culturally defined maxiauam acceptable probability
of failure.

As a part of a separate review of carrying capacity

estimation techniques and their associated assumptions, a

43
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list of features of KPROG2 has been presented
indicating how this model has been designed to avoid the
restrictions implied by these assumptions (Fearnside
1978d) . A cemntral focus throughout the study has been the
importance of variability in affecting carrying capacity,
particularly variability related to crop yvields.

In the present paper, the area for which the models
apply is characterized briefly. “The methods used in
collecting and analyzing the data, and im constructing the
computer models are described. A summary of the model
structure is presemted wvhich treats the way in vhich the
different sections of the model relate to each other. The
details of the calculations within each section, including
the justification of the causal structure and parameters,
are presented elsevhere (Fearnside 1978f-x). The results
of the simulation are presented and discussed in the present
paper. Aside from strengthening our understanding of the
theoretical basis of carrying capacity estimation, as by
assessing the effects of variability, the ultimate aim of
such @nmodeling efforts 1is to produce carrying capacity
estimates vwhich are sufficiently reliable for use by
development planners. carrying capacity estimates are
necessary if the environmental degradation resulting from
exceeding carrying capacity is to be avoided. Brasil's
race to occupy its Amazon area g¢ives urgency to this task.
The model presented here, and the data base on which its

results depend, has deficiencies which are discussed in the
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present paper. #ays in vhich these deficiencies cam be
overcome, and by which the present models could be adapted
and expanded for use in other areas, are preseanted in a
separate discussion of the future of carrying capacity

studies {(Fearnside 1978y).

The Study Area

Location and Layout of the Colonization Area

The colonization areas of the Transamazon Highway
wvhich have been settled by small farsers under the auspices
of INCRA (Hational Institute for Colonization and
Agrarian Reform) are divided into three adainistrative
areaiz Maraba, Altaaira, and 1Itaituba. The Altanmira
area, vhich is the location of the present study, is by far
the largest of the three. The portion of the Altaaira
area lying in the Altamira-Itaituba section of the highway
has approximately 3120 colonist families, or about 59% of
the total for the Transamazon Highway. This area covers
a strip along the highvay extending from ka 12 to km 2345
west of Altamira, with one 30 ka break for a forest
reserve. The strip varies in width from 20 kas to twvo kas
on each side of the road. Each faamily has a 100 hectare
lot called a "lote". Lots are grouped into units of 10-70
lots called %"glebas", each gleba occupying approximately
five kas of one side of the road. In the parts of the
colonization area where the strip of colonization is wider

than the ¢tvo ka 1length of one of the 500 m X 2000 =
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roadside lots, the interior 1lots are reached by lateral
roads called "travessdes®™ wvhich run perpendicular to the
Transamazon Highway at the boundaries between glebas every
five kms. HMuch of the lengths of the latefal roads has
been mere trails impassable even to burros, but this
situation is improving as construction proceeds. At least
the first ten kms of most lateral roads is passable by jeep
in the dry season. The interior 1lots are packed between
the lateral roads with dimensions of 400 a X 2500 m. HNost
colonists that live on the edges of the main road have
INCRA-built bhouses in their lots, wvhile those with
interior lots have houses in agrovilas in accordance with
INCERA's "philosophy of rural urbanisa® (da Cunha
Camargo 1973) . Agrovilas are small villages of
approxisately 50 houses and are spaced at intervals of about
ten kms along the main road amd at depths of about ten kas
in the longer lateral roads. Figure 2-1 shows the agrovila
wvhere the author 1l1lived during two years of fieldwvork.
Numbers of <colonists have abandoned their lots in the
agrovilas in favor of shacks in their 1lots, as shown in
figure 2-2. the interior agrovilas are much more primitive
than those along the roadside. There is also a larger
®agropolis® which houses government functionaries. Only
one of the largest of the plamned uamits, the "rurépolis" was
built, and this lies in the Itaituba administrative area.
There have been a number of workers vho have passed

through the Tramsamazom area and vwritten descriptioas of
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Fig. 2-1. —-- Agrovila Grande Esperanga, the planaed
agricultural village where the author lived durimg two years
of fieldwork. Author's house is on the right.






49

Fig. 2-2. -- Many colonist families have abandoned houses in
agrovilas in favor of more rustic accommodations on their
lots. Time lost in walking and the difficulty of keeping
barnyard animals in agrovilas are principal reasons for
roving.
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the 1layout of the colonization scheme (Sanders 1973;
Wesche 1974; Smith 1976a; Goodland and Irwin 1975;
Kleinpenning 1975).

The study area for the present study consists of

part of INCERA's Altamira administrative area (PIC-
ALTAMIRA) lying along the Altamira-Itaituba
section of the highway. Within this an "intensive study

area" has been delimited which includes 236 lots. This is
shown in figure 2-3.

The data collection effort was based in Agrovila
Grande Esperanca, located at km 50 west of Altamira, or
3022 S. Latitude, 5203gn W. Longitude, in the
Municipio of Prainha, Pard State. The intensive study
area includes the roadside 1lots from 15 kms of highway
between kms 43 and 58 (by Highway Department (DNER) as
opposed to INCRA kilometer measurement) , and also
includes the full length of three of the lateral roads
(15,17, 16,18, and 17/19). The import of this last
statement may be 1lost on any wvho have not braved the
"conditions" which prevail at the ends of these lateral
roads. As may be seen from figure 2-4, these "conditions"
have profound effects on the success of colonists!
agricultural efforts. This study undoubtedly has the
distinction of being the first study of any kind done on the
Transamazon Highway to include a representative sample of

lots from the ends of the lateral roads.
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Fig. 2-3. =-- HMap of the Transamazon Highway intensive
study area showing sampled lots. Of the 236 lots in the
area, 165 (70%) vere sampled. The area is centered on
Agrovila Grande Esperanga, 50 kas vest of Altamira, Par4.
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Fig. 2-4. -- Poor transportation conditions in lateral
roads have hindered the marketing of cash crops duriag the
early years of colonization.






56

Physical Setting

The study area 1is entirely in the interfluvial
plateau of "terra firme® between the Xingd and the Tapajds
Rivers. According to the vegetation map produced by Projeto
RADAM (Badar in Amazdnia Project) the intensive study area
straddles four different types of tropical rainforest:
1) dense forest of the low plateaus of the low plateau sub-
region of Pard/Maranhido/Amapd, 2) dense sub-montane with
dissected topography of Carajds 3) dense plateau forest of
the sub-region of high plateaus of the Xingdi/Tapajos, and
4) open mixed forest of the sub-region of leveled surface of
the mid Xingd/Iriri (Brasil. RADAN 1974, mapa fitoecolégico,
folha SA.22). Species 1lists for these vegetation types
based on surveys by the Brazilian Institute for Forestry
Development (IBDF) in the Altamira-Itaituba area (but
outside of the intemsive study area of the present study)
indicate numbers of species ranging from 63 to 85 for trees
with diameters at breast height of at least 25 cms. Wood
volumes for the forest types range from 81 to 114 a3/ha
(Brasil. IBDF 1975, pp.52-584). The IBDF data show
considerable variation betvween one-hectare quadrats, which
confirms casual field observations. The variation in forest
biomass affects not only the potential value of the wood,
but also adds to the iariability in labor requirements for
clearing and should influence the nutrient inputs from
burning.

The topographic relief in the area is highly
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variable. A few colonists have nearly level lots, but most
have severe 1limitations from sleep slopes. Slopes are
mapped in a separate treatment of initial soil quality
(Fearnside 1978j). Steep slopes not only preclude any
prospect of mechanized agriculture, but also hold a
considerable potential for erosion, especially under annual
crops.

The soils of the area, like just about everything
else, are very patchy. It is not uncommon for a colonist
to have several types of soil within his 100-hectare lot.
The soils of the area are mapped and discussed separately,
along with the algorithm developed for reproducing the
observed patchiness of soil qualities in the computer
simulations (Fearnside 1978f). Soils 1in the area include
both some areas of %Y“terra roxa" (Oxisol), the best soil
type, and larger areas of poorer so0il types such as the
Utisol
"yellow latosol" {according to Brasil. RADAM 1974).
The presence of large areas of the poorer soil types in the
intensive study area, soils which are much more coamon on
the Transamazon Highway as a whole tham 1is terra roxa,
make the soils information from this study much nmore
representative of the highway in general than are survey
results in terra roxa areas. Most visitors to the
Altamira area see only the two showcase agrovilas located
on terra roxa at kms 23 and 90. HMost other research in the

Altamira-Itaituba area has also been focused on these
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relatively small areas of terra roxa, including the studies
of Moran (1975, 1976), Smith (1976b, 1977), and Homma
(1976) . The main government agricultural research station
in the area is also located on terra roxa.

The climate of the region is classified as Av in
t he Koppen systenm {Pereira and Rodrigues 1971).
Published sources indicate that a 36-year average of annual
rainfall at Altamira 1is 1.7 meters, with Rrost of this
coming in the rainy months of December to May. The dry
season 1is fairly pronounced, with 26 mm average raimnfall in
the dryest month, August (Falesi 1972, p.11). There is
considerable variability, however, in the intensity of the
dry season from one year to the next. The division betwveen
the vwet and dry seasons is not terribly sharp, and the date
of the beginaning of the rainy season is also not predictable
with great precision. These facts add to the variability
in burn qualities in agricultural fields. The rainfall is
very patchy on a small scale from day to day. Weather
stations maintaianed by IPEAN (Institute for Research
and Experimentation 1in Agriculture and Cattle Ranching
of the North) at kns 23 and 101 show considerable
differences between daily and even betveen monthly rainfall
totals. The patchiness extends to a much smaller scale
than this, vith differences over a few kilometers on a day-
to-day basis. The weather patterns of the area are
discussed in greater detail elsevhere, together with the

model ina ennloved +0 ronrodunce 1rTelevant acenecte of thece
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patterns in the computer simulations (Fearmnside 1978g).

Type of Farming

The kind of market-oriented pioneer farming done in
the area is largely based on annual crops so far, with
upland rice being the most prominent cash crop. HNaize,
beans, and manioc are also planted as cash crops, but less
frequently and on a smaller scale. The approach is usually
highly land-intemsive, with labor and especially capital
inputs minimized. Financing has enabled many, but not all,
colonists to expand the size of their plantiungs, usually
through hiring supplementary 1labor. Colonists are not
oriented towvards establishing an equilibrium system based on
shifting agriculture With fallow periods consciously
intended to renew soil nutrients lost from cropping. Many
colonists have plans for future conversion of their land
into pasture or peremnial cash <crops such as black pepper
and cacao. Since 1land 1is being cleared for annual crops
faster than available capital and 1labor permit it to be
converted to perennial crops, large amounts of second growth
("capoeira™) have been generated. There has been a
significant amount of pasture planted by colonists, much of
which has no fencing or livestock. There is considerable
variation between colonists in the type of farming employed,
some of which appears to be explainable in terms of
differences in the backgrounds of the colonists (Noran
1975, 1976; Fearanside 1978u). A second wave of colonists

has been arriving on the Transamazon Highway and either
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buying 1lots froa the original colonists settled by
INCRA or buying abandoned lots. This has occurred
first with the roadside 1lots, as can be seen from figure
2-55, but is now progressing into the lateral roads as well.
the newcomer colonists exhibit different behavior patterns
and arrive with greater material resources than the original
colonists.

All of the features mentioned above have been
incorporated into the KPROG2 model, as well as many
others which are discussed in the separate treatments of the
individual parts of the model.

The type of farming being enmployed by Transamazon
colonists has been described at 1length by two social
scientists who have done fieldwork in the Altamira area:
Emilio Moran (1975, 1976) and ©Nigel sSmith (1976b, 1977).
The monumental compendia of descriptive information
compiled by these two workers has been an invaluable mine of
data on topics which could not be adequately covered by nmy

own data collection progranm.

Methods

Field Methods
Field methods were evolved and refined throughout
the project to arrive at an efficient and systematic
procedure for meeting the data needs of KPROG2. During ay
first visit to the Transamazon Highway 1in the summer of

1973, field notes were kept on informal interviews with a
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Fig. 2-5. =-- Typical 1975 view of the Transamazon Highway
showing roadside lots bought up by newcomer colonists for
planting pasture. Newcomer colonists arrive with more
capital and have different land use patterns than the
original government-sponsored colonists.
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number of colonists and vith appropriate government
officials. This information, together with the information
gathered during a previous carrying capacity study awmong
pioneer farmers on the Osa Penninsula in Costa Rica
(Fearnside 1972, 1973), was condensed into tvo
guestionnaires. One of these vwvwas designed to extract
relevant informatiou at the level of lots on the demography
and antecedents of colonist families, consumption patterns,
various connections with the cash economy, and land use
decisions. The second was designed to record information
related to the land wuse and yield history of each field
sampled, several of which might be necessary for any one
lot. These two gquestionnaires wvent through several
revisions during the <course of the fieldwork. Fieldwork
lasted from May 1974 through August 1976 with a few brief
absences, the longest of which was less than tvo months.
Revisions greatly reduced the amount of information
collected about product allocation and connections with the
cash economy, and increased the detail of information on
agricultural problems relating to the yields in the sampled
fields. Great pains were taken to avoid bias 1in the
information gathered through colonist responses to
questionnaires, including the wording of questions to avoid
encouraqing desired responses and the checking of
conflicting or aunlikely sounding responses through re-

phrased questions, information from neighbors, and personal
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wvhich could not be satisfactorily confirmed was discarded.
The process of extracting the requisite information was
quite time-consuming since the interviews inevitably
included roundabout conversational digressions -- a
necessity to keep the colonist feeling at ease and to pernmit
checking of the information. This was greatly facilitated
by my frequent overnight stays in colonists?! houses and
lean~tos which were necessitated by the fact that most of
the study was conducted on foot and, as can be seen from
figure 2-3, numbers of lots 1lie as far as 16 kams from my
base of operations. Such treks had a number of advantages,
including an increased willingness of colonists to make tinme
for an interview and a greater tendency to keep the
conversation focused on the business at hand. These treks
had another vitally important result: they helped separate
me in the eyes of the colonists from the Brazilian
government administrators amd agricultural extension agents
in the area. The ends of two of the three lateral roads
included in the study area were mere trails at the outset of
the study, and these government personnel had never set foot
in these isolated areas. A cultural gqulf separates the
colonists from the government personnel, which w@must be
bridged if reliable information is to be obtained. Other
aspects of the data collection effort which contributed to
establishing a rapport with the colonists wvere the fact that
I lived among them in an agrovila far from the world of

electricity and other comforts, and that I gave them the
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vritten results of the soil analyses done on their fields,
together with an oral explanation of the individual results.

One fortuitous aspect of the colonist populatioa on
the Transamazon Highway at the time of the study had very
happy results in terms of the amount and quality of the data
obtainable through interviews. This was the fact that the
nevwness of all of the +the <colonists to farming in the area
greatly increased their perceptiveness and memory for
details concerning agricultural problems and production. In
areas of traditional agriculture, or in older pioneer areas,
farmers can not normally remember such information as how
many bags of rice were harvested from a particular field in
a previous year. This is not so on the Transamazon Highwvay.
This is 1in sharp contrast with may experiences vwith
interviewing colonists in Costa Rica, Bolivia, and in the
older settled area accessible by water to the north of
Altamira.

An additional characteristic of the Transamazon
colonization area which made agricultural information more
reliable than coamparable information from am area of
traditional agriculture, wvwas the fact that the colonists
were gdgenerally planting larger areas of crops than do
traditional subsistence farmers. This was partly the
result of bank financing, and partly the result of the
colonists? common strategy of using annual crops as cash
crops. When larger areas are harvested and the production

marketed at one time, the information on yields per hectare
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is much more reliable than when small amounts are harvested
and when the harvesting is done a little at a time.

During the last few months of the fieldwork I was
fortunate enough to obtain the use of a jeep and funding for
the hiring of four field assistants. This permitted a
rapid return to previously sampled locations so that before-
and-after comparisons Were possible for assessing soil
changes, The information recorded with each sample
includes a location coding system, as well as a grid for a
rough map, which allows previous sample locations to be
located wvwith reasonable accuracy. The field assistants
also allowed some additionmal interviewing and information
checking to be done. A system of certainty codes allowved
information gathered by £field assistants to be separated
from information gathered by myself at any point during the
data analysis procedure (Fearnside 1978c).

In addition to the information gathered through
formal intervievs, BY informal observations and
conversations with colonists were recorded in fieldnotes.
The information contained in these has been useful in
providing some information about a wide variety of itenms
which could not be included in the formal questionnaires.

The problem of selecting a sample of colonists for
a study such as this is a difficult one for several reasons.
Great variability in the colonist population, as well as in
the soils, topography, transportation conditions, and other

features of the area, makes bias from an unrepresentative
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sample an ever-present danger. At the same tinme, the
practical problems associated with pursuing a rigid randonm
or stratified random sampling pattern had to be weighed
against the possible bias from unrepresentative sampling.
Due to the difficulty of transportation, a far smaller
sample would have resulted had I been obliged to walk to
the lots of randomly selected colonists only to find then
not there, Even more important, the social process of
meeting and establishing a rapport with colonists rilitates
against such a procedure. This rapport is lost in studies
vhere interviewers leap unannounced from jeeps expecting to
have the full cooperation of randomly chosen colonists whon
they have never seen before. It was therefore decided to
keep the numbers of lots on the roadside and in the various
lateral roads as balanced as possible throughout the data
collection, but to captialize on all opportunities to
interview and sample colonist 1lots as they arose. It is
not believed that any significant biases have entered the
data from this sampling procedure. The completeness of the
sample, with 70% of the 1lots 1imn the intensive study area
sampled, helps insure that such biases have not intruded.
Of the 236 1lots 1in the intensive study area, 165 were
sampled. The total number of 1lots sampled including lots
outside of the intensive study area was 177.
The completeness of the sample also permitted the modeling
of an important feature of the 1initial soil distribution

which would not otherwise have been possible: the variation
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of soil qualities on a small scale (Fearaside 1978f). The
emphasis of the study has been on illucidating underlying
properties of tropical agroecosystems which affect carrying
capacity (such as the importance of variability) rather than
the tabulation of a survey describing a large area; this
makes the intensive sampling of a small geographical area
appropriate.

Some of the information related to financing was
taken froam rat-knawved piles of government files.
Information from these sources was not used in other parts
of the study where data from my own interviews and
observations could supply the needed information.

FPield methods for individual sections of the data
set are described in separate discussions of these sections.
The soil sampling procedure is discussed with initial soil
gquality, along with soil analysis laboratory methods
(Fearnside 1978f). Methods for erosion measurement are
discussed with erosion prediction (Fearnside 19781i).
Sources of wveather data are discussed with the weather
generation algorithm (Fearnside 1978g). Yield data for
rice, maize, #Phaseolus beans, Yigna cow-peas, bitter
manioc and sweet manioc comes from the information recorded
with each soil sample (Pearnside 1978 1-o0). Yield data
for cacao, black pepper, pasture, and game, as well as much
of the population sector data, relies heavily on the

literature (Fearnside 1978p-s,y).
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Data Analysis Methods

A package of 50 FORTRAR programs and
subroutines has been prepared by the author for managing
the data required by KPROG2, particularly that required
by the agriculture sector (Fearnside 1978¢c). Data are
coded from the two guestionnaires the various soil analysis
results, and forms for erosion, soil compaction, weather,
and other data, In all there are 30 different formats for
80-coluamn punched cards. The data are coded directly from
the questionnaires and fornms; all sorting and preliminary
calculations are performed by the progranms.

Routines related to crop yield prediction match the
appropriate soil sample results of different types with the
appropriate data on yields, pests, treatments, weeds,
diseases, density, interplanting, etc. Calculations are
made of days spent 1in various interplanting combinations
directly from planting and harvest date information coded
from the soil sample forms. Pest attack information is
sorted and attack intensity codes for different insect and
vertebrate pests are tabulated by stage in the crop's life
cycle. Weather information for the 15 days following
planting and the 15 days preceeding harvest is also
computed. Certainty information is coded for each itenm of
information indicating the source of the data. There are
nine certainty categories representing information observed
by the investigator, told by the colonist to the

investigator with the accuracy reported, told to the
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investigator by a colonist with less accuracy than reported
(as dates only kpown to the nearest month), observed by a
field assistant, told by a colonist to a field assistanat,
and so forth. All of the certainty information is
maintained through the various calculations of the programs.
Dates generated as defaults by the program are assigned
appropriate certainty codes. When two or more pieces of
information are used in a calculation, the result receives
the certainty code of the least certain piece of
information. The final output gives approximately 500 itenms
of information per crop yield case including all certainty
information. This is in a format which can be read directly
into standard statistical packages. An additional progras
generates a formatted 1list of the data with headings,
greatly facilitating the manual verification of any cases
with anomalous results.

The soil change data have a similar series of
programs. The heart of the soil change routines 1is a
passive subroutine called "USETAB™ which tabulates the land
use information. All information is coded directly from the
soil sample questionnaires as dates and event codes. The
program is capable of handling four different types of
paired comparisons: sequential pairs, virgin pairs, second
growth pairs, and pasture pairs. The term "virgin" is used
loosely to refer to forest not cleared by colonists, since
Amerindians in had been present 1in the area for centuries

prior to the <colonization program. Information pertaining
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to appropriate pairs of soil samples 1is located, and
calculations are made of the days spent in each land use
including differeant interplanting combinations, plus several
statistics on lumped categories of land uses. The progranm
is capable of handling 123 different land uses internally,
although only 68 of these are output. Percentages of time
spent in each use, as vwell as rainfall while in each land
use, are calculated. As with the yield prediction
programs, all certainty information is maintained
throughout. The final output, including all certainty
codes, has 352 items of information per case. Output is in
a form which can be read directly by statistical packages.
An additional output gives a chronological listing of all
events, both coded and generated internally as defaults.
Another program can be run with the main output to generate
a formatted 1list with headings to facilitate manual
checking.

There are additional programs which manipulate and
perform calculations on data for erosion prediction, virgin
and second growth burn quality prediction, soil profiles,
and initial soil gquality transition probability matrices.
The so0il quality programs also use the same data set to
interface with packaged graphics routines for the production
of soil maps on a CALCONP plotter.

Statistical analyses were done using the Michigan
Interactive Data Analysis Systenm (MIDAS) (Fox and

BcGuire 1976; University of Michigan Statistical
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Research Laboratory Staff 1976). The fully interactive
nature of this system greatly facilitated the process of
selecting among appropriate cases for the various analyses.
Data could be stratified by certainty code where
appropriate, and cases with given pest attacks, varieties,
diseases, interplanting combinations, etc. could be excluded
easily in selection of the final subsets of the data set for
use in each analysis. Only a small fraction of the total
number of cases and of the variables pertaining to each case
are used in any particular analysis. All calculations in
MIDAS use double precision arithmetic. The particular
analyses used for each type of data are discussed with the
justification of the parameters for that portion of the
KPROG2 progranm (Fearnside 1978f-x). Most of the
yield calculations rely heavily on regression. Soil change
calculations also rely on multilinear regressiomn, with
regression on dummy variables being used for burn quality
effects. Burn qualities are predicted from weather data

using discrimsinant analysis.

Modeling Methods
The KPROG2 simulation is written entirely in G-level
FORTRANIV using the Michigan Terminal System (MTS). The
simulations were run on the University of Michigan's Amdahl
470v/6 computer. The program is capable of reproducing many
of the complex interactions of the Transamazon colonists?
agroecosystem. 1In aspects where program behavior deviates

from known features of the real world, the causes of the
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deviation can be determined through interactive FORTRAN
runs. In cases where the deviations were the result of
problems with programming, the appropriate corrections were
rade in the progran. In cases where additional data would
be needed to justify alterations of the program structure,
the further data needs are discussed with the offending
portions of the simulation results.

Nuasbers of runs were made to test the sensitivity of
the simulation outcome to changes in input parameters,
although a full series of sensitivity tests has not been
completed. The "patch size" ({simulated small areas of land)
used for storage of soils and 1land use information, for
example, was found to have repercussions in the land use
allocation sector which <could often mean the difference
between "success" and "failure". After sonme
experimentation, a patch size of 0.25 hectares was selected
as a reasonable compromise between economy of computer time
and unbiased model behavior. In cases of parameters such as
patch size, which are purely arbitrary aspects of model
construction rather than representations of data about the
real world, adjustments have been made to avoid unrealistic
behavior which would be merely an artifact of the computer
models. Parameters which represent the real world, however,
have not been juggled ¢to alter simulation outcomes. This
contrasts with much of the existing modeling of human
systems.

One of the switches 1in the KPROG2 model which
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can be set interactively at the outset of each run selects
between stochastic and "deterministic™ runs. The
deterministic runs provide a standard against which the
stochastic results <can be coapared. The stochastic runs
themselves are also completely reproduceable by means of re-
using the initial value entered as a seed for pseudo-randon
number generation. A variety of different versions of the
program vas produced with dimensions appropriate for
simulating different numbers of 1lots and numbers of patches
per lot as amn economy Rmeasure. A separate program called
"AGRISTIM" can Dbe used with the subroutines of the
agriculture sector, many of which have small but necessary
modifications, to 1investigate soil changes and yield
relationships without the additional complexity necessary to
translate these 1into the information used 1in a carrying

capacity estimate.

Model Structure

The structure of the KPROG2 models has been
completely revised from the earlier KPROG1 (Fearnside
1974) models. Most important has been the inclusion of the
chain of relationships linking physical factors such as soil
quality and weather to yields in the agriculture sector.
The land use allocation and product allocation sectors have
also been completely revised.

The KPROG2 program may first appear to be a vast
labyrinth of 63 subprograms sharing information through 62

different labeled common regions. Actually, the essential
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causal structure of the program can be visualized quite
simply from the relationship between the sectors into which
its various parts can be grouped. Figure 2-6 shows how
these sectors interrelate in the agroecosystem which acts as
a filter mapping information about initial resources into
information about carrying capacity.

The land use allocation sector models the decisions
related to how much land is cleared and how much is planted
to each crop and crop combination. These decisions
naturally affect fallow periods and other items related to
soil fertility. The agricultural production sector
calculates how much of each crop is harvested based on the
areas planted, soil fertility, and a host of other factors
influencing yields. The resulting production for the lot
is then allocated between various possible uses 1in the
product allocation sector, including 1investment in 1lot
development and consumption, among other possibilities.
The amounts of products consumed contribute to maintaining
the population wvhen the population sector is in dynanmic
mode: population growth is sustained by adequate
consumption and lesser levels of coansumption lead to lowver
birth rates and higher death rates. The population in turn
influences the 1land use allocation, with larger families
having both increased capability for clearing land wvwith more
famnily labor, and a higher demand for production of
subsistence crops. Information is taken from various

points in this calculation process for the computation of
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Fig. 2-6. ~-- Summary of causal relationships between
sectors of KPROG2.



77

INITIAL RESOURCES

A

AGROECOSYSTEM

LAND USE
/ ALLOCATION ‘\

ASRICULTURAL
POPULATION
PRODUCT ION

ALLOCATION

CARRYINS CAPACITY




78

carrying capacity. Carrying capacity is only something
vhich is calculated from the output, not a variable internal
to the prograna entering explicitly in any of the
calculations in the agroecosysten.

In the agricultural production sector weather
affects soil guality both through its influeace oa burn
qualities and through its influence on erosion. Soil
quality, in turn, affects crop yields along with a multitude
of other factors. The yields of the individual patches of
land, vhen asultiplied by the areas of the patches and summed
for all patches in a lot, give the 1lot production
information which is then passed to the product allocation
sector.

Looking more closely at the agricultural production
sector, three groups of subroutines can be seen in figures
2-7 and 2-8: those related to weather, soils, and yields.
At this level the boxes in the diagram correspond roughly to
subroutines in the program. It can be seen from figures 2-7
and 2-8 that the present soil quality information which is
passed to the yield calculation subroutines is the combined
result of soil changes brought about by the effects of three
possible types of burns and ®™unburned soil change"™ -- the
changes brought about through other processes such as
erosion, leaching and uptake by plants. The representation
in figures 2-7 and 2-8 is not complete, but does give a
general idea of how some of the information is passed

between the subprograss. One subroutine shown in the
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diagram, the routine for weed burn quality, has been removed
from the simulation as a result of re-analysis of some of
the data to imclude an additional installment of soil
results received in January 1978.

The calculations internal to each subroutine are
discussed separately with the justifications of the relevant
parameters and causal structure (Pearanside 1978f-s). The
land use allocation, product allocation, and population
sectors are also dealt with separately (Fearnside 1978t-x).
In brief, 1laad use allocations are divided betveen
subsistence and cash crop allocations. They are made based
on observed frequencies in colonists adopting fouar possible
lot development strategies, rather than through sonme
"rational® scheme such as 1linear programming. Labor and
capital sufficiency checks limit the amounts allocated. 1In
the case of subsistence crops the colonist family's
anticipated needs, expected yields, and expected variability
in yields also 1limit allocations. Product allocation is
betveen consumption and investament, between investaent in
lot development versus other ventures, and between durable
and non-durable purchases.

A different way of 1looking at the arrangement of
the model subprograms, which corresponds more closely to the
order in which they are actually called in the execution of
the program, 1is presented in figure 2-9. This figure
groups the subroutines by the size of the unit to which they

apply rather than by the sector in the program as defined by
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Pig. 2-7. =-- Agricultural production sector of KPROG2
showing relation between major subprograms. This is
continued on the next page.
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Fig. 2-8 -- (Continued) Agricultural production sector of
KPROG2 showiang relation betuween major subprograas.
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the principal causal relationships shown in figures 2-6,
2-7, and 2-8. The major 1loops of the program are shown in
figure 2-9, grouping the calculations into those which are
done for each patch of land, those which are done for each
lot, and those which are done once a year for the entire
community. There are additional sets of similar loops
within the 1initial condition generation subroutines and
within the land use allocation sector which are not shown
here,. Note that area-wide statistics are computed on
various measures after each year of the simulation. These
measures are output to peramit the calculation of carrying
capacity based on the standards set for the various
criteria. These measures include both consumption
information such as calories, total protein, animal protein,
and cash standard of 1living per capita, and measures of
environmental gquality such as proportion of land cleared and
area-vide averages of soil nutrient levels in land under
different uses.

The operations which take place in each of the
major levels sovwn in figure 2-9 are grouped by program

sector in table 2-1.

Simulation Results

Numsbers of runs wvwere made both of KPROG2 and
the smaller AGRISIN program vhich simulates the
agricultural production sector alone. The runs wvere
designed both to test the effects of varying the assumptions

and to make estimates of carrying capacity. The strategy
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Fig. 2-9. ~-- Summary flow chart of
KPBROG2 grouping operations by level.
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TADLE 2-1

KPROG2 PROGRAN OPERATIONS UY LEVEL AND SECTOR

LEVEL SECTOR OPERATION
Gencration initial Initial soil qualitytv)
of initial kesources

conditions
Population [nitial population (age - sex dist.)
Initial colonist bnckqtnunds
Initial capital

Yeac- Agricultural Weather qoneration
specific Uroductlon
operations ’ !

Techuological chanye

Crop discases¢u?

(1) In separate sels of loops not shown in ftigqure 2-9.

Notc: Continued on next page
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fnhln 2- 1 (cantinned)

KPROG2 PHOGHRAN DPERATIONS DY LEVEL AND SECTOU (CONTINUED)

Yeac-
speclific
opecations
{continuad)

Lauwl use ) Strateyy deterwination
allocationc??

5end needs detormluation

sutsistence noeds deteocminat fon

Hunting

Waga labor and ethor Lucome

Financing

falntenance of perennial crops, pastute
Land clearing

Crop allocatinas

Labor and capital seulficicwcy checks

(1) jn separate
Notco: - Continued

sets ol loops not shoun fn fiquee 2-7.
on next page.
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Table 2-1 (cont inued)

KPROG2 PROGRAN OPERATIONS BY LEVEL AND SECTOR (CONTINUED)

LEYRL,
Year - Product Prices
speclfic - allocatlion

operations
{continucd)

Populationtt) floalth
Family labot equivalents calculation

Nevcomer population generatlon

Patch- Agricultural Sof )=

specifle protuction (hurn gualitien

operations horn e{fects
eraszion

soll change
pastuce =a2lls
fertillizors)

Yieclds
(vice, majze, Phaseolus,
Yluna, bittec wanioc,

sunret manioc, pasture,
cacao, poeppec)

€4 jn sepacate sots ol loops not shown In figurn 2-79,
Rote: "Contlnuwed on noxt page.
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Table 2-1 (continued)

SECTOR

Lot -
speclfic
operatlons

Acea-vwide
statlatics

Agricnltural
product fon

Ffroduct altocatlion

Fopulation

Carrylng
capacity

KPROG2 PROGHAN OUFERATUIONS 0¥ LEYEL ARD SECTOR (COUTINUEN)

QU ERATION

Natnvard animaln

Transportation to marckets
Loan paymonls

tuffers agalast failure
Canh allocatlion

Natrition caleulations
Nrths and deaths

ITndividual fmmiquation
and emlycat ion

Family ilmmiqration
and ceigytation
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colonfst faituee

Clearing statintics
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for making a carrying capacity estimate is to run the
KPROG2 program with a fixed population sector (in the
case of the parameter set used, the family size in each lot
is alvays six persons). Runs are made with different lot
sizes to achieve different population densities without
distorting the land use allocations which depend on
realistic family compositions for family labor calculations.
The alternative approach is also possible -- varying family
sizes with fixed 1lot sizes -- by use of the dynamic
population sector option. With the dynaaic population
sector enabled one can see how population trends are
affected by both internal changes from births and deaths and
from the turnover im colonist population with both family
unit and individual immigration and emigration.

Three plots froa the output of an AGRISIN
run will illustrate a fundamental problem which affects all
of the KPROG2 results presented in this paper. The
problem is an over-dependence on pH as a predictor of crop
yields, with the consequence that crop yield sustainability
is over optimistic owing to the fact that pH values are
sustainable at relatively high levels through repeated
burnings. In the very acid soils of the Transamazon
Highway where poor burn gquality, resulting in insufficient
elevation of pH, has been a frequent problem in the first
years of colonization, pH has indeed shown itself to be an
excellent predictor of the yields of several crops. The

effect of pH on crop yields 1is not a simple effect of the
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pH alone, but is related both to the correlations which
exist between pH values and several important nutrients,
and the greater availability of those nutrients which are
present for use by plants at higher pH levels. This is
discussed further elsewhere (Fearnside 19785) . The
overshadowing of the effects of other nutrients, as well as
physical and biological effects, during the first years of
colonization with the small data sets available does not
necessarily imply that other factors will not increase in
relative importance in limiting crop Yyields as tinme
progresses, regardless of pH levels, Figure 2-10 shows
how pH values can be maintained indefinitely through
burning. This is a deterministic ran of AGRISIE
with farmed time fixed at two years and fallow time fixed at
six years, showing soil levels daring both the farmed and
fallow conditions. The lower pH peak after the virgin
burn is the result of a strong effect of erosion. It
should be noted that the fallow period could be shortened
considerably while maintaining pH values at relatively high
values. Even weed burns, which are defined as burns in
fields which have been uncultivated for 240 days or less,
are capable of maintaining high pH values.

Figure 2-11 shows how carbon 1levels respond to the
schedule of two year farmed and six year fallow in the same
deterministic run of AGRISIN. While pH levels rise
with each bura, carbon levels fall. The 1length of the

fallow period allows carbon 1levels to rise to a plateau
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Pig. 2-10. ~-- Simulated pH values in a field planted in
annual crops with a farmed time of two years and a fallow
time of 6 years, from a deterministic AGRISIM run.
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Pig. 2-10, =-- Simulated pH values in a field planted in
annual crops with a farmed time of two years and a fallow
time of 6 years, from a deterministic AGRISIN run.
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level at reasonably high values. The behavior of carbon is
probably also overly optimistic for reasons of
interconnections with other nutrients vhich will be
discussed later.

The result of these features of nutrient level
behavior, particularly the behavior of pH, is reflected in
the crop yields obtained as illustrated by maize yields
during the farmed periods shown in figure 2-12. Maize is
particularly sensitive to pR values (Fearnside 1978a).
The first year after each burn has a higher yield than the
second, in this case due to the decline in pH levels under
cultivation. The feature of the naize yield behavior
through time wvhich 1is unrealistic is the maintenance of
stable levels at relatively high vyields over a long period
of years. This feature, showun here in the simplified
context of AGRISIHN, is traceable to the heavy
dependence on pH necessitated by the current data set, and
can also be seen throughout the KPROG2 results to be
presented.

I have decided to present the various aspects of
model behavior in KPROG2 by discussing a fairly
coaplete set of results for a single run. The combined
results of a nuaber of runs will then be presented
suamarized as probabilities of <colonist failure in the
manner needed for carrying capacity estimation according to
the strategy outlined above. The rum to be presented is

run number 45, vhich is a stochastic run with the population
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level at reasonably high values. The behavior of carbon is
probably also overly optimistic for reasons of
interconnections with other nutrients vhich will be
discussed later.

The result of these features of nutrient level
behavior, particularly the behavior of pH, is reflected in
the crop yields obtained as 1illustrated by maize yvields
during the farmed periods shown in figure 2-12. Maize is
particularly seansitive to pH values (Fearnside 1978a).
The first year after each burn has a higher yield than the
second, in this case due to the declinme in pH levels under
cultivation. The feature of the maize yield behavior
through time which 1is unrealistic is the maintenance of
stable levels at relatively high vyields over a long period
of years. This feature, shovwn here in the simplified
context of AGRISIN, is traceable to the heavy
dependence on pH necessitated by the current data set, and
can also be seen throughout the KPROG2 results to be
presented.

I have decided to present the various aspects of
model behavior in KPROG2 by discussing a fairly
complete set of results for a single run. The combined
results of a number of runs vwill then be presented
sunmarized as probabilities of colonist failure in the
manner needed for carrying capacity estimation according to
the strategy outlined above. The run to be presented is

run number 45, which is a stochastic run with the population
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Fig. 2-11. -- Simulated carbon values in a field planted
in annual crops with a farmed time of tvwo years and a fallow
time of six years, from a deterministic run of AGRISIA.
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Pig. 2-12. -- Simulated maize yields with two years farmed
time and six years fallow time, from a deterministic run of
AGRISINM.
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sector frozen at six persons per family and a lot size of 25
hectares, thus corresponding to a population density of 24
persons per square kilometer. It nust be remembered that
since this is a stochastic run, the outcome represents only
one of many possible outcomes for an area with this
population density. Other outcomes can be generated by
running the program with a different initial seed number for
pseudo-random number generation. The value used here was
1113333.

The run was made using a community of 10 lots with
100 patches per 1lot. "Patches™ are the small hypothetical
areas of land into which the simulated colonist lots are
divided. In this case the patch size corresponds to 0.25
hectares, vwhich was selected for use in all runs to be
compared for carrying capacity estimation. ©No restriction
was placed on the colonist types of the families occupying
the 10 simulated lots. The fallow periods used were also
unrestricted, with second growth in different age classes
being cleared or not cleared in accord vith observed
frequencies. In this Tun no improvement was assumed in base
yields for crops through improvement of seed varieties,
although the program has this capability.

The length of the run was 25 years. It was
originally intended to use longer run lengths tham this, but
as has already ben mentioned in the context of AGRISIN, it
becanme appareant that some features of the soil change

subroutines were causing unrealistic behavior in sustaining
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soil natrient levels above those which would be reasonable
to expect, Alteration of these subroutines cannot be
justified due to limitations of the curremt data set, which
can be changed by altering only a few lines of the source
program when appropriate data become available. Longer
runs would be desirable in order to discourage the short
time horizon vhich characterizes much of the development
planning throughout the world, including Brasil. It was
decided that the runs should be 1limited to 25 years since
the present results become increasingly unrealistic as runmns
become 1longer. The behavior of this model usually
stabilizes in less than 25 years, especially for smaller lot
sizes, so that longer runs would not produce substantially
different results with the current data set.

I should repeat the warning made at other places in
this discussion that none of the yields or dates shown on
the program output presented here represent projections or
predictions for particular years. The time scale shown on
the figures is intended only as a guide to orient the reader
with respect to the 1lengths of the time horizons of the
runs.

Figure 2-13 though figure 2-28 show the colonists!?
allocation behavior and the yields obtained for the six
annual crops included in the simulation. Rice is shovn
both alone (figures 2-13 and 2-18) and interplanted (figures
2-15 and 2-16).

Maize is also shown for fields both alone (figures
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Fig. 2-13. -- Land allocation to rice alone in example
stochastic run of KPROG2 with population sector frozen at 24
persons per square kilometer.
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Fig. 2-14. ~-- Average yield of rice alone in example
stochastic run of KPROG2 with population sector frozen at 24
persons per square kilometer.
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Fig. 2-15. -- 1land allocation to rice interplanted in
exaaple stochastic run of KPROG2 with population sector
frozen at 24 persons per square kiloameter.
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Pig. 2-16. -- average yield of rice interplanted in
example stochastic run of KPROG2 with population sector
frozen at 24 persons per square kilometer.
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2-17 and 2-18) and interplanted (figures 2-19 and 2-20).
Note the wide varijiability in maize yields which result fron
differences in planting density as well as a host of
agricultural problesas.

Phaseolus beans (figures 2-21 and 2-22) and Vigpa
couw-peas (figures 2-23 and 2-24) also show the vide
variability that characterizes agricultural yields in the
area. Disease is an iaportant influence on
Phaseolus yields.

Bitter manioc (figures 2~-25 and 2-26) and sveet
manioc (figures 2-27 and 2-28) are both highly pH dependent
and illustrate the behavior seen earlier with maize. Swveet
manioc yields are characteristically 1lower tham bitter
manioc yields, as are the yields observed in the actual
colonization area, for reasons discussed elsewvhere
{(Fearnside 19780). In these fiqures manioc yields are
shown as kgs of manioc flour per hectare per year. Since
growth periods are rarely exactly one year, the actual
amounts obtaimed from a hectare of manioc at the time of a
harvest will differ accordingly. Variability in growth
periods coatributes to the variability observed in the
simulated yields. The land use plots presented for bitter
and sveet manioc (figures 2-25 and 2-27) represents
proportions of the total area vwvhich are harvested rather
than the proportiomns of the total area which are planted to
manioc at any particular time. In the case of other crops

where the crop cycle is less than one year the harvested
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2-17 and 2-18) and interplanted (figures 2-19 and 2-20).
Note the wide variability in maize yields which result froa
differences in planting density as well as a host of
agricultural probleas.

Phaseolus beans (figures 2-21 and 2-22) and Vigna
cow-peas (figures 2-23 and 2-24) also show the wide
variability that characterizes agricultural yields in the
area. Disease is an isportant influence on
Phaseolus yields.

Bitter manioc (figures 2-25 and 2-26) and sveet
manioc (figures 2-27 and 2-28) are both highly pH dependent
and illustrate the behavior seem earlier with maize. Sweet
manioc yields are characteristically 1lower than bitter
manioc yields, as are the vyields observed in the actual
colonization area, for reasons discussed elsevhere
(Fearnside 19780). In these fiqgures manioc yields are
shovwn as kgs of manioc flour per hectare per year. Since
growth periods are rarely exactly one vyear, the actual
amounts obtaimed from a hectare of manioc at the time of a
harvest will differ accordingly. Variability in growth
periods coantributes to the variability observed in the
simulated yields. The land use plots presented for bitter
and sveet manioc (figures 2-25 and 2-27) represents
proportions of the total area vhich are harvested rather
than the proportioms of the total area which are planted to
manioc at any particular tine. In the case of other crops

vhere the crop cycle is 1less than one year the harvested
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Pig. 2-17. -- Land allocation to maize alone in exanmple
stochastic run of KPROG2 with population sector frozemn at 24
persons per square kilometer.
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Pig. 2-18. =-- Average yield of maize alone in exasmple
stochastic run of KPROG2 with population sector frozem at 24
persons per square kilometer.
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Fig. 2-19. -- 1land allocation to maize interplanted in
example stochastic run of KPROG2 with population sector
frozen at 24 persoms per square kilometer.
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Fig. 2-20. -- average yield of maize interplanted in
example stochastic run of KPROG2 with population sector
frozen at 24 persons per square kilometer.
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Fig. 2-21. ~-- land allocation to Phaseolus beans in
example stochastic run of KPROG2 with population sector
frozen at 24 persons per square kilometer.
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Pig. 2-22. -- average yield of Phaseolus beans in example
stochastic run of KPROG2 with population sector frozen at 24
persons per square kilometer.
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Fig. 2-23. ~-- land allocation to Yigna cow-peas in exan
stochastic run of KPROG2 with population sector frozen at
persons per square kilometer.
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Pig. 2-24. -- average yield of Vigna cow-peas in exanmple
stochastic run of KPROG2 with population sector frozen at 24
persons per square kilometer.
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areas would be eguivalent to the areas with the crop present
for any particular year.

The behavior of yields for the annual crops shown
in the previous figures can often be traced to the levels of
soil nutrients in fields planted planted in these crops.
Pigures 2-29 through 2-33 show the area-wide averages for
fields either bare (less than 60 days uncultivated) or under
annual crops on the day wvhen the maximum rainfall fell
during each year. The use at the time of maximum rainfall
is am important determinant of so0il erosion (Fearnside
1978i). It should be remembered that these soil nutrient
levels are area-wide averages, including fields of different
ages, different burn qualities, different use histories, and
different present uses. Correspondence between soil
nutrient levels and yields of any particular annual crop is
therefore only approximate. The details of soil nutrient
and yield relationships are given elsevhere in the
discussioas

The soil nutrient levels which the progranm
simulates for use in yield calculations are pH{(fig. 2-29),
aluminum ions (fig. 2-30), phosphorus (fig. 2-31), nitrogen
(fig. 2-32), and carbon (fig. 2-33). In additiomn clay
content and field slope are stored internally for use in
erosion calculations. Other nutrients have not been
included in the present model for a variety of reasons.
Potassium is generally present in fairly high quantities in

the area (Fearaside 1978f£) and does not contribute
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Fig. 2-25. -- 1land allocation to bitter manioc in Area is
the area harvested, not the area of standing crop. example
stochastic run of KPROG2 with population sector frozen at 24
persons per square kilometer.
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Pig. 2-26. -- average yield of bitter manioc in exanmple
stochastic run of KPROG2 with population sector frozem at 24

persons per square kilometer. Yield is in kgs flour per year
of growth,
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Fig. 2-27. -- 1land allocation to sweet manioc in Area is
the area harvested, not the area of stamding crop. exanample
stochastic run of KPBOG2 with population sector frozen at 28&
persons per square kilometer.
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Fig. 2-28. ~-- average yield of sweet mamioc in exaaple
stochastic run of KPROG2 with population sector frozen at 24

persons per square kilometer. Yield is in kgs flour per year
of growth.
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Fig. 2-29. =-- Average pH in fields bare or in annual crops
in example stochastic run of KPROG2 with population sector
frozen at 24 persons per square kiloameter.
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Pig. 2-30. ~-- Aluminum ion average in fields bare or in
annual crops in example stochastic run of KPROG2 with
population sector frozem at 24 persons per square kilometer.
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FPig. 2-31. -- Average phosphorus in fields bare or in
annual crops in example stochastic run of KPROG2 with
population sector frozen at 24 persons per square kilometer.
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Pig. 2-32, -- Nitrogen average in fields bare or in annual
crops in example stochastic run of KPROG2 with population
sector frozem at 24 persons per square kilometer.
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Fig. 2-33. -- Carbon average in fields bare or in annual
crops in exaample stochastic run of KPROG2 with population
sector frozen at 24 persons per square kilometer.



RUN NUMBER

45

CAFBON: AVERAGE FOR FIELDS BARE OR IN ANNUAL CRCPS (% DRY ¥T.)

ZO0wm» 0

2.250
2.000
1.750
1.500
1.250
1.000
0.750
0.500

0. 250

1971.

1973.

197¢. 1978. 1981.
YEAR

1983.

1985.

1988.

19930.

1993.

1995.

Gl



146

significantly to the ability to predict crop yields in the
area., Calcium and magnesium are so highly correlated vith
pH with the present data set of primarily young fields that
its inclusion is not warranted. Cation exchange capacity,
videly recognized as a good predictor of crop yields, could
not be included for 1lack of sufficient data. As is
discussed further elsevhere (Pearnside 1978y) the
changing or expansion of the set of soil nutrients included
can easily be made if data wvarraamt such changes.

The next set of figures shov the simulated land use,
yield, and soil nutrient data for cacao (figures 2-34
through 2-40). Cacao only occupies a tiny fraction of the
land in the area at any time. Yields vary somewvhat, but are
alvays comasiderably lower than official projections for the
area (Fearnside 1978q). Disease effects are included im the
model (Fearnside 1978q), and soil fertility for cacao soils
can be changed by fertilization and 1liming (Fearmside
19783) . Hote that pH values can also fall to lov values
since cacao fields are not burned repeatedly as are fields
planted to annual crops.

Black pepper simulated results are presented in
figures 2-41 through 2-47. As in the case of cacao, pepper
never accounts for more than a +tiny fraction of the land
area in the study area. The high economic value of pepper
in comparison wvwith anaual crops makes this small area
important nonetheless. Both pepper and cacao are also

important owing to their status as perennial crops upon
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FPig. 2-34. -- 1land allocation to cacao in exasple
stochastic rua of KPROG2 with population sector frozen at 24
persons per square kilometer.
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FPig. 2-35. -- Average yield of cacao in example stochastic
run of KPROG2 with population sector frozen at 24 persoans
per square kilometer.
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Fig. 2-36. -- Average pH in cacao soils in exasmple
stochastic run of KPROG2 with population sector frozen at 28
persons per square kilometer.
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Fig. 2-37. -- Aluminum ion average in cacao soils ia
example stochastic run of KPROG2 with population sector
frozen at 24 persons per square kilometer.
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Fig. 2-38. ~-- Average phosphorus in cacao soils in example
stochastic run of KPROG2 with population sector frozem at 24
persons per square kilometer.
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Fig. 2-39. -- Nitrogen average im cacao soils in exaample
stochastic run of KPROG2 with population sector frozen at 24
persons per square kilometer.
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Fig. 2-40. -- Carbon average im cacao soils in exaaple
stochastic run of KPROG2 with population sector frozem at 24
persons per square kilometer.
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vhich many area planners and colonists alike have placed
their hopes for econoaic take-off in the area. The
succeptability of pepper to disease, discussed in a separate
treatment of pepper yields (Fearanside 1978r), places these
hopes in jeopardy. The decline in the tiny area allotted
to pepper can be seemn in fiqure 2-41, and the periodic
declines in yields in the patches where pepper remains alive
can be seen in figure 2-42. As wvith cacao, soil nutrient
levels can be influenced by fertilization and 1liming
(Fearnside 1978j). Soil pH values (fig. 2-43) can also
fall to lov values since pepper fields are not repeatedly
burned. In cases where the colonist fertilizes, nitrogen
levels (fig. 2-36) and carbon levels (fig. 2-47) will
actually be bhigher than the levels indicated in the figures
at the tiame that yield calculations are made owing to the
short-ters effects of fertilization and maneuring vhich are
dissipated within the span of a year.

Pasture entered the present rum only as a miniscule
fraction of the total area siaulated and is not shown here.
This is partly siamply a matter of chance, since this is a
stochastic run and the simnlated colonists are able to chose
according to observed frequencies among several 1lot
developasent strategies. Pasture is becoming increasingly
visible on the Transamazon Highway, and alteration of the
KPROG2 input parameters related to land use allocation
frequencies with additional data reflecting the tread to

pasture would alter this aspect of model behavior. Pasture
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Pig. 2-41. -- Land allocation to pepper in example
stochastic run of KPROGZ2 with population sector frozen at 24
persons per square kilometer.



163

G661

“te6l

*

“06b1l

‘ug6l

G861l

*

“te6l

gvii

1851

*

“aL6l

“IL6L “tist

¥ijv 10 NOJLHO4OHA

Sh

‘L6t
00070
.

tiL°o

£eT o
\j
3

€eL-o q
\J
d

hnt0 0
N
o

966 °0 1
1
u
0

t99°0 d
0
L
d

BLL"O

688°0

000"

tHdd4d24 NOV1A

BIARON NOY



164

Pig. 2-42. =-- Average yield of pepper ian example
stochastic run of KPROG2 with population sector frozem at 24
persons per square kilometer.
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Pig. 2-43., -- Average pH in pepper soils in erxample
stochastic run of KPROG2 with population sector frozen at 24
persons per square kilometer.
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Fig. 2-44. -- Aluainua ion average in pepper soils in
example stochastic run of KPROG2 with population sector
frozen at 24 persons per square kilometer.
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Fig. 2-45. -- Average phosphorus in pepper soils in
example stochastic run of KPROG2 with population sector
frozen at 24 persons per square kilometer.
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Pig. 2-46., -~ ©Nitrogen average in pepper soils in exaaple
stochastic run of KPROG2 with population sector frozen at 2¢
persons per square kilometer.
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FPig. 2-47. -~ Carbom average in pepper soils in example
stochastic run of KPROG2 with population sector frozen at 24
persons per square kilometer.
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results, including sisulated soil nutrient levels under
pasture and simulated cattle yields, are discussed in
separate discussions of pasture soils (Fearnside 1978h) and
yields {(Fearnside 1978p) . The question of the
sustainability of pasture soil nutrient levels, and whether
this implies a sustainability of cattle yields, is currently
a hotly debated topic in Brasil with considerable
consequences for the future development of the Amazon
basin. This debate is discussed elsevhere (Fearnside
1978h,p) together with some evidence indicatihg that the
hoped-for yields of cattle may not be sustainable regardless
of soil nutrient Dbehavior. Both weed effects and soil
nutrient effects on pasture grass growth rates are included
in the pasture subroutines.

A final figure of land use behavior in the run being
discussed here shows the proportion of the area im second
growth, second growth being defined as land uncultivated for
at least 240 days (fig. 2~-48). Fluctuations in the amount
of second growth can affect the amount of land the colonist
is able to clear in any particular year, particularly in
simulations with smaller lot sizes. The maintenance of some
margin of second growth ¢through most of the preseat run
cushions the colonist against these fluctuations in land
availability. This aspect of model behavior will be
discussed in greater detail later.

The next set of figures presents the consumption

measures which are used for the actual calculations of human



177

Fig. 2-48. =-- Proportion of area in second growth in
example stochastic run of KPROG2 with populatiom sector
frozen at 24 persons per square kiloaeter.
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carrying capacity. = Figure 2-49 gives the area-vide
averages for calories per capita consumed by the simulated
colonist population in each year. Note that the average
colonist is gquite well fed with respect to calories, a fact
vhich is not surprising givem the ready availability of
calorie sources froa root crops. Despite the high averages
of the population as a wvhole, individual lots can easily
fall belov the minimum of 2550 calories/person/day which has
been specified in the input paraseters. This is shovn by
figqure 2-50, which gives the proportions of colonists who
have "failed” by the standard of calories in each year,
Figures 2-51 amd 2-52 present area-wide averages and
proportions of colonists failing based on the criterion of
38 g/person/day of total protein. The sinulated colonists
are getting very large amounts of total protein, and
consequently have low failure rates on this criterion, for
reasons related to the product allocation priorities
‘discussed elsewhere (Pearnside 1978x). The amounts of total
protein coansumed by the simulated colomists are greater than
those consumed by actual colonists on the Transamazon
Highway, although the actual total protein consumption is
surprisingly high (Fearmside 1978x).

The consumption of animal protein is much lower than
that of total protein and is nore representative of the
actual situation on the Transamazon Highway, although even
this is optimistic both by reasom of high priorities placed

on animal proteim in product allocation and by reasomn of the
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Fig. 2-49., -~ Area-vide average calories per capita in
example stochastic run of KPROG2 with populatiomn sector
frozen at 24 persons per square kiloaeter.
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Fig. 2-50. -~ Proportion of lots below standard of 2550
calories per capita per day in example stochastic rua of
KPROG2 with population sector frozen at 24 persons per
square kilometer.
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Fig. 2-51. -- 1Area-wvide average total protein per capita
in example stochastic run of KPROGZ2 with population sector
frozen at 24 persons per square kilometer.
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Fig. 2-52. -~ Proportion of lots below standard of 38
grams total protein per capita per day in exaample stochastic
run of KPROG2 with population sector frozen at 28 persons
per square kilometer.
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soil change and crop vyield over-dependences on pH mentioned
earlier. The simulated area-wide averages for per capita
anisal protein consumption are shown in figure 2-53, and the
“fajlures® based on a criterion of 25 g/person/day for this
nutrient class are shown in figure 2-54.

Cash standard of 1living per capita simulated area-
vide averages are shown in fiqure 2-55. All cruzeiro values
used throughout the study are corrected for inflation to
January 1, 1975. At the time the minimum wvage in Para vas
Cr$326.40 and the exchange rate for the U0S dollar was
approximately 7.6. The per capita standard used vwas
Cr$54.40/person/nonth, or onme-sixth of the cash per family
standard of one minimum wage per month. Proportions of lots
falling below the standard are shown in fiqure 2-56. Cash
standard of living area-wide averages expressed in miniamua
vages/family/month and failure rates as proportions of lots
falling below this standard are also output by KPROG2, but
are not shown here since the fixed population sector option
enabled for this run causes the results to exactly parallel
the per capita results,

The possibility of inclusion of standards of
environmental gquality in addition to the consumption
standards is regarded as a particularly useful feature of
these models. The simulated proportion of the total land
area cleared is shown for each year in figure 2-57. The
colonists quickly clear all of their 25-hectare lots in this

run. The proportion of the 1lots exceeding the government-
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Fig. 2-53. ~-- Area-wide average animal protein per capita
in exaample stochastic run of KPROG2 with population sector
frozen at 24 persons per square kilometer.
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Fig. 2-54. ~-- Proportiom of lots below standard of 25
grams animal protein per capita per day in exaaple
stochastic run of KPROG2 with population sector frozen at 24

persoas per square kilometer.
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FPig. 2-55. —-- Area-vide average cash standard of living
per capita in example stochastic run of KPROG2 with
population sector frozem at 24 persons per square kilometer.
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Fig. 2-56. -- Proportion of lots below standard of

Cr (1975) $54.40 cash standard of liviang per capita per day in
exaaple stochastic run of KPROG2 with populatiom sector
frozen at 24 persons per square kiloaseter.



196

G661

*

“g661

“0€6l

»

avaz
‘8861 “5861 “f£e61l

HiNou / Rossdd / (sLel) soniaznyd

“1y6t

ok “hs

“aLst “3L6l “gLel

*

“iL6l

000°0

1i10

czeo

€L€e-o

LA L A

965 °0

L9970

8LL"0

68870

000°t

40 GBVORYLS 8013d SI0T1 10 NOILHOJO14d
V1149 434 ORIAIT 4O dABVENVIS HSVD

Sh

RIANONK MDY

am-~O>= Nz oo

AXZOCOUOEINmMO=



197

decreed standard of 50% of the land area is shown in figure
2-58. VWot surprisingly, this standard is exceeded by all
lots within a few years. Problems surrounding this standard
are discussed in a separate treatment of 1land clearing
behavior (FPearuside 1978t).

The importance of variability im production and
consumnption levels betwveen lots is underlined by the results
of a number of stochastic runs summarized im figures 2-59
through 2-63. Here proportions of colonist failures for
individual years are plotted against the area-wide averages
for different aeasures for the same year. Were the
production of the area evenly distributed among all of the
simulated coloaists, the probability of failure would be
zero for values below the ainiaum standard used, and would
be one for values above this point. The standards used are
indicated by the arrov in each figure., The deviation of the
points from this pattern in all cases is obvious in the
figures, with a significant proportion of the colonists
"failing” at area-wvide average values well above the minimum
standards. In the case of total protein all average values
are above the standard.

The failure probabilities from a number of runs made
with the population sector frozen at different demsities is
needed for estimation of carrying capacity as operationally
defined in terms of a gradient of probabilities of coloanist
failure (PFPearnside 19784). Sustainable probabilities of

colonist failure have been calculated as the proportion of
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Fig. 2-57. =-- Proportion of total area cleared in exaample
stochastic run of KPROG2 with population sector frozen at 24§
persons per square kilometer,
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Pig. 2-58. -- Proportion of lots with clearing over
maxinum limit of 50% of lot area in exaaple stochastic rua
of XKPROG2 with population sector frozeam at 24 persons per
square kiloaeter.
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Fig. 2-59. -- Proportion of lots below calories per capita
standard vs area-wvide average calories per capita for years
in several stochastic runs. This shows the effect of
variability between lots in consuaption and produaction om
probability of failure. The arrov indicates minimum standard
used.
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Pig. 2-60. -- Proportion of lots below total proteim per
capita standard vs area-wide average total protein per
capita for years in several stochastic runs. This shows the
effect of variability between lots in consumption and
production on probability of failure. All area-wvide averages
are above standard used.
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Fig. 2-61. —-- Proportion of lots below animal proteim per
capita standard vs area-wvide average animal protein per
capita for years in several stochastic runs. This shows the
effect of variability between lots in consumption and
production on probability of failure. The arrov iandicates
ainimum standard used.
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Pig. 2-62. -- Proportion of lots below cash per capita
standard vs area-vide average cash per capita for years in
several stochastic runs. This shows the effect of
variability between lots in consumption and production on
probability of failure. The arrov indicates ainimum standard
used.
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Fig. 2-63. -- Proportion of lots belov ainimum wages per
farily standard vs area-vide average minimum wages per

family for years in several stochastic runs. This shovs
the effect of variability between lots in consumption and

production on probability of failure. The arrowv indicates
minimua standard used.
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the total number of colonist-years during the last ten
years of these 25-year-long simulations in wvhich failures
occurred by each criterion. These failure probabilities are
plotted agaianst population density for both stochastic and
deterministic rums for calories (fig. 2-64), total protein
(fig. 2-65), animal protein (fig. 2-66), and cash per capita
(fig. 2-67).

In the case of calories (fig. 2-64) and total
protein (fig. 2-65), the stochastic runs result in higher
colonist failure probabilities than deterainistic runs Jer
all of the density range shown. This is the result of the
probability of failure in deterministic runs on the basis of
these two criteria being zero throughout the density range.
Since these tvwo criteria are the sost easily satisfied
through lot production, it is not surprising that failure
probabilities are lower for these than for animal protein
and cash. The stochastic curves are higher since some
"fajlures® result even in the more easily satisfied criteria
. when yields are allowed to vary in the more realistic manner
represented by the stochastic runs. A different result is
obtained at most densities in the cases of animal protein
(fig. 2-66) and cash per capita (fig. 2-67). Here the
failure rates for the deterministic rumns are auch higher
than they vere for calories of total proteim. Production of
animal protein in the lot from hunting or from conversion of
maize to chickens is usually inadequate, and supplements

purchased with cash are therefore required. W¥hen poor
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harvests result in restricted amounts of cash, the colonist
cannot fill the need for animal protein through eating root
crops or other readily available substitutes. At population
densities above 40 persons per square kiloseter the annual
failure rate in deterministic rums is actnaily equal to one.
¥hen variability in yields is introduced in the stochastic
runs, good harvests will be obtained by some colonists in at
least a few of the years simulated. The result will be a
lover rate of failure in these cases.

It is apparent that the curves shown in figures 2-64
through 2-67 do not show the smooth increase in probability
of colonist failure with increasing deasity which wvas
originally anticipated (Fearnside 19784). There are several
reasons for this. In the case of results for animal protein

Ceyq,
and cash per capita in the deterministic rums, the

1rregu1arityizzézﬁznfailure probabilities which results in a
dip in the failure probabilities in the =mid-range of
population densities from high failure probabilities at the
. lowv and high extremes of density. At very high demsities
the reason for "failure" is obvious: not enough land to
produce the reguisite quantities of crops. The dip is
attributable to synchronization in the fallowing schedule in
lot sizes vwhere the colonist is able to clear a
disproportionately large fraction of the 1lot in the first
year. This large area cleared in the first year then

becomes uncultivatable due to competition from weeds at one

time, and also becomes available again at one time for
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cutting and planting later on. During the periods when the
large group of patches originally felled in the first year
is unavailable for planting, the colonist will fail, but in
those years when this group of patches is available, he nmay
vell "succeed™ by all of the consumption stamdards. This
pattern may be something of an artifact of the land use
allocation procedure used in the simulation, as actual
colonists might not be so short-sighted as to clear such a
large fraction of their total available area in the first
year. No evidence from the curreant study would indicate
that any planniang ahead takes place with respect to
falloving schedules, although this possibility cannot be
ruled out since the colonists in the intensive study area on
the Transamazon Highway are not operating under the
constraints of small lot sizes that face the simulated
colonists in the runs at higher population densities.
Because of the somevhat artificial reason for the dip in
failure probabilities at amiddle demnsities, the very high
probabilities of failure at the 1lowest densities must be
considered as the most realistic. In this case the colonist
has enough virgin land available to reduce the impact of any
synchronization in fallowing schedules.

In the stochastic runs some variatiomn can also be
seen betwveen points for different densities. Part of this
undoubtedly is due to the differences between colonists and
betveen years which would be the expected result of

variability betwveen runs where decisions are made based om
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observed probability distributions rather than fixed
pathvays. Were a different set of stochastic runs made at
the same densities, somewhat different values for failare
probabilities would be obtained. In the stochastic runs,
each of the points shown in the figures correspoands to the
proportion of failures in 10 colonists over 10 years, or 100
colonist-years. HNuch larger sample sizes vould reduce the
variability in these points. Part of the deviation froam the
expected monotonically increasing gradient of population
failure is probably due to the same fallow synchrony problem
encountered in the deterministic case, although the effects
of this are diluted by the variation in fallowing schedules
that occurs in stochastic ruams. This may account for sose
of the lower failure probabilities at high densities. Sonme
of the reason for 1lower failure probabilities at the
absurdly high density of 120 persons per square kilometer is
the pH dependency problem mentioned earlier as a principal
reason for yields appearing to be sustainable vhen in the
real world other factors such as increasing weed competition
and deterioration of so0il properties other tham pH would
limit the yields, In the case of very high simulated
population densities, the shorter period between cropping
periods results in more frequent burnings for each patch of
land, and consequently a higher pH and higher yields for
those crops which are predicted primarily or solely on the
basis of pH. This must be vieved as a result of a

deficiency in the dataset related to other crop yield
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predictors rather than a representation of vhat could
actually be expected to occur at these high population
densities.

Aside froama the deviations from the expected tremds
discussed above, some of the difference between these curves
and the hypothetical curve of probability of colonist
failure with increasing density (Pearnside 19784) is
probably a matter of the range of dJdensities shown in the
simulated gradients. Ignoring for the moment the probleas
which lead to unrealistically high yields, all of the curves
could be expected to rise to a failure probability of one at
some extremely high population, located off the figures to
the right in several cases. The population density at which
such a rise would occur vwould probably be lower than these
figures would indicate in the real world. The question of
greatest interest is: vhat becoaes of the failure
probability curves at the lowest population demnsities? Por
the stochastic runs, wvhich are the most realistic, the
probability of failure appears to be at least suggestive of
a drop in the lowv densities for the more sensitive of the
four per capita comsumption criteria, namely cash per capita
and animal protein. The considerable amount of variability
in results possible in the stochastic runs, howvever, makes
any firm conclusion on this poiat impossible vwithout a
larger number of runs. One thing, however, is clear: even
with the pH dependence and other features inherent in the

program as presently constituted tending to produce overly
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optimistic results, the failure probabilities even at the
lovest deasities simulated are quite high for most criteria.
It aust be remembered that the probabilities of failure
shovn in these figures are annual probabilities, and that
even a probability of failure of 0.1 or less per year will
have a high probability of failing at least once over a span
of a fevw years. Also, it should be remeambered that the
curves shown are for individual criteria only. When multiple
criteria are used sismultaneously, the probability that at
least one of the standards wvill not be met is higher than
the corresponding probability for an individual criterion.
For example, in the stochastic run at 24 persons per square
kilometer (run number 45 for which the results were
presented in some detail earlier), the coambined probability
of failure on the four per capita consumption criteria is
0.47, while the highest individual criterion-based failure
probability was 0.36.

Several assumtions were altered in differeant ruans to
judge their impact on simulation results. Asmong these was
the effect of fallow period, which can be controlled through
alteration of the clearing probabilities (Fearmside 1978t)
for each age class of fallov 1land. A fallow period of six
years, for example, can be forced oan the simulated colonists
by making the clearing probabilities for all age classes
younger thamn six years equal to zero and the clearing
probabilities for all age classes six years old or older

equal to one. This wvas done for several deterainistic rums
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at different densities. At high densities a six year fallow
would result in failures during several years during years
vhen the large group of patches cleared in the first year is
not eligible for planting, and wvould result ia some
successes in the other years. These high density failure
probabilities would not be expected to reflect real world
probabilities for the reasons wmentioned with respect to the
effect of fallow period synchrony on failure probabilities
in wmiddle density deterministic runs with the standard
"free®™ fallow period deterained by observed clearing
probabilities., At 1lower population deasities this would
pose less of a probles. At 12 persons per square kilometer
with the population sector frozen as before (corresponding
to a lot size of 50 hectares), the probability of coloanist
failure from animal protein is 0.2 as contrasted with a
value of 1.0 for the free fallow run. For the cash per
capita criterion the six year fallowv failure probability is
also 0.2, as contrasted with a probability of 0.8 for the
free fallov run. Calories and total protein both result ia
zero probabilities of failure im both the six year fixed
fallowv and the free fallow cases. The lower failure
probabilities for animal protein and cash per capita in the
six year fallow case may indicate that a fallowing schedule
such as this, which corresponds more closely to the fallow
periods found-;zn'areas of traditiomal shifting agriculture
vhere fallow periods used are often much longer than this.

young grov¥th or veeds in the study area for re-use as annual
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crop fields may be a short 1lived phenomenon. As tinme
passes, colonists nmay vell modify their agricultural
behavior to match more closely the time-tested methods of
traditional agriculturalists native to the Amazon region.
Moran and Moramn (1974) have suggested that such a process of
acculturation may be taking place among the colonists cosing
from other regions of Brasil. As in the case of longer
forced fallow periods, the effects of such changes can be
tested through simulation.

The effect of altering the composition of the
colonist population was also examined through test rums with
only one of the four colonist types. The frequencies for
the types which are used in generating the imitial colonist
populatioa (Fearnside 1978x) can be altered so that the
probability of a colonist being of omne type is equal to one
and the probability for all other types is equal to zero.
The effect of simulating a uaniform coloaist population
coaposed of coloanists of type four, the "laborer farmers™ as
opposed to a amixed population with colonist types in the
observed proportiomns, was observed in runs made with the
fixed colomnist type at two densities for the frozen
population sector stochastic rum series. Since these are
stochastic runs, other results could be expected on other
runs made at the same population densities, and a larger
nuaber of runs would be needed before any firam conclusions
could be drawn. The results obtained froa the runs made

show variable effects at different densities. For some
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criteria at the highest densities the type four coloanists
fare better relative to the nmixed colonist population than
at lover deasities. The amounts and in some cases the
directions of differences depend on the criterion in
question., The failure probabilities for individual criteria
can be seen for comparable runs with all colonist types and
with type four only in table 2-2, The first part of this
table presents the results for runs nsade with the frozen
population sector, as im the other runs discussed up to this
point. The second half of the table presents similar rums
vith the dynamic population sector enabled. For the dynanic
population sector runs with the colonist type fixed, only
the sizes of the families change as colomist turnover
proceeds rather than the types, Further discussion of
dynamic population sector runs can be found in a separate
treataent of the population sector of KPROG2 (Fearmside
1978x). It is interesting to note that one of the most
noticeable differences in the table, the dynamic population
series difference in the combimed criterion-based failure
probability at the highest density betveen the population
with all colonist types and the population with only type
four, shows type four colonists failing less often than the
aixed population. In this dynamic population case, the
mixed colonist population would contain a substantial number
of "entrepreneur”, "independent farmer”, and ®artisan
farmer™ colonist types since the turnover in the population

would tend to favor these types at the expense of the type
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four "laborer faramers". The other individual criteriomn-
based contrasts shown in \the table have varied results,
certainly not shoving any conclusive difference. It should
also be remembered that the dJdensities simulated are far
above the densities of present colonists on the Transamazon
Highway. In seven of the individual contrasts the mixed
population has a higher rate of failure while in nine of the
contrasts the type four colonist population has the higher
rate of failure.

The results on different colonist types do not
support the conclusion of HNoran vho devised the colonist
typology on which the colonist types used here are
patterned. HNoran discusses behavioral differences between
colonist types and coancludes that those with previous
management or 1land ovnership experience fare better as
colonists. He concludes: ™...incoming settlers nmust be
carefully screened for their management skills if small
farming projects are to effectively combat food shortages in
tropical areas. this .. approach would wmost 1likely
stimulate 'development from within’, and hopefully break the
pattern of failure ..." (Moram 1976, p.98). This translates
that type four "laborer farmer®™ colonists should be passed
over in favor of other groups such as the "entrepremneurs”
vhich have previous ownership or management experience.
Moran's analysis fits wvell with current trends in governament
policy shifting emphasis avay from small farmer colonization

in favor of large enterprises (cf. Wood and Schmink, 1978).
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Aside from the implications of Moram's conclusions vith
respect to the high ideals on which the Transamazon Highway
colonization scheme was ostensibly founded regardless of
vhether the poorer colonists do better or worse than other
colonist types, Boran's prediction of greater failure rates
is not supported by the results shown in table 2-2. Further
discussion of differences between colonist types can be
found in a separate treatment of the land use allocation

sector of KPROG2 (Fearanside 1978u).

Conclusjons on Carrying Capacity

The critical valued used as a decision criterion for
the maximum acceptable probability of colonist failure in
the selection of the corresponding value for carrying
capacity is a value which can be selected by the planmer. A
value is implied by a land use classification systea used by
the Brazilian government's RADAN (Radar in Amazdnia) Project
in mapping the Amazon Basin. The RADAM report which covers
the Tranmsamazon Highway study area classifies soil as "good"
if the farmer could not be expected to "fail®" more than once
every five years (Brasil, RADAR 1974, p.III/117). This
corresponds to an annual probability of failure of 0.13. As
can be seen from figures 2-64 through 2-67, the stochastic
(more realistic) ruas are almost always above this value for
all individual criteria. Failure probabilities based on
coambinations of more than one criterion are even further
above this value. Using the value of 0.13 as the critical

value for maximunm acceptable probability of colonist
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Fig. 2-64. ~-- Colonist failure probabilities froam calories
vs population density. Stochastic runs are indicated by the
circles and solid line; deterministic runs are indicated by
the triangles and dashed line.
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Fig. 2-65. -- Colonist failure probabilities froam total
protein vs population density. Stochastic rums are
indicated by the circles and solid linme; deterministic rums
are indicated by the triangles and dashed line.
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Fig. 2-66. -- Colonist failure probabilities from anisal
protein vs population density. Stochastic runs are
indicated by the circles and solid line; deteraministic ruas
are indicated by the triangles and dashed line.
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Fig. 2-67. =-- Colonist failure probabilities from cash per
capita vs population demsity. Stochastic runs are indicated
by the circles and solid line; deterministic rumns are
indicated by the triangles and dashed 1line.
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failure, the carrying capacity indicated would probably be
somevhere below -- possibly far belov -- the ainisua
population density siaulated in the presemt stochastic runs
of 24 persons per square kilometer. Purther runs at these
lover densities would be needed to confirm this conclusion.
Since most of the ways in wvhich simulation behavior deviates
froa knovwn conditions on the Transamazon Highway are on the
side of optisisa, refinement of the estimation technique
would probably result in lower values for carrying capacity.

The effects of variability on carrying capacity are
sanifested in different ways for different criteria and at
different population demsities. It 1is clear that the high
levels of variability observed in many parts of the
agroecosystea are critical to the outcome of estimates of
gradients of probability of colonist failure with deamsity,
and hence carrying capacity as operationally defined. This
is shown by marked differences between the outcomes of
stochastic and deterministic ruas. The results of the
present study lend some support to the importance which has
been placed on variability here, and suggest that this is a
key factor which camnnot be ignored in pursuing the goal of
usable carrying capacity estimates.

The present study confiras the informal opinion of
many that the carrying capacity of tropical areas, such as
the intensive study area, is very lowvw for agriculturalists
supported primarily om annual crops. It aust be eaphasized

that the study in no way implies that development of these
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lands through 1larger enterprises, as im conversion of
extensive areas to cattle pastures, cam provide the
sustained yields necessary to support a population at a
higher carrying capacity. On the contrary, simulation of
individual perenmial crops (Fearnside 1978q,r) and of cattle
pasture (Fearnside 1978p) casts serious doubt on whether

these forams of productiom can produce such sustained yields.



CHAPTER III

THE EFFECTS OF CATTLE PASTUBRES ON
THE SOILS OF THE BRAZILIAN ANAZON

Introductjon

The present paper has tvo objectives: 1) to
estimate functional relationships between tise spent under
pasture and changes im certain soil characters which are

needed for use in a simulation aimed at estimating human
carrying capacity for a small portion of the Tramsasazon
Highvay colonization area (Fearnside 1978e), and 2) to
examine the proposition currently popular among many
Brazilian planners that pasture improves soil quality and
therefore should be encouraged over vide areas as a
potential source of indefinitely sustainable yield.

The first of these objectives will be =met by
developing a series of regression eguations based on the
limited number of pasture soil samples which I took in the
Altamira colonization area and in  the much older ramnches in
a nearby area immediately north of the town of Altasira,
Parda. The second objective will be discussed using evidence
from a variety of studies reported in the literature in
addition to data froam ay own study.

With regard to the second objective, some words of

caution are necessary at the outset. The present paper goes

234
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into considerable detail in reviewing current knovledge of
selected soil quality measures under pasture due to the
central place that these nutrient 1levels have been given in
the current debate in Brasil. The question of soil nutrient
level comparisons of ®virgin® forest and pasture soils has
probably been accorded far too much importance in this
debate 1) because the great majority of nutrients in the
forest ecosystem are stored in the vegetation rather thanm in
the soil, making comparison of nutrient levels in the soil
alone a highly unfair proposition since the total nutrient
stores in the forest are clearly far greater than the total
stores in the pasture ecosystem, 2) because a finding that
soil nutrient levels are higher under pasture than uader
®"yirgin® forest does not necessarily lead to the conclusion
that pasture camn provide an indefinitely sustainable yield,
and 3) because raach owners in Brasil may not be interested
in an indefinitely sustainable yield anyway. (The terna
"virgin® is used loosely here to refer to forest not cleared
by colonists.)

The first of these three reasons for caution, soil
versus total ecosystem nutrieant stores (cf. Sombroek 1966),
will not be treated further. The second, the question of
reasons other than the selected fertility measures
restricting future yields will be treated with some
discussion of compaction, erosion, and other physical,
chemical, and biological changes. The third question, that

of ultimsate development objectives, will be briefly dealt
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vwith here.

At high levels of governaent, statements of
development objectives invariably are aimed at the ideal of
sustainable yields. The lofty set of objectives adopted by
the United Nations Man and the Biosphere Project imn Rio de
Janeiro in 1974 illustrates this (Lawton 1974). The very
existence of the soil nutrient debate speaks for the concern
of Brazilian Planners for sustaining future Yyields.
Unfortunately, these objectives do not necessarily apply to
individual ranch owaers. For the individual, Amazonia as a
vhole represents a vast commons in the sense of Hardinm's
(1968) "Tragedy of the Commons™ parable. Each rancher gaias
the full benefit of exploiting his ranch to the maximum, and
then moves on to a new location leaving any future "costs"®
to be borne by others. The key factor from the point of
view of the individual entrepreneur is the relative
attractiveness of alternative investments, so long as he is
free to re-invest elsewvhere: either im a nev ranch
elsevhere in Amazdnia, in a different industry elsewhere in
Brasil, or --in the case of the increasingly visible
multinational corporations -- in another part of the wvorld.
Colin Clark (1976) has shown exhausively the complete
mathenmatical rationality of individuals destroying
potentially renewable resources as long of the rate of
regeneratioa is less than the discount rate used in
calculating the present monetary values of future returms.

The much-studied case in point of the whaling industry



237

illustrates this perfectly: corporations continue to invest
in an industry yjith complete knowledge that curreat rates of
exploitation will 1lead to destruction of the whale
populations and an end to the industry within a few years
(Clark 1973). The corporations siaply plan ahead to re-
invest the profits from vhaling elsevhere when the job is
done. The flowvw of newcomers who are selling ranches after a
fev years of tenure on the Belém-Brasilia Highway or in Hato
Grosso to re-invest in nev ones on the Transamazon Highway
are profiting from the same logic. There is no reasom to
expect that they will not move and re-invest again, as has
been the pattern in pioneer areas throughout tropical South

America (cf. Denevan 1973).

The Pasture Soil Fertiljty Controversy

The guestion of whether pasture impairs or maintains
soil fertility has special importance for Brasil at this
time. Cattle ranching in the Brazilian Amazon is being
encouraged through a massive program of tax incentives and
‘financing vith the avowed objective of "turnimng this sector
into one of the most dymamic of the regional econoay"
(Brasil, SUDAN-BASA 1972, p.29). At the same time, the
theme has surfaced repeatedly at scientific nmeetings
throughout Latin America in recent years that planting
pasture improves the gquality of the soil. Falesi (1974,
p.2.14) found that soils under virgin forest coapared vwith
soils under pasture of various ages both on the Belea-

Brasflia in Paragominas in Para and in northern Mato Grosso
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show:
Immediately after buraing (of forest) the acidity is
neutralized, with a change in pH from & to over 6 amd
aluainum disappearing. This situation persists in the
. various ages of pastures, with the oldest pasture being
15 years old, located in Paragominas. HNutrients such as
calcium, magnesium, and potassium rise in the chenmical
composition of the soil, and remain stable through the
years., Nitrogen falls immediately after the bura but in
a fev years returns to a level similar to that existing
under primitive forest. (Palesi 19784, p.2.14)

This is followed by the conclusion that:
The formation of pastures on latosols and podzols of low
fertility is a rational amd econoaic manner in which to
occupy and increase the value of these extensive areas.
(Palesi 1974, p.2.195)

Dr. P.T. Alvim, director of Brasil's cacao research
institute, told the participants at the United Nations HNan
in the Biosphere Project meeting held in Rio de Janeiro in
1974 that "A 1long period of fallowv under Papicum maximum
pasture will restore the phosphorus, calcium and nitrogen
content of the tropical forest soil.® (Lawvtoa 1974, p.2).
The supporting evidence was not given in the report of the
meeting.

The notion of pasture benefiting the soil has
carried over into official recommendations for land use. 1In
a 1974 EMBRAPA-IPEAN report giving recommendations for the
10,686 ka2 area accessed by the 1760 km stretch of the
Transamazon Highway betveen Itaituba and Rio Bramco, the
ubigquitous recommendation is: “....the formation of pastures
vhich, vhen well mamaged, cover the surface of the soils
completely, protecting them from erosion, at the same time
re-instating the biological equilibrium™ (Brasil, ENBRAPA-

IPEAN 1974, p.43).
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The trend in official 1land use recommendations avay
from annual crops and towvard pasture can be seen in the
differences in recommendations betveen ENBRAPA-IPEAN's 1972
survey of the Estreito-Itaituba stretch of the Transamazon
Highvay (Falesi 1972) and the 1974 recommendations for the
same s0oil types im the 1Itaituba-Rio Branco stretch. 1Imn
1974, yellow latosol is recommended “rationally for
perennial crops, reforestation and pasture™ (Brasil,
ENBRAPA-IPEAN 1974, p.30), vwith the observation that it is
too costly to fertilize annual crops. In 1972 the sasme
observations concerning perennial crops, reforestation, and
pasture are made together with the impracticality of
fertilizing, but hope for annual crops 1is given by citimg
ENBRAPA-IPEAN variety trials (Kass and Lopes 1972) vhich are
described as showing "high productivity, using as soil not
only heavy textured yellov¥ 1latosol, but also those with
medium texture, obtaining good experimental results without
using fertilizers and correctives."” (Palesi 1972, pp.66-67).

The aotion that pasture isproves the soil goes hand
in hand with the official recommendations that poor soils be
used as pasture. In the 1974 ENBRAPA-IPEAN recommendations
for the 1Itaituba-Rio Branco section of the Transamazon
Highway, pasture is recommended as a rational lamd use for
all of the soils encountered with the exception of two small
areas: one a type of red-yellov podzol with pebbles
{(Brasil, ENBRAPA-IPEAN 1974, p.37), and the other a section

of *"undiscriminated hydromsorphic soils® with drainage
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problems (Brasil, EMBRAPA-IPEAN 1974, p.53). All other
soils are recoamaended for pastures, even including a
hydromorphic laterite with "moderate®™ drainage described as
having as an "intrimsic characteristic®:
.ee.beginning with the By .. a *plinthite', which is a
very hard material wvwith 'a high coantent of iron and
aluminum oxides, rich in clay and poor im humus, tending
irreversibly to 'hardpan®'. (BRASIL, EMBRAPA-IPEAN 1974,
p.a6)
The recoamendation that the hydromorphic laterite be used
for pasture is tempered vith the qgualification that
®rational techanical advice amust be obtained with respect to
formation of pastures with species adaptab;e to 1local
conditions" (Brasil, ENBRAPA-IPEAN 1974, p.47).

The RADAM (Radar in Amaz8nia) Project has classified
the land wuse potential for the Belea (Quadramgle which
includes the Altamira-Itaituba stretch of the Transamazon
Highway. The entire area in the Beléa (Quadraagle is
considered suitable for cattle ranching, although this
recomnendation "predominates in the 1lowvest classes® of land
use potential (Brasil, RADAM 1974, p.V/14 and V/23).

The rapid increase in the amount of pasture
everyvhere in the Amazon, including the colonization area

near Altamira, makes deteraibation of the effects of

pasture on the soils of the regiom urgent.

Present Knowvledge of Soil Changes under Pasture

Knowledge of soil changes under tropical pastures is
far from adequate. As vas mentioned earlier, a preliminmary

report of am investigation on the Belém-Brasilia Highway
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comparing virgin £forest soil and soil under pastures of
various ages (Falesi 1974, p.2.14) concluded that pasture
had a beneficial influence on a number of soil properties,
and majintained such measures as pH, calcium, and potassiun
levels stable not omnly at the levels found uader virgin
forest, but at the still higher 1levels characteristic of
soils where virgin forest has been receantly burned. There
are a number of reasons «hy such a concluéion nust be
regarded as far from proven as a general statement about
tropical pasture soils. Although the so0oil results obtained
in the study, which are reported in the final report of the
study (Falesi 1976), could well be the result of a true
improvesent in soil quality due to differences in the tisme
spent under pasture, they may equally well be the result of
the natural variability between the 1locatioms vhere the
samples were takean.

The small saaple size of tﬁe Belén-Brasilia study may
be one explanation for the results obtained. The soil data
for the human carrying capacity study of which the present
paper is a part have repeatedly shown the need for large
sample sizes if the masking effect of randos differeaces
between locations being coapared is to be penetrated so that
treatment effects can be assessed. In the larger study,
1000 paired comparisons have been made between pairs of soil
saaples, 642 of which are comparisons between ™used®™ and
virgin locations. HNost of the rest are comparisons between

“hefore” and "after® saaples taken at the same lqcation.
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Most of the comparisons do not involve pasture. The need
for the large saaple sizes collected has been anmply
confirmed in the various analyses perforsed on this data set
(Fearnside 1978h,j).

In addition to the need for large sample sizes, the
present study of soils on the Transamazon Highway has shown
the need for extreme caution in picking virgin pairs
immediately adjacent to the "used" fields. Often in the
Transamazon Highway study, readily observable differences in
appearance in soils within the same 100 hectare colonist lot
;ate it necessary to obtain more than one virgin sample for
comparison with fields in different parts of the lot. The
soil maps presented elsewvhere (Fearnside 1978f) show some of
this fine-scale variatiom in virgin soil quality. Although
the reports on the Belén-Bras{lia study do not give details
of hov the virgin pairs were selected, there are currently
rather large distances betwveen patches of virgin forest in
the area around Paragominas, which may add additional
variablility to comparisons wvith pastures located sosme
distance from the locations of the paired virgin saaples.

The gemeral appearance of pastures near Paragominas
vhen I passed through the area in 1975 and 1976 vas one
which belied the promotional posters which bill Paragominas
as "0 Capital do Boi Gordo"™ ("Captial of the Fatted Steer").
Large expanses of pasture could easily be seen reverting to
second growth. Weed invasion can run its course in tropical

pastures either with or without soil depletion, which
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indicates the need for special caution in interpreting soil
trends, evea if in the direction of iamprovement, as
indicating the practicality of coantinuous use as pasture for
the many nev raanches in Brasil's Amazon area.

Among the soils results preseated in the final
report of the Belémn-Brasfilia study, there are some reasoas
to believe that pasture production may not be as sustainable
as the report's conclusions vwould indicate. Aside froa the
problem of wvweed invasion, which the report does mention
briefly (Palesi 1976, p.67), the soil changes theaselves are
not all favorable for pasture. Data from pasture
fertilization experiments in Belem (Serrao et al. 1971),
vhich are analyzed elsevhere (Fearaside 1978p), indicate
that phosphorus is the best soil fertility predictor for
pasture grass yields under those conditioms. The pH and
other indicators for which the "beneficial" effects of
pasture are claimed are not as relevant to pasture yields.
The report of the Belém-Brasilia experiments describes the
behavior of phosphorus as "irregular® (Palesi 1976, p.72).
The data presented for phosphorus (Palesi 1976, pp.42-3)
however, while showving some variability, does show a clear
downvard trend in exchangeable phosphorus after an initial
peak subsequent to burning the virgin forest. Exchangeable
phosphorus (P,0y) rises from 0.69 mg/100g in virgin forest
to 4.18 mg/100g in nev pasture, vwhich can be attributed to
the virgin burn rather thamn to the pasture. Burning forest

is known to have a wmarked effect on phosphorus (Pearaside
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1978h) . Pollowing this, the nine additional data points in
the Belém-Bras{ilia study show a definite decline, with only
slight vatiatibn, to a 1lowver plateau value reached after
five years. The value after five years is 0.46 mg/100g, and
reaains in this neighborhood up to the saximum age available
when it is still 0,.46mg/100g in the tenth year. Less
important than the fact that this is less than the virgin
value, is that is an order of p»agnitude 1lower than the
phosphorus peak reached after buraing. The sensitivity of
pasture yvields to phosphorus levels means that decreases of
this magnitude under pasture vwill have a negative effect on
pasture yields over tinme.

General optimisa in Brasil regarding the lomg-range
potential of cattle ranching in the Amazon is noted by
Kleinpenning (1975, p.18), vwho sites Briucher (1970) as
having endorsed cattle ranching on the basis of improved
cattle breeds and a pasture in Colombia which vas planted in
1935 and reportedly still doing well in the late 1960's.
Briicher claims that "pastures remaim productive for years
without the application of fertilizer," but his endorseament
carries the usual condition that "modern Bmethods" be
eaployed.

Evidence from the teaperate zone would seea to
support the thesis of soil iamprovement, provided there is no
overgrazing and consequent erosion. The high fertility of
teaperate prairie soils is well known. Pierre (1938)

calculated annual phosphorus outflow from North American
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pastures froa grazing, not counting erosion, as 0.22 kg/ha,
vhile inputs were 1.68 kgs/ha annually from "animal manure
and bedding®. A Dbluegrass plot in HNissouri vhich wvas
clipped vithout removing anything for 17 years gained 11209
kg/ha of soil organic matter over the period (Albrecht
1938) . Unfortunately, these encouraging £findings from the
temperate zone have little relevance to the tropics. The
mineralization rates of soil organic lattfr and nitrogen,
for example, are nmuch higher than in the temperate zone.
Cunningham (1963, p.384) comtrasts the results of his
experiments showing a 30% decline in soil nitrogen after
three years of exposure of a tropical forest soil in Ghana
with areas in Holland wvhere soil nitrogen has remained
constant during more than 100 years of continuous cropping.
Nye and Greemland (1960, p.108) review several studies
shoving "very lov levels of humus™ in savanna areas subject
to repeated burnings, vith the 1low levels being attributed
to a very slow rate of accumulation. A reviewv of literature
on annual loss rates for soil carbon shows that rates in
lovland tropical areas are several times temperate rates for
comparable land uses (Greenland and Nye 1959, p.297).
éourou (1966, pp.63-75), in comparing temperate and tropical
pastures, cites low phosphorus coatent of tropical pasture
grasses due to poor soil, and the relative paucity of
legumes in tropical pastures due to problems in maintaining
bacterial communities as numbering among the reasoms

accounting for a 1long 1list of 1lov feeding capacities for
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pastures in various tropical countries.

Reports in the literature of the nutrient levels in
soils under tropical grasslands or savannas relative to
forests contaim many contradictory statements, usually vith
little or no actual data presented. Table 3-1 preseants data
vhich I have extracted from the literature om surface soil
fertility comparisons of pasture and virgin forest.

Bennema (1975, p.42) points out the difference in
the profile of orgamic matter content with depth between
forest and grasslamd soils. Decomposition of grass roots
cause more organic matter to be present at lover depths in
the soil. The data for the one forest and one savanna
sample that he presents im his paper, however, show higher
organic matter content in the forest profile at all depths
(Bennema 1975, p.40). Bennema contends that *"the good
results of grass land as replacement for tropical rainforest
can be partly understood by this mechanism (Falesi, «c..)."
(Bennema 1975, p.42). The reference to Falesi apparently
refers to a persomal communication, presumably regarding the
Bel&n-Brasilia pasture study.

Sombroek (1966, pp.251-252), in his treatise on
"Amazon Soils®™, finds from data on nine savanna profiles in
Amapa that percentages of carbon in the top soils are "on
the average®™ about 0.5% lower than those of forest
topsoils. Savanna PpH is slightly higher, this being
attributed to the effect of repeated burning. Total

phosphorus of savanna and forest soils is “coaparable¥, but



Table -t

YIRGIN-PASTURE SOIL FERTILITY COMEPAR]SONS

¥ -
Land | Falesi Nawben- Hanboen- Soshrock Nepnenma Krebs Krebs
Item Units Use (1978, ,p.2.10) mive(1972) mive(1272) (1966,pp.251-2) (1275,p.30) (1975) (1775)
1
)
|
ph forest { a 6.60 6. 20 “alightly higher® G.a1c 5.0
] in forvest
pasturef] 6 6.85 6.%) 53.09*  S.u
|
Ri*** (RE/100qg) forest jptesent 0.12 7. 12
|
pastucel ¢ 0.15 9. 16
{
4 {¢yem) forest | levels “"comparable™
1 Fixation vate:s
pasture] reoncwhat less
] in savapna
1
n [3.3] forest )"similar™ in 0.37 0.17 0.%2% .52
jolder {15 yo)
pasturejpasture 0. 13t 1) 2.03 0.35* 0.53
|
C (3] forest 3.50 2.72 0.5 wmote 0.58(2) a.a5¢ §.45¢
! in forest
pasturef 2.19 2.65 0,352 3.5%¢ N, 05+
f
[of {0 {NE/100q) forest | 18,90 23.70 "somcwhat
] higher in
pastare} 25.15 27.80 forest
K Forest phighor in 0.57 0.85 1134 13
tpasture {ME/1009) {ME/ 1009) (ppm) (ppm)
pasture} n.5% 0.7 kAl 160
1 (ME/1009)  (nE/1009) erm)  (ppm)
Catt forest Jhigherts 18.175 12.8%5 nae jull
In (A£/1009)  (NF/100q) (prm)  tppw)
pastutefpasture 11.9% 13,85 2571+ In2
t (ME/1009) (HE/Z100q) {(rpm)  (ppm)
]
RAg* ¢ (ME/1007) forxest Jhlghep e 3.50 3. 04
in
pastucejpasterce 2.9 <2 3.62
A —— —————

¢ =iynificant diffevence geported (P < 0.09)
1Y pauvhenalre (1772) believes this value to be sparionsly high.
t2) estimated from qraph at 20 cm depth ("euncma 1T7R, p_ou0) .

note: contimmed on next page

Lye



Table 2-1 {continued)

VIRGIN-PASTURE SOIL FERTILLITY COMPAGRISONS (CONTINUED)

T
Landj Falesi _Dauben- Dauben- Sonhrock Bennema Krebhs Krebs
Ttea Units Use | (1974,p.2.14) wmire(1972) wmire (1972) (1966,pp.251-2) (1975,p.80) (1975) (1975)
Age years up to 22.5 22.5 9 15
15 yrs
Rainfall nm 1539 1539 4709 4739
Depth ca U-29 0-10 10-29 "topsoil" 29 0-10 -1
samples number 9 2 1 8

(savanna)

comparisons nuamber 1 1 9 1 1 1
location Paragominas Canas, Canas, Amapa, Brazilian San San
and Nato Costa Costa Brasil Amazon Carlos, Carlos,
Grosso, Rica Rica Costa Costa
Brasil Rica Rica

[ e e e . e - )
N
N

8Y¢
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phosphorus fixation is 1lover in savanna. Cation exchamge
capacity is also lover in the savanna soil.

Budowski (1956, p.26), on the other hand, says that
"the upper horizon of savannas may even contain a larger
amount of organic matter than forest soils.”™ HNo data are
presented, but a rapid rate of circulation of organic matter
in the forest ecosystea as compared to the savanna is
proposed as justification for this prediction.

Parsons (1976, pp.127-128), in. revieving the pros
and cons of pasture development in Central America, laments
the general lack of data on soil changes. Incredibly, he
tries to reinterpret Daubennmire's (1972) conclusioas.
Parsons states (1976, p.128) that Daubenmire "found little
change in the fertility .... of the soil after tweaty-two
years in planted pasture.” Daubenmire's actual conclusion
was: "in summary, by most criteria the level of fertility is
lower in the savanna..." (Daubennmire 1972, p.49).
Daubennire's data, some of which are presented in table 3-1,
speak for themselves.

Parsons does give a good capsule statement of
nutrient cycling processes under pasture. Only 80% of the
nitrogen, phosphorus, and potassium consumed by the cattle
is returned to the soil as manure. Of this 80%, however, a
far smaller fraction is actually incorporated into the soil
vhere it can be used by grass due to uneven distribution of
the excreta. Citiang studies done under "the best of

conditions® in Puerto Rico by Vicente-Chandler (1974),
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Parsons concludes that only about half of the nutrients in
the feces are returmed to the soil, the rest being lost to
leaching and volatilization.

One can easily see from Parsons's fiqures hovw soil
fertility depletion could follow: only 50% of 80%, or 40%,
or the nutrients would survive each cycle through the
cattle, This, when cosbined with additional losses from
burning and subsequent leaching of the ash would mean that
high rates of supply for the various nutrients would have to
be operating if depletion were not to follow.

There is some evidence that not all tropical soils
under pasture are improved. One such study compares soils
in Costa Bica sampled im virgin forest, a nine-year-old
pasture and a fifteen-year-old pasture (Krebs 1975). Data
related to pastures have been extracted froa the paper and
presented in table 3-1. It should be noted that somewhat
dubious statistical methods were used in taking four samples
from each field and counting thea as four independent data
points. Krebs states that analysis of variance wvas the
technique used to test for the differences reported im the
table, although she appears to contradict this when she
states that "the only correlations (sic.) are those
significant at 99.5 (sic. 95%?) percent level®™ (Krebs 1975,
p.383).

As can be seen from Krebs's data in table 3-1, the
nine-year-old pasture has values for all of the nutrients

reported which are significantly 1lower than the virgin
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forest. If one can assume that the nutrient levels in the
15-year-old pasture have followed the path of the 9-year-old
pasture, then after 15 years only carbon and magnesium have
values significantly lower than the virgin values, the rest
having returned to levels not significantly different froa
the virgin forest. Of the two elements still significantly
lover than the virgin values, carbon wvould be increasing
vhile magnesiuam would be decreasing. The fact that these
samples came from only three different locations may mean
that the differences, for example between the 9-year-old
pasture and the 15-year-old pasture, are not actually the
result of nutrient levels dipping to the values listed for 9
years and then rebounding to the values listed for fifteen
years, but rather are the result of the variation one finds
betveen fields.

In spite of the problem of small sample size,
findings such as those of Krebs add toA the vweight of
evidence indicating that the proposition that soil quality
is improved by tropical pastures cannot be assumed, as is
being done in Brasil, in the absence of convincing

experimental evidence.

Data on Fertjlity Changes under Pasture

Although very few of the so0il samples takem as a

part of the study of carryiang capacity for human populations
in the Transamazon Highwvay colonization area near Altaamira
(Fearnside 1978a) vwere aimed at identification of soil

changes under pasture, there is a small data set related to
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this problea. 1In addition to samples in the still very
young pastures established thus far in the colonization
area, a few samples vere taken in pastures in several
ranches in the =much older area of colonization near
Altamira. The soils in the area are sandy distrophic red-
yellow podzol (Otisol) (Falesi 1972, pp.50-51), and
eutrophic red-yellow podzol (Utisol) (Guimar¥es et al. 1967,
PpP-29-38). Samples were taken in 1locations in coantinuous
use as pastures for periods ranging froa ome to 21 years, as
vell as in smaller stands of virgin forest located on the
same ranches and in fields in the first year of cultivation
after felling either virgin forest or very old (45-year-old)
second growth. Samples were composites of 15 cores taken at
different locations in the fields covering the 0-20 ca depth
range. Chemical analyses vwere done by the EMBRAPA-IPEAN
soils laboratory in Beléa. The analytic methods employed in
the laboratory are detailed in one of their publicatioams
(Guimarf8es et al. 1970). In summary, the methods employed
by the laboratory for the elements considered here are:
Titurin for carbon, Kjeldhal for nitrogen, North Carolina
for phosphorus, pH is measured in vater using a
potentiometer, and aluminua ions with 1 N KC1 and
1§ Ca (CHS'COO)2 at pH 7.0.

There are several ways in which data related to soil
fertility changes under pasture can be analyzed, each of
which yields different insights into the changes taking

place. The most common coamparisons in the literature --
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those those of virgin forest with nearby fields under
pasture -- may not be the nmost meaningful in terms of
elucidating these changes. Comparisons with virgin samples
are included ian table 3-2 and table 3-3, along with other
types of comparisons, but it nmust be remembered that the
interpretation of these is complicated by the additional
effects of forest burning and the imnitial year or years of
cultivation, usually under annual crops. The comparisoas
made with paired samples taken iammediately following the
first year of cultivation in annual crops ("first year
field" coaparisoas), also shown in tables 3-2 and 3-3,
should reflect more accurately the effects attributable to
the pasture treataent. It should be remembered that soil
nutrient levels in first year fields is highly variable
(Fearnside 1978h,1i), adding to the difficulty of making
comparisons other than before-and-after samples froam the
same location without large sample sizes,

An additional division in the data is made between
_"young" pastures (ranging in age as pasture from one to two
years) amd "old"™ pastures (ranging in age as pasture from 6
to 36 years). Paired virgin and first year field
comparisons are shown separately for the two age groups of
pastures ian table 3-2.

The mean values of the fertility measures presented
in table 3-2 should be viewed with caution, since there is
wide variability in the changes observed using individual

pairs of samples. Por many of the nutrients, as many of the



Table 3-2

MEAN 50IL FERTILITY FOR PASTURE AND PAIRED VIRGIN AND FIKST YEAR SA{PLES

Ro. of Fo, of
Use Compar- Locat- P N AlLtes pH C
isons ions (ppm) (%) (MF/1009) (%)

young pasture (1-2 years old)

Pasture - 5 2.2 0.16 2.00 4.52 1.43
Virgin 5 3 1.21 0.12 2.86% 4.0B% 1.10
First yr. 5 5 2.4 0.18 1.74 4.68 1.4

Pasture - 6 1.7 9.11 0.30 5.35 1.14
Virgin 6 3 1.3 0.09 1.65 4.20% 1.341
first yr. 5 2 2.0 0.10 0.45 4.88% 1.00

* nmean of difference between treatment and paired pasture samples significantly
different (P < 0.05) using t test for paired comparisons (Snedecor and Cochran
1967, p.9u).

! significance from above test: 0.05 < P <0.10

AT4
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individual changes reflected increases as decreases. There
are possible explanations for this, as will be discussed
later. The only changes wvhich vere statistically
significant in what I regard as the most unbiased comparison
type (comparison of ™old" pasture with first year fields) is
an increase of slightly under half of a pH unit in the old
pasture., It should be noted vwith regard to virgin-old
pasture coaparisons that, in addition to a significanmt
increase in pH by 1.15 units, the decrease in carboa that
the difference in values would indicate is suggestive
(P = 0.08) that the decreases noted by other authors in the
several sisilar comparisons mentioned might well be
verifyable if a 1larger sample size could be obtained.
Trends in nutrient changes with age among samples froa older
pastures are not as straightforvard or consistent as one
aight npaively assuae, Looking at nutrient levels fron
®"young®" pasture, a first year field and a virgin saaple froa
a single ranch show the degree of variability encountered in
the older samples. Data are presented in table 3-3, with
individual results being presented in order of increasing
pasture age.  Krebs (1975) found the same lack of
consistency in conparing older pastures. Such variability
among older pasture samples nust be assumed to be due to
randon differences between the locations of the saaples.
Random differences between locations need not be
invoked to explain the variability observed between old and

young pasture classes, or between first year fields or



TABLE 3-3

SOIL FFRTILITY AND PASTURE AGE ON A SINGLE RARNCH

Land | 4 U Al pH C
use (ppn) (%) (ME/1009) (%)
Virgin 1 V.07 2.9 4.2 1.47
First year 1 3.10 0.2 5.1 0.98
Annual crops
1-yr-old 1 d.12 0.2 5.6 1.13
Pasture
6-yr-old 1 d.12 0.2 5.6 1.13
Pasture
14~-yr~old 2 0.1 0.2 5.8 1.24
Pasture
19-yr-old 1 0.1 0.2 5.5 1.95
Pasture
21-yr-old 2 0.18 0.3 5.1 1.67
Mean of old 1.50 0.128 0.225+% 5.50 1.27
Pasture
Std. deviation v.577 0.036 0.050 0.29 0.28
t statistic 0.775 -0.199 12.07 -2.13 -0.26
Significance ns ns P < 0.05 ns ns

* significantly different from 1-yr-old pasture (P < 0.05) by t test for comparing a single
the mean of a sample (Sokal and Rohlf 1969, p.224).

observation with

9G¢
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virgin forest and old pasture. A much wmore powerful
possibility is available for explaining the observation that
similar treatments with pasture can 1lead to increases in an
element in one case and decreases in another. The
explanation lies in the establishment of a new “equilibriuam”
level of the nutrient. ¥hen forest is felled and crops
planted, or when cropped 1land is converted to pasture,
profound changes take place in the supply and removal
processes for each nutrient. One could not expect that
these processes will cause the initial decrease or increase
in an element to coatinue over the years in a linear
fashion, 1leading either to coaplete exhaustion or a
tremendous buildup of that element. Rather, the level of
the nutrieat vill approach asymptotically some new
equilibrium value where the supply and removal processes for
the element are in balance. If the initial 1level of a
nutrient is above this equilibrium 1level, then the chage
observed will be negative; if it is below it the change
vill be positive.

Such an explanation is not nevw. Greenland and HNye
(1959) have made such equilibrium calculations for organic
matter in fields under bush fallows. This has been
suggested as an explanation for the failure of Popenoe
(1960) to find increases im organic matter under fallows in
the relatively rich volcanic soils of Guatamala. The sanme
logic used for organic matter would appear reasonable, both

for individual organic elements and some other inorganic
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elements. Percent organic matter has not been reported wvwith
the data presented in this paper since the method used for
calculating this in the EMBRAPA-IPEAN laboratory vhere the
sasples vere processed is a simple multiplication of percent
carbon by a constant (1.72) rather than an independent
deteraination of other organic elements such as organic
phosphorus and organic nitrogean. The relationship should
hold for various elements partly due to correlations holding
between their levels. The carbon/nitrogem ratjio is wvell
known to remain fairly constant under similar climatic and
treatment conditioas. Aluminua ion levels, pH, and
phosphorus are also correlated.

The data tend to support an equilibrium-seeking
model as an explamation for the differences in the
directions and the magnitudes of changes. Comparisons where
the initial values are lov tend to go up both in young and
old pasture. Siaple 1linear regressions vere run on the
lusped data set of young and old pastures for predicting the
change in phosphorus, nitrogen, aluminua, pH and carbon
between the £first year fields and the paired pasture
samaples. ®"Changes™ in elements include the sign of the
change. Three of these regressions were significant
(P < 0.05): phosphorus, nitrogen, and carbon. The trends
are all in the expected direction. The regressions are
sumamarized in tables 3-4, 3-5, and 3-6, and the data are
shovn in figures 3-1, 3-2, and 3-3. For these and all other

regressions reported in this paper the residuals were
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exaanined to verify the lack of trends with respect to the
independent variables.

Caution nmust be used in accepting the exact
relationships for phosphorus, nitrogen, and carbon indicated
by the above regressions due to the small sample sizes of
only ten comparisons each. Particularly in the case of the
carbon relationships, the spread of before field carbon
values is highly uneven, making the exact slope of the
relationship unreliable. Despite these drawbacks, the
regressions do add to the evidence in the 1literature
supporting the idea of an equilibrium-seeking nmodel to
explain changes in these characters.

In addition to the effect of initial nutrient
levels, one would expect an effect from the length of the
comparison interval on changes in soil characters. This
effect should diminish as the 1length of the interval
increases. A suitable transformation for reproducing this
effect would be an inverse of the number of years between
the before and after conditioas. The relation shown in
equation 3-1 includes the expected effects of both the
initial nutrient level and tinme.

One would further expect that as the length of time
needed to reach the neighborhood of the egquilibrium level of
a nutrient decreases, the importance of the time term in
equation 3-1 would also decrease. If this time vere less
than or equal to the minimum interval length in the data set

(1 year), the effect should be negligible.



TABLE 4 .

REGRESSION OF PHOSPHORUS CHANGE UNDER PASTURE

Regression Y = 1.28 - 0.622 A
Standard Errors 0.6u43 0.190
t statistics 1.992 -3.284
Significance 0.082 0.0M1
Partial Correlation -0.75686
R-Squared = 0.57 F stat. = 10.79
Std. error of est. = 1.23 Multiple R = 0.76
P = 0.011 N = 10

]

Abbreviations: Y phosphorus change (ppm) (including the sign of the change)

A

1}

phosphorus of before field (ppm)
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Fig. 3-1. -- Phosphorus Change vs Before Field Phosph
under Pasture
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TABLE §

REGRESSION OF NITROGEN CHANGE UNDFR PASTURE

— —— [ e — —_—

Regression Y = 0.094 - 0.691 a
Standard Frrors 0.027 : 0.229
t statistics 2.515 -3.026
Significance 2.036 J.016
Partial Correlation -0.731
R-Squared = 0.53 F stat. = 9.16
5td. error of est. = 0.059 Hultiple R = 0.73
P = 0.016 N = 10

Abbreviations: Y = nitrogen change (% dry weight) (including the sign of the change)

A = nitrogen of before field (% dry weight)
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Fig. 3-2. -- ©Nitrogen Change vs Before Field Nitrogen
under Pasture
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TABLE 3-6.

REGRESSION OF CARBON CHANGE UNDER PASTURE

Regression Y = 0.853 - 0.655 a
Standard Errors 0.277 0.197
t statistics 3.084 ~3.318
Significance 0.015 N.011
Partial Correlation -0.761
R-Squared = 0.58 F stat. = 11.01
Std. error of est. = 0.383 Multiple R = 0.76
P = 0.011 N = 10

992

Abhreviations: Y = carbon change (% dry weiqht) (including the sign of the change)

it

A carbon of before field (% dry weight)
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Pig. 3-3. =-- Carbon change vs before field carbon under
pasture. Note that the uneven distribution of initial
carbon values makes the exact relationship doubtful in this
case. The general pattern of more negative changes with
higher initial values indicated for other elements lends
support to using this relationship here. This also
aggrees with Nye and Greemland®s (1960) discussion of
Popenoe's (1960) results for organic matter changes under
second growth in Guatamala.
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X = aJl + (b/t) + c Equation 3-1.
vhere:
X = the expected cumulative change in a nutrieat since
the pasture wvas planted
a = a constant representing the effect of the initial

level of the nutrient

I = the initial level of the nutrient

b = a constant representing the effect of the inverse of
the number of years in the coaparison interval

t = the time since the pasture was planted in years

c = a constant

Bultiple regressions in the form of equation 3-1
vere fitted to the ten data points for the full set of
pasture/first year field comparisons. This vas done for all
of the elements considered: phosphorus, nitrogen, aluminunm,
pH and carbon. Only in the case of pH did the effect of the
time term add appreciably to the predictive power of the
regressions. The simple linear regressions already
discussed for predicting nutrient change from initial
nutrient levels vere therefore used for phosphorus,
nitrogen, and carbon. The nultiple regression for
predicting pH, which explains 74% of the variance in the
data (& < Q.Q1}, is sumwmarized io table 3-7. The ohserved
and predicted pH chaages

This regression, as incorporated into the KPROG2 and
AGRISIN simulation programs {Fearnside 1978e), is used only
within the range of time available here (1 - 21 years).

After 21 years imn continuous pasture (which cannot be



TABLE §.

MULTIPLE REGRESSION FNOR pH CHANGES UNDER PASTURE

— — -—— —— o . s S i e e

Regression Y = 3.139 - 0.875 a - 0.547 b
Standard Errors 1.144 0.208 0.234
t statistics 2.744 -4.207 -2.335
Significance 0.029 0.008 0.052
Partial Correlations -0.847 -0.662
R-Squared = 0.74 F stat. = 10.00
Std. error of est. = 0.250 Multiple 1 = 0.86
P = 0.009 N = 10

Abbreviations: Y pH change {including the sign of the change)

-
[}

pH of before field

=g
"

inverse of years in comparison interval
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Fig. 3~4. -- pH change regression observed vs predic
values
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reached in the standard run due to limitation on pasture
productive life imposed by veeds), the pH is assumed to
remain constant.

Por aluaminum, the soil character for which no
significant regressioans vere obtainable for direct
predictions, other means of estisation aust be devised.
Aluminum and pH changes resulting from other disturbances
such as burning are closely linked (Fearnside 1978h), but no
significant relationship wvas obtainable in the case of
pasture treatments with the small sample size available.
Assuming these two characters follow the same equilibrium-
seeking pattern as the other three elements, the final
equilibriua level of aluainum may also be closely tied to
the equilibriua pH. Such a relationship is highly
significant both in the case of virgin sasples and ian the
case of the much larger dataset available using all saamples
in all lapnd uses (Fearnside 1978f). A regression of the
same variables on the five data points froa ™old"®™ pastures
here also yields a significant regression (P < 0.05). The
regression is summarized in table 3-8 and the data is shown
in figure 3-5., #Were it not known a priori from the virgin
regressions that the relationship is a logarithaic one, it
vould be hazardous to rely on such a small sample size for
the relationship. Even in this case, the range of valges
for both variables is very narrow with respect to the range
of values encountered in the area as a whole, giving further

cause for caution in extrapolation of the regression to the
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full ramge of these variables. The similarity of the
regression to the one found £for virgin samples (N = 118)
lends credeace to it as a description of the relationship in
the specific case of pasture as well. With a relatioaship
tying aluminum to pH, it is possible to estimate only the
changes in pH and then calculate the corresponding aluminunm
value froa the result,

In viev of the extremely small sample size for this
regression using only pasture samples, it wvas decided that
the nmore reliable virgin multiple regression showving
highly significant ties (P < 0.0001) to both 1ln pH and clay
vould be used in the human carrying capacity models in place
of the regression summarized in table 3-8. Equation 3-2
expresses this relationship (Pearmside 1978f).

In order to derive equations for predicting the
changes in these various elements which would be usable in
nodeling the system, one must be able to predict the change
that will occur duriang any givem interval of time -- not
. simply the cumulative change over the 1longer periods
represented by the comparison intervals. In the case of pH
(and aluminum which aust be derived from pH in the preseat
case of pasture), one can use the regression equation
directly since a time tera is included. The change expected
in any given interval would simply be the cumulative change
expected at the end of the interval minus the cumulative
expected at the beginning of the interval. These can be

calculated from the regression equation by subsituting the



TABLE 3-8.

REGRESSION OF ALUMINUM ON NATURAL LCG OF PH FOHK OLD PASTURE

Regression Y = 1.778 - 2.096 A .
Standard Frrors 0.316 0.u431
t statistics 5.621 -4.864
Significance 0.011 0.017
Partial Correlation -0.942
R-Squared = .89 F stat. = 23.67
Std. error of est. = 0.0212 Multiple R = 0.88
P = 0.017 N = 5

Abbreviations: Y aluminum (Al+++ ME/100q)

A

H

natural log of pH

SL2
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Fig. 3-5. ~-- Aluainua vs Natural Log of pH for 0ld Pasture
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X = 11.43 - 7.68 1ln A - 0.627 B Equation 3-2.
vhere:
X = Al**+ inp NE/100g A = pH B = clay (%)
length of time the field has been in continuous pasture at
the beginning of the interval for ®*t™ in equation 3-1 to
obtajin the beginaning value, and this same time plus the
interval length to obtain the ending value.

In the case of phosphorus, nitrogen, and carboa one
must have an estimate of the length of time needed to reach
the equilibriua levels for these nautrients, since no time
tera is included in the simple linear regressions on initial
nutrient levels. There are several indicatioas that the
equilibration is quite rapid: virtually all of it occurring
in the first year as pasture. This is indicated by the fact
that time termas did not comtribute significaatly to the
predictive gquality of the regressions. Another prediction
was tested to confira this. One would predict that
deviations from the predicted values for autrient changes
based on the siaple one variable eguations would be greater
before the equilibrium is approached than after. 1In other
vords, the absolute value of the residuals from the
phosphorus, nitrogen, and carbon regress;ons should be
greater for the young pastures (1 - 2 years old) than for
the old pastures (6 - 21 years old) if the equilibrium level
is not reached after the secoad year. Univariate one-wvay
analysis of variance (Anova) was done on these groups of

deviations. For none of the three elements vwere significant
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differences found between %“o0ld" and "young" pasture. With
only five cases in each cell, there is always the
possibility of a true difference present vwhich wvas
undetectable with the present sample size, but the failure
to £find such a relationship adds additional support to the
conclusion that equilibrium is approached in a period less
than or equal to ome year. A period of one year will be
used for lack of a nmore refined estinmate. Since the
iteration period in the nmodels vhich have been written to
sinulate this system (Pearnside 1978b,e) represent periods
of one year, one can simply have the levels of each nutrient
jump to the equilibrium level after the first iteratiom of
the model for patches of 1land which are assigned to use as
pasture.

Simce the actual decision to allowv a patch of land
in pasture to revert to second growth is made on the basis
of low returns oving to the excessive labor needed to combat
veed invasion rather than to a depletion of soil fertility,
the length of time over vhich these "equilibriua" soil
nutrient levels are known to hold will not be exceeded
during any given pasture use period cycle in the simulation.
The expected management cycle for pastures has been
discussed elsewhere (Fearnside 1978p).

It should be noted that the very long-term effects
of repeated cycles of use as pasture are in no way
predictable with any degree of certainty with the data

available, Relatively short-tera processes such as the
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equilibrium-seeking behavior of so0il nutrient levels showa
here are not the only processes operating. Processes such
as erosion and enduration of the soil will have their toll
as vell. Slow changes in the "eguilibrium®™ levels of the
different nutrients may also take place, possibly leading to
depletion of these nutrieats. Confusion between short-ters
effects and long-term effects may account for some of the
conflicting statements related to pasture nutrient changes
wvhich dominate the literature.

Stores of other nutrients not discussed here, such
as various micronutrients wvhich are often in short supply in
tropical soils (Cox 1973), may also be depleted leading to
lovered pasture productivity and 1lover nutritive value for

what little forage is produced.

Soil Compaction under Pasture

Soil compaction has been recognized in a general wvay
to be a problem in tropical pastures (cf. Farnvorth and
Golley 1974,p.155). There is some debate in the literature
as to wvhether such compaction occurs at all, and if it
occurs wvhether or not it is reversible. There is little
quantitative information on the effect of soil compaction on
pasture productivity, although studies have shown that
compacted soil can inhibit root growth in crops such as
sugar cane (Trouse 1965. cited by Baver 1972, p.60). Soil
compaction has been generally recognized as a factor
contributing to erosion 1losses, since rain falling on

compacted soil is not absorbed through percolation, with
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consequent increases in run-off and erosion, The various
measures of soil structure chamges such as increase in bulk
density ("compaction®), coapression of the soil profile,
reduction in the percolation or infiltration rate of wvater,
reduced pore voluames, and reduced soil aggregation are all
strongly correlated, actually being different kinds of
measures of the same thing: coapaction.

First, the issue of whether or mot coampaction takes
place under pasture aust be addressed. Vicente-Chandler
(1960. cited in Vicente-Chandler 1975, p.4829) found that
with "heavy stocking and consequent traampling on a Utisol
stockéd with 5 head/ha for 4 consecutive years
ees undisturbed soil cores froa the various pastures showed
little compaction of the surface soil under Pangola or
Napier grasses, but some compaction with Guinea grass vhere
animal traffic is concentrated betveen cluaps. Howvever,
densities did not exceed 1.1 g/ml and soil permeability
renained excellent, Loosening the surface soil did not
increase subsequent yield of these grasses.” Soil
aggregation data froms the State of Sao Paulo (Grohmaan 1960.
cited by Baver 1972, p.57) shows virgin forest and pasture
values as indistinguishable.

On the other side of the issue, there are a nuaber
of researchers who have found dramatic increases in
compaction measures under pasture.. Schubart et al. (1976)
found a decrease in percolation rate from 12.2 cam/minute

under virgin forest to 1.3 ca/minute under five-year-old
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pasture near Manaus =-- only 11% of the virgin rate.
Daubennmire (1972, p.40) found an even greater decrease in
percolation im Guanacaste, Costa Rica vhere percolation
under virgin forest was 47 times the rate under adjaceat
22-year-o0ld pasture. Scott (1975, p.130) found increases
in bulk density betwveen forest and man-made grasslamnd in
eastern Peru at all depths, with the densities at the
surface being 0.2 g/ca? for virgin, 0.4 g/ca3 for a 15-year-
old grassland, and 0.65 g/ca3 for "very o1ld" grassland.
Scott also fouamd that percolation rates becane "“very low
indeed” under old grassland, and that "a profile truncation-
compaction®™ of 20 ca takes place during thelfirst 15-20
years. Aside from a number of studies showing that
cultivation in annual crops results in soil coampaction,
sinply exposing of eight plots of previously forested soil
in Ghana with no cultivation resulted in a mean lowering of
the surface (attributed to compaction) by 2.21 ca over a
three-year period (Cumningham 1963, p.338). Studies in
southeastern Brasil have found 36-40% decreases in
percolation rates betveen virgin forest and a nearby young
man-nade savanna (Freise 1934,1939, cited by Budowski 1956,
p.26) . The same studies found reductions in pore volumes
from a value of 51% in forest to 12% in the savanna (24% of
the virgin value).

Possible reasons for the coapaction under pasture
include the traampling of cattle, poorer crumb structure due

to decreases in orgamic matter, and reduced populations of
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soil microfauna.

Some idea of the time required for reversal of soil
compaction changes under undisturbed second growth can be
garnered from measuremeants reported in the literatare. The
studies from southeastern Brasil nmentioned above found that
in 17 years the pore volume increased from a value of 12% in
the savanna to a value of 38% under the second growth, which
is 78% of the pore volume value of 51% under virgin forest
in the area. This represents a recovery of 71% of the
difference in 17 years. Scott (1975, p.130), in his study
in the Graa Pajonal of Peru, has published bulk deasity
profiles for primary forest, a swidden, young and old
grasslands, and a 10-year-old secondary forest. He does not
specify whether the secondary forest was formerly swidden or
grassland. The secomdary forest bulk deamasity at the surface
is higher thaa the primary forest and the *"young® (15-year-
old) grassland and 1lower than the swidden and the "old*
grassland. Assuming the second growth started as either a
swidden or an old grassland, it has made a 33% recovery of
the difference in density to the virgin forest value if it
started as an old grassland or a 36% recovery if it started
as a swidden during the 10 year period. Fortunately, these
figures are very close so thatv little error could be
introduced froa lack of knowledge of the past history of the
secondary forest. It should be noted that at depths lover
than the very surface, the soil (0 - 3 cm fractiomn) under

the grassland is much denser than that under the swidden.
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Pastures I have sampled vhich have been left fallow
on old ranches near Altamira require a relatively long time
to develop stands of second growth and restore previous soil
conditions. One such fallou pasture which had been fallow
for at least 15 years still had rock-hard soil which wvas
painfully difficult to penetrate even with an iron digging
pike ("cavadeira®), just as wvas the soil under pastures on
the same ranch which had been in continuous pasture for up
to 21 years. The second growth had only reached a height of
about five meters, which would be reached by second growth
in a nev field of annual crops after only about three to
four years. The slow growth of second growth stamnds on old
pastures may well be explained by the lack of mycorrhizal
fungi which are required by most woody second growth planmts.
Janos (1975, pp.133-149) has found this to be a key factor
in retarding successions in sedge-filled abamdoned pastures
in Costa Rica. The attrition in seed populations for larger
woody second growth species in the soil under long periods
. 0f pasture undoubtedly also contributes to the slowved
succession. The attrition of seed stores over time with
repeated burnings is wvell documented (cf. Brinkmann and
Vieira 1971), and the deflection of successions under these
conditions, especially vhere cattle are present, is a
problea throughout the tropics (cf. Conklim 1959b). Recent
experimentation with the effects of fertilization on
tropical successions have 1lemt support to the notion that

factors such as voody plant seed stores and cospetition froa
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herbaceous species, rather than soil fertility, cause
retardation or deflection of succession. (Harcoambe 1978,
p.1382). .

There are a number of other changes in soil
structure which occur under pasture which will not be
considered in detail here. These include the formatiom of
ferrolitic hardpans (Budowski 1956), and changes in the
relative gquantities of sand and clay at different depths in

the soil profile (Scott 1975; Daubenamire 1972).

Erosjop under Pasture

The question of vhether soils under tropical
pastures suffer appreciable damage due to erosion is a
subject of debate. AsS mentioned earlier, Brazilian
institutions influential in planning future amazonian
developasent schemes believe that pasture offers "coaplete
protection®” from erosion (Brasil, EMBRAPA-IPEAN 1974, p.43).

Provided stocking rates are low enough so that grass
cover is maintained, erosion under pasture grass uander
temperate conditions is low, at least when compared with
erosion under annual crops (Enlow and NMurgrave 1938). When
compared with annual crops the same holds true in tropical
studies as vell (Fearnside 1978i; Scott 1975, p.127). This
is not to say that no erosion takes place under pasture,
since the notoriously high erosion rates under ananual crops
in all parts of the world are an unfair standard agaiast
vhich to judge pasture, which is being considered as a

potential land use for 1large areas on the grounds that it
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can be maintained indefinitely.

Special caution =must be exercised in extending
conclusions from temperate, and some tropical, pastures to
the pastures being planted in the Brazilian Amazon.
Pastures coamon in Amazonia such as "“coloniao" (Panicuns
maxisus) aand "“jaragud" (Byparcthemja rufa Nees) growv in
separated hummocks with bare spaces in between to a much
greater extent than most of their temperate counterparts.

Several workers have found erosion under tropical
pastures. Daubenmire (1972, p.50) found that Hyparrhenja
pufa pasture in Costa Rica with 1900 msas/annum rainfall and
9% slope showed 11 ce of erosion during the lifespan of the
oldest plants in a 22-year-old pasture. The erosion losses
were estimated by examination of differences in height
betveen pebbled surfaces inside huamocks of grass as
compared with the areas betveen hummocks. Since the grass
hummocks may not be as o014 as the pasture itself, the rate
of erosion may be even greater than the 0.5 ca/year tﬁat
these measureaments imply.

Comparison of erosion rates under pasture and under
virgin forest would seem to be the most useful one. Scott
(1975, p.127) used small dams vwith settling basins to
estimate erosion uander man-made grassland and virgin forest
in eastern Peru. He found some erosion under pasture and
none at all under virgin forest, although he does not give

the figures themselves in his paper.
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Conclusions

Prediction of soil changes under pasture using the
relationships developed here has been incorporated into
computer simulation models aimed at the estimation of human
carrying capacity for am area on the Traansamazon Highway
(Fearnside 1978e). Simulations of cattle yields and soil
quality under pasture cam also be done separately for
pasture alone (Pearnside 1978p). Diverse conclusions on
soil nutrient behavior appearing in the 1literature are
reconcilable in teras of am equilibrium-seeking model
depending on the initial values of the nutrieamats. Although
such a mechanisa leads to stabilized soil autrieant values,
the equilibrium levels of several nutrients are guite low.
These imnclude phosphorus, which evidence suggests is the
best soil fertility predictor of pasture yields under these
conditions. The result is a lov base yield of pasture grass
after the initial nutrient inputs from burning virgin forest
have been dissipated. The actual yield of pasture grass,
.and hence beef productiom, 1is reduced even lower than this
due to invasion of pasture by inedible weeds. Simulations
of cattle yields which include wveed effects show a rapid
decline after only a few years, regardless of the soil
fertility (Fearnside 1978p). Aside from soil fertility,
unfavorable changes taking place under pasture include
erosion, soil compaction, and biological changes which
impede the re-growth of woody second growth species.

The heart of the recent controversy over soil
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fertility under pasture in Brasil is the guestion of whether
cattle yields can be sustained to assure the long-tera
economic well-being of the region. The evidence presented
here, and the simulation results based on these
relationships (Fearnside 1978p) , indicate that such
sustainable yields are not to be expected from cattle

pastures.



CHAPTER IV

CATTLE YIELD PREDICTIORN
FOR THE TRANSANAZON HIGHWAY OF BRASIL

- Introduction

This discussion of cattle yield prediction on
Brasil's Transamazon Highway foras a part of a larger study
aimed at the estimation of carrying capacity for human
populations in a part of the colonization area (Fearmside
1978e). The cattle yield prediction methods discussed here,
vhen combined with the prediction of soil fertility changes
under pasture (Fearnside 1978k), allows the simulation of
cattle yields either as a part of the full carrying capacity
nodel called "KPROG2" or separately in a smaller simulation
for individual crop yields and soil changes called "AGRISIN™
{(Fearnside 1978e). The hotly-debated questions in Brasil of
1) whether soil fertility is indefinitely sustainable under
cattle pasture, 2) whether this implies that cattle yields
are also sustainable, and 3) whether the coanclusion follows
from this that the vast areas of the Amazoan Basin should be
converted to cattle pasture, makes this particularly timely.
This debate bas been discussed further in the separate
treatment of soil fertility changes under pasture (Fearnside
1978k) . The importance of this debate dictates that the

question of cattle yield prediction be examined carefully.

289
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With this in aind, the present discussion presents several
possible ways im vwhich <cattle yield predictions can be
calculated based primarily on disparate pieces of
information gleaned from the literature on the subject. All
of these methods of calculation 1lead to the comnclusion that
cattle yields to be expected are far lower than official
projections for the Amazon, and that for several reasons
these yields cannot be expected to continue for the long

periods that official statements iaply.

Stocking Rates and Pasture ®Carrying Capacjty"

There are a nuaber of statements in the literature
giving values for the ™average carrying capacity in Amazon
terra firme Most of these statements are not accompanied by
supporting data showing how the figures were derived.
Presumably they came from observations (although unspecified
as to sample size, sampling design, etc.) of the number of
cattle per hectare which ranchers actually had stocked on
their pastures at the time of an interview. This, of
‘course, is not actually an estimate of "carrying capacity"®,
since there is no indication, as through observations of
changes in wveed populations or soils, that the stocking
rates observed could be pmaintained on a sustainable basis.
In nevw ’areas, sach as the Tramnsamazon Highvay, stocking
rates can also often be misleading since the rate is often
lov due to a lack of availability of cattle or of money to
purchase thea, rather than any conviction on the part of the

rancher that further increase 1in the stocking rate would
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cause deterioration of the pasture. There is also the
problem of vagueness in most of these statements on the
important question of whether the reported stocking rate
refers to the density of cattle oanly on the area of pasture
on vhich the cattle are actually grazing at the time of the
interview, or vhether the figure refers to the larger areas
including second growth which are in a bush fallow between
use periods as pasture. The inclusion of the larger area
can mean a difference of a factor of three or four, as in
the case of two ranching operations for wvhich bhoth types of
stocking rates are reported in the amazomian portion of Peru
Tournavista with three head per hectare grazed and ome head
per hectare overall, and Granja San Jorge with 1.5 head per
hectare grazed and 0.4 head per hectare overall (Watters
1971, pp.265-70). The folloving statements on cattle
"carrying capacity" in Amazonian terra firme represent the
range of opinions: 1) The Brazilian representative at a
conference on the development of ranching in the American
humid tropics held in Guayaquil, Egquador in 1973 writes that
the "mean carrying capacity" is one head per 2.5 ha/yr (9.80
head/ha) (do Nascimento and de Moura Carvalho 1973, p.IXI-
B—-32). 2) The director of ENBRAPA-IPEAN, the agricultural
research institute in Bel@m writes that "carrying capacity
can reach four head/ha"™ in what he describes as "magnificent
pastures® near Paragominas, Para (Palesi 1974, p.2.14).
3) The carrying capacity of Brachiaria decubens experimental

plantations at ENBRAPA-IPEAN in Belém is estimated at 1.5
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head/ha/yr based on "“qguantitative and qualitative initial
data and observations over several years” (Serrdo and Neto
1971, p.26). 4) Using figures for the total nuamber of
cattle and the total area of pasture in the Northern Region
of Brasil (which includes the flooded gétzgg as wvell as
terra firpe), a value of 2.7 hectares/head (0.37 head/ha) is
given in an EMBBAPA report on the National Bovine Project
{Barcellos 1974, p.6.13). 5) Nigel Smith estimates that the
wcarrying capacity” in upland Amazdnia is 1 head/ha based on
interviews on current stocking rates at four ranches (Saith
1977, pp.149,162).

Calculation of a "Three-Year Feeding

Capacity” for Iraasamazon Pastures

Pasture Productivity under Average Conditions

Since sufficient information is not available to
calculate a pasture "carryiang capacity" which includes
allovances for loang-term changes in wveed domination and
compaction, some idea of what aight bDetter be termed a
tﬁtee-year feeding capacity can be estimated from a variety
of disparate pieces of information taken from the
literature.

The yearly productivity of dry wveight for pastures
under differeant soil conditions must be known if the feeding
capacity of pastures on the Transamazon Highway is to be
estimated. This must come from a variety of experiments
done both on the Transamazon Highway and in Beléa since no

experiments have been run to make the particular measureaseat
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required. Virtually all of the pasture on the Transamazon
Highway is ®"capim colonido® (Panjcum maxjmum). Local data
is unavailable for estimating the productivity of this
pasture since the experiments done to date are variety
trials using fertilized plots. Data from the 1local
experiments camn be used for a rough estimate of the
difference in yield between this variety and another variety

{Bcachiaria decuybens Stapf) for which more extensive data
are available: Panjcum maxiaup produces better than

Brachiaria decubens by a factor of 1.12 (Viégas and Kass
1974, p.33). In these experiments, despite fertilization
with superphosphate, ammonium sulfate, potassium chloride,
and wmaneur, Panicum @axjimus wvas described as showing
"unsatisfactory vegetative development vwith visible syaptoas
of nutritional deficiency" (Viégas and Kass 1974, p.38). In
addition to the fertilization, I observed these plots on the
best soil type in the area, terra roxa (Oxisol) (the report,
vhich vas written by personnel at the headquarters in Belénm
vho had not carried out the actual experimeats, is
apparently in error when it states that the soil type was
the less fertile red yellow podzol (Utisol) (Viégas and Kass
1974, p.31).

If the relative difference in production between the
tvo varieties canm be assumed to hold at lowver levels of soil
fertility, some idea of the productivity of Panjcum maxjmun
in the Altamira area can be deduced from the performance of

Brachiaria decubens in Beléa. The Belén experiments vere
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done on . a differeat soil type (yellow latosol (Utisol)), but
the levels of the various nutrients are similar to those
found in red-yellow podzol, the most common soil type in.the
®"intensive study area” of the Transamazon Highway which was
the focus of the author's study of human carrying capacity
in the area (Fearnside 1978e). Soil nutrients for the area
of the Belém experiments are givem as: pH=4.7, Al¢tee=1_2
ME/100g, Ca+*+Ng++=0.59 HNE/100g, P=4.0 ppm, and k=40.0ppm
(note: the report (Serrdo et al. 1971, p.10) gives the units
for P and K as "kg/ha", but inconsistency with figures
elsevhere in the report, plas knowledge of how ENBRAPA soil
results are reported, lead me to believe that the units are
actually ppm), The Belea experiments found a dry veight
production of Brachiarja in unfertilized plots of 253 kg in
the first 342 days, vhich would correspond to approxisately
270 kg in a 365-day year. Correcting this for the
difference in variety, an estimate of 303 kg dry veight/ha
can be made for first-year Panjcum saxjmum production.

The pasture yields in years after the first decline
markedly, largely due to the invasion of weeds. The probles
of wveed invasion is greater vith lower soil fertility. This
is shovn by comparison of the percent of the total dry
weight of plaat matter vhich is veeds as opposed to pasture
at different fertilization levels in the Brachiagja
experiments (Serrdo et al. 1971, p.19). The Brachijarja
experimenters conclude that the lower fertility makes it

impossible for pasture to compete effectively with weeds
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assumptions that had to be made in deriving this figure vere
on the optimistic side, the actual feeding capacity could

vell be less tham this.

Beef Productivity

Bough figures for the conversion of pasture grass
dry veight to beef can be taken from a model of am African
cattle raising system outlined by Howard Odum (1971, p.109).
Odum uses a figure of 4.5 kcal/gram dry weight for the
energy content of pasture, and uses a value of 8000 kcal/day
as the metabolic requirement of a 294.8 kg steer (citing
Kleiber 1966 for the latter value). This is the equivaleat
of 27.13 kcal/kg 1live weighty/day, or 2.20 kg dry veight
grass/kg live veight/year.

Average slaughter weight im Amazonia is given as 330
kg by Nascimento and de HNoura Carvalho (1973, p.III-B-32),
and as 350 kg by Saith (1977, p.l149) citing FAO (1973) and
the Braziliam statistical ianstitute figures (Brasil, IDESP
1970). Nean age to slaughter is given as four years by all
of these referemces, and as §.5-5.5 years in the ENBRAPA
report (Barcellos 1974, p.6.16).

Using the value for weight at slaughter of 330 kg as
the weight of "adult® cattle on the range, the dry veight/
kcal and metabolism figures used by Odum can be used to
calculate the amount of pasture dry weight needed to support
one head of cattle per year, resulting in a value of 726.8
kg dry wveight/head/year. One must assume for lack of other

data that this rate of consumption would result in the
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observed region-wide average growth rate corresponding to
the attainment of a 330 kg slaughter weight in four years.
Assuaing optismistically that cattle could eat all of the
grass produced, first year "feeding capacity™ would thea be
the 303 kg dry weight produced divided by the 726.8 kg/head/
year required, or 0.482 head/ha for the first year. The
feeding capacity of the second and third years would be 0.26
and 0.21 head per hectare respectively. The three year
average feeding capacity would then be 0.30 head/ha.

There are several alternative sets of conversion
factors froa the literature for converting pasture
production figures into either "carrying capacity" or beef
production estimates. These yield almost exactly the same
result as the Odua conversion factors.

One alternative method can be deduced froam the
calculations of Vicente-Chandler {1975, p.424). Here
“carrying capacity® for ome 273 kg steer is given as
equivalent to 3.86 kg of total digestible nutrients per day.
Total digestible nutrieats has been calculated fros kg dry
forage for both star grass aad pangola grass (Digitarja
decubens) using a figure of 0.54 kg total digestible
nutrients equal to one kg dry matter. (The actual method of
calculation used by Vicente-Chandler is the reverse, as is
common in the range management literature: the weight gaias
of the cattle are measured and the total digestible
nutrients and dry wmatter which they =aust have eaten are

calculated). Using these figures, 9.56 kg live weight of
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cattle per year would be required. The probleam of pasture
grown on soils deficient in minerals such as phosphorus
being less nutritious than equivalent weights of pasture
grovn on more fertile soils (eg. Sanchez 1973, p.143) nmust
be ignored here. The feeding capacities for 330 kg steers
using the previously estimated production figures for
Transamazon Highway pastures under average comditioas, would
be 0.37 head/ha for the first year, 0.26 head/ha for the
second year, and 0.20 head/ha for the third year. This
gives a three-year feeding capacity average of 0.28 head/ha.

A third method of calculation also produces a
similar fiqure. An estimate of the feeding capacity can be
estimated from the rate of weight gain that wvould be
required to reach 330 kg by the average slaughter age of
four years, coupled vwith a conversion factor relating
amounts eaten to amounts gained. Vicente-Chandler (1975,
p-424) has used a formula involving body veights, days of
grazing, and wveight gains to make the reverse calculation
. from veight gains to amount eaten. He does not give the
foraula, but credits it to the "Pasture Besearch Comaittee
(1943) " without giving a bibliographic citation. Of 17 such
conversions made in Vicente-Chandler's paper, the coaversion
factors are all quite close to the average of 0.14 kg veight
gain/kg total digestible nutrients consumed (the ramge is
0.12-0.16, sSD=0.01). Using the conversion factor of 0.58 to
convert dry matter to total digestible nutrieats, the

average yearly production of total digestible nutrients over
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a three year period can be estimated at 187 kg/ha. The
potential cattle veight gain from this, assuming the cattle
eat all of the grass, is therefore 26.2 kg veight gain/ha/
year averaged over three years. Since a steer must gain an
average of 82.5 kg/year in order to reach a weight of 330 kg
in four years, the three-year feeding capacity can be
estimated at 26.2 divided by 82.5 or 0.32 head/ha.

It is mo surprise that the value of 0.32 head/ha
from veight gains is close to both the 0.30 head/ha figure
derived from Odum's calorie conversions and the 0,28 head/ha
derived froa Vicente-Chandler's “carrying capacity”
conversion factor. The fact that these three-year feeding
capacity figures are lower than most of the stocking rate
figures uaderlimes the unreliability of using current
stocking rate as an estimate of pasture “carrying capacity".

The three year feeding capacity of the pastures
should correspond roughly to the maximua stocking rate vhich
would pay on a short-term basis for pastures of the type
_ which includes both pasture areas which are actually in use
at any point in time and pastures from which cattle are
temporarily excluded to allow re-growth, but not second
growth areas which are recovering betwveen use periods as
pastures. A stocking rate would have to be lower than this
were the rancher concerned about preventing degradatiom of
the pastures, as well as obtaining the maximum short-tera

yield.
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Probable Pasture Nanagement Cycles
on the Transamazon Highway

The question remains as to vhat becomes of pasture
vields after the third year. My interviews with ranchers in
the much older area of colonization near Altamira revealed
that pastures are burned approxilitely every three or four
years following the exclusion of cattle for a fev months.
They are left in second grovth after highly variable longer
periods. Pasture grasses such "jaragni" (Hyperrhenja rufa
Nees-Stapf) and later "“coloniao® (Panicum maxjamum) have
only been in the Altamira area since about 1968. These
grasses have made it possible to keep areas in pasture
without fallowing for auch longer periods than vas
previously possible vhen the only varieties available had to
be planted from cuttings rather than seeds, vere very
sensitive to draught in the period following burning, and
would only last four to five years before a bush fallow
period was required. Even with resistent grasses such as
Panicum maximum, fallow periods appear to be the best way of
dealing with the relentless increase in wveed populations.
Nunbers of pastures can be seen reverting to voody second
growth both on the Transamazon Highway an the older Belénm-
Brasilia Highway. I have also seen several very old
pastures (cleared at various times froam 1912 to 1955) near
Altamira wvhich have not been fallow for many (10 - 20) years
and vhich now have been completely invaded by inedible
mints. These pastures also have extremely hard compacted

s0il. The process of soil compaction under pasture and
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rates of recovery under second growth are discussed
separately (Fearaside 1978k).

Pasture management can be viewed as a respoanse to
three types of degradation-regeneration cycles. First,
there is a short-tera degradation resulting froam the removal
of grass through grazing and the invasion of some low veeds.
This can be countered by periodically excluding the cattle
from the pasture for a month or two using a systea of
rotation between fenced subdividions on the raach. This
allovs the regrowth of grass and shading out of wveeds.
Second, there is a nmedium-term degradatiomn resulting from
invasion of voody second growth. This reguires burning the
pasture, either by cutting the second growth and burniang in
the pasture every three to four years, or leaving the
pasture in a short period of bush fallow followed by cutting
and burning. The third ¢type of degradation is a possible
longer-tera deterioration of soilnutrieat levels and soil
structure. MHuch longer periods of fallow would be needed to
counter this type of degradation.

The important question with respect to fallowing of
pasture land is not how often or hov long a colonist ought
to fallowvw his 1land, but how often and how long he will
actually do so. There is 1little reason to expect that his
decision wvill be based on consideration of long-tecra
benefits rather than the innediate trade-off of nmeat
production from keeping a given patch of land in pasture for

one more year versus the labor required to control the
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invading weeds. Since adequate data om such behavior is
unavajlable, one must be content only with a rough guess of
what grazed and fallow times are likely. My guess is a
grazed period of about five years. A fallowv period of a
minimum of about ¢two years would be needed to allow
sufficient regrowth to facilitate cutting. Such a short
fallovw, however, could only be followed by use as pasture
since a longer fallow period, of say’ five years, would
probably be reguired to allov pasture seeds in the soil to
die if the colonist wvished to plant annual crops following
the cutting and burning of the second growth. The actual
length of time a patch of 1land is left fallov beyond these
estimated mininum values would depend on the amount of labor
available to the colonist after allocating his labor effort
to any other tasks of higher priority.

One can only guess at the pasture dry veight yields
that could be expected in the fourth and fifth years, since
there would be competing influences operating froa
improvensent resulting from burning and continued
deterioration resulting from further weed iavasion, as well
as compaction and other probleas. For lack of other data,
ohe might best make the probably optimistic assumption of
continued productivity at the third year level during the
fourth and fifth years. Using the third year estimate froa
Odua's value this would give two additional years of feeding
capacity at 0.21 head/ha, which would bring the average for

a five-year feeding capacity down to 0.26 head/ha. If the
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shortest practical fallow period of two years is also
included, then the average feeding capacity over the seven

year cycle is further reduced to 0.19 head/ha.

Predjctjng Pasture Productjom from Sojl Fertility

Fertilizer experisents with pasture grasses have
made it clear that great differences can be expected in
productivity depending on fertility, aside from any other
probleas such as veed invasion and coapaction. In
fertilization experiments done on Brachijaria in Belen,
phosphorus fertilization wvas found to have the greatest
effect on productivity, followed by potassium (Serrao et
al. 1971) . Since phosphorus 1levels are very 1low on the
Transamazon Highway, usually but not alvays much less than
the values reported for the fertilized plots in belem, the
relations betwveen phosphorus and yield found in Belem nay
vell hold for the Transamazon Highway. One must assume that
the Papicum maxiaum in wuse on the Tramsamazon Highway
responds to phosphorus in the same wvay as the Brachiarija
' decubens used in the experiments,

One would expect the response of pasture to
phosphorus to follow the linear respomse and plateau pattern
characteristic of most crops. In estimating the critical
value for soil phosphorus above which further increases in
yield could not be expected, the results of a different
Brachiaria decubeps fertilization experiment, done in the
cerrado zone of Brasil, were used., Dry matter production at

three levels of four different phosphate fertilizers were
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estimated from graphs of response to different fertilization
levels (Soil Science Department, HNorth Carolina State
University 1974, p.198). These production values were
plotted against soil phosphorus levels fros samples which
had been taken about asidway through the experimemt (Soil
Science Department, UKNorth Carolina State University 1974,
p.101). The critical 1levels of soil phosphorus were
estimated graphically using the linear response plateau
method described by Waugh et al. (1975). Two of the
fertilizer types vere estimated to have critical values of
10 ppa, one of 17 ppam, and one of 22 pps. The more
optimistic value of 10 ppm (corresponding to a sharper
response to phosphorus) wvas chosen for use in estimating
Papjcuym pmaximsum responses in Altamira. An “optisua”
concentration of phosphorus of 25 ppa was found for Panjcus
maxipum in one experiment in Puccalpa, Peru, but this value
was not used since the soil wvas described as an unusual soil
with abnormsally 1lov phosphorus fixation capacity (Soil
Science Department, MNorth Carolipna State University 1974,
p-i4).

I estimated the relation between pasture yields and

soil phosphorus levels using data extracted froam the results

of the Brachiarja fertilization experiments done in Belen
(serrfo et al. 1971). In the Brachiapia experiments, soil

samples vere taken at the time of each of the eight cuttings
reported, and approximate values for phosphorus cam be taken

from the graphs presented in the report. The yields of dry
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veight of grass cam be compared for the plot which received
a complete fertilizer treatment and the plot which received
the complete treatament aminus phosphorus. The plot which
received no phosphorus through fertilization had soil
phosphorus 1levels coastant throughout the experiment at
about 2 ppm, while the concentrations 4in the plot with the
complete treatment varied froa 2 to 15 pps. If one
calculates the yield for each cutting for the plot vhich
received additional phosphorus as a proportion of the yield
for that cutting in the plot with no additiomal phosphorus,
a trend can be seen 1linking higher phosphorus levels to
higher relative yields.

Using the estimated critical value of 10 ppm
phosphorus as the beginning of the platean part of the
response curve, a regression can be performed on the eight
vield values. Phosphorus levels over 10 ppm vere assigned
values of 10 ppma as would be predicted froam the linear
response plateau =sodel. 411 phosphorus values were then
converted to values of phosphorus in excess of the 2 ppa in
the control plot (here the coamplete minus phosphorus plot),
and all yields as proportions of the coatrol in excess of
1.0. These manipulations allow the regression to be forced
through the origin. The regression is shown in table 4-1,

The resulting eguations for prediction of pasture
yield froa soil phosphorus are:
= B (4.84 P - 8.68) W, - for P < 10 ppnm

b 4
Y = 39.72 B W, for P > 10 ppa



TABLE 4-1.,

REGRESSION OF PASTURE YIELD ON PHOSPHORUS

Regression Y = 4,84 A

Standard Error 1. 27

t statistic 3.82

Significance <0.01

Partial Correlation 0.82
R-Squared = 0.44 F stat. = 14.55
N =

Abbreviations: Y (yield with phosphorus / yield without phosphorus) - 1.0

A

ppm phosphorus - 2.0

Note: phosphorus range is 0 < A < 8 ppn.
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vhere: .

Y = pasture yield in kg dry veight/ha/year

B = base yield (expected first year yield in kg dry

weight/ha for variety at 2 ppa phosphorus) (the

value here is 303 kg/ha/yr).

P = soil phosphorus in pps.

¥ = year factor (proportional decrease fros first

year yield due to invasion of weeds). The values

are: ¥{ =1.00 ¥, ;=0.63 i§:1=0.99

t = the year. '

Pigure 4-1 presents the data froam the regression of
table 4-1, showing the effect of phosphorus, with
appropriate adjustment of the axes to express the yield as a

proportion of the unfertilized (2 ppam phosphorus) yield and

to express phosphorus as ppa.

Simulatiog Results

The pasture yield predictioan procedure froa soil
nutrients with the year effects resulting from weed
invasions discussed here have been incorporated into
computer simulations which have been used both as a part of
the full model for estimation of carrying capacity in a part
of the Transamazon Highway (Fearnside 1978e) and as separate
simulations of cattle yields alone. The programs and
documentation are given elsewvhere (Pearnside 1978b). The
so0il changes taking place under pastures (Fearnside 1978k)
are also included in the same simulations. Pasture grass
production is converted into kgs 1live weight gain per year
of beef cattle. The results of a deterainistic run of the

AGRISIN program simulating cattle yields is shown in figure
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Fig. 4-1. -- Regression of Pasture Yields on Phosphorus
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The warning must be heeded in interpreting simulated
results such as those shown in figure 4-2 that such results
are not intended in any wvay to represent projections of
yields in particular years. The years shown in the figure
are intended only to orient the reader vwith respect to the
time horizon used in the sinmulation.

The sharp decline im cattle yields indicated‘by
figure 4-2 is the result of invasion of the pasture by
veads., If veed effects are arbitrarily excluded froam the
simulation, the result is a constant yield at levels near
the first year vyields of figqure 4-2. The 1low soil
phosphorus levels restrict pasture grass growth, resulting
in catile yields substantially belov official projections
even ignoring the effects of veeds. The effects of weeds
cannot be ignored in the real world however. Several
assuaptions inherent in the simulation, such as the
assuaptions that the cattle consume all the pasture grass
produced and that the rancher maintains the stocking rate at
the pasture'’s feeding capacity, mean that actual yields
could be even lower than those indicated.

In the simplified rum shown here where only one
patch of land is examined wvithout the added complexity of
the land use allocation procedures, etc. in the full
carrying capacity model, the siaulated patch is not re-~
planted after the pasture has been choked out by iavading

veeds. In the full nmodel sSuch re-use as pasture is
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Fig. #4-2. -~ cCattle yields from AGRISIN simulation.
Yields are expressed in kgs live weight gain of cattle per

hectare per year., Yields decline sharply due to weed
invasion.
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permitted after amn appropriate fallow period under second

growth. )
Conclusjo

The cattle yields to be expected froam pastures such
as those being planted along the Transamazon Highway can be
roughly predicted from available i;forlation oh soil changes
under pasture, relation of so0il nutrient levels to pasture
grass growth, conversion factors for converting pasture
grass dry weights into cattle growth gains, and ianaformation
orn the effects of invading weeds on pasture. HNany claims of
high "carrying capacity"™ for pasture in the Brazilian Amazon
are based on short-tera observation of stocking rates rather
than information vhich would indicate long- tern
sustainability. BRecent studies of soil nuatrieat changes
under pasture also overlook key processes 1in the pasture
agroecosystem, such as the invasion of wveeds, vhich have a
bearing on yield sustainmability. A simulation incorporating
both veed and soils effects gives serious reasom to doubt
the potential of pasture to provide the sustained yields

which Brazilian planners currently anticipate.



CHAPTER V

CACAO YIELD PREDICTION
FOR THE TRANSANAZON HIGHWAY OF BRASIL

Introduction
Estimates of probable future yields of cacao

(Theobroma cacao) plantings being installed by colonists in
the Transamazon Highway Colonization area near Altaaira,
Para are needed for several reasons. The primary reason for
undertaking such estinmates is to provide sufficient
information for use in modeling this portion of the
agricultural system as a part of a larger modeling effort
aimed at producing estimates of human carrying capacity for
a portion of the colonization area (Fearnside 1978b,e). 1In
addition to the need for this information for use in the
computer simulations of carrying capacity, cacao has assunmed
a position of special importance for the Transamazon Highway
and colonization areas throughout the Brazilian Amazon.
Cacao, together with black pepper, is one of the only crops
considered by Brazilian agricultural research and extension
agencies to have sufficient market value to Justify
fertilization. Because of increasing awvareness of the low
fertility of the vast majority of Amazonian soils
(cf. Valverde 1974), plus disappointment with the low yields

obtained by colonists planting annual crops during the first

314
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years of colonization on the Transaamazon Highwvay,
agricultural planners have increasingly set their hopes on
cacao and pepper. ¥hile the same revelations aboat
amazonian soil fertility and annual crop yields have been
used to rationalize the expansion of prograas for converting
vast areas ianto large cattle ranches (Fearnside 1978k,p),
plans to implement nmore small farmer colonization projects
emphasizing cacao continue to develop. A project desigamed
to install 2000 small colonists on 200-hectare lots in an
area immediately adjacent to the portion of the colonization
area used for the carrying capacity study vas announced in
1976 (A Provincia do Pard, Apr. 13, 1976). Cacao is among
the "permanent®™ crops (a designatiom against which I rebel)
on which the project will focus. Also included are sugar
cane and coffee. Construction of access roads for this
project vas begun during the dry season of 1976. Another
proposed coloanization project, wvhich envisions establishing
236 larger plantations of 1000 hectares each in Ronddnia, is
based entirely on cacao (A Provincia do Pard, Sept. 17,
1975). An important factor encouraging cacao in these
schemes is that it provides a aeans of circuaventing the
Brazilian lav requiring that 50% of all lots in amazonian
colonization scheames remain in virgin forest. As the law is
being interpreted, %“the 1lots can be totally occupied by
cacao, whose planting is considered reforestation" (A
Provincia do Pard, Sept. 17, 1975). The same might also be

said for pepper and the other crops classed as "permanent®
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vhich bear less reseablance to the trees of a
"reforestation® project.

In addition to the central place of cacao in
proposed future colonization schenes, the relative
importance of "pProjeto Cacau" (Project Cacao) in the
agricultural extemsion effort of ACAR-PARA (Association for
Credit and Rural Assistance of Para) on the Transamazon
Highway continues to increase. For all of these reasoas,
the ability to estimate probable future cacao yields is

urgently needed.

Predicting Cacac Yields fros Soil Fertility

Cacao is generally considered to be one of the crops
nost demanding of high soil fertility. Several schemes have
been devised for classification of soils into fertility
classes of "high®, "medium”™, and ®low"™ based on the levels
of selected nutrieats. Several such schemes have been
revieved by Ponséca et al. (1969). A similar scheme devised
by Alvim and Rosand (1974) scales six nutrieats vith respect
to appropriateness for cacao based on Brazilian soil and
yield data, although none of the data is presented in their
report. The fertility limits are given in table 5-1.

When maps of soil results for the 23,600 hectare
intensive study area for the carrying capacity stndy on the
Transamazon Highway are compared with the classification in
table 5-1, it can be seen that none of the area falls within
the "high" fertility class. Quantitative estimates are

needed of the yield reductiom to be expected from less than



TABLE |

SOIL FERTILITY CLASSIFICATION FOR CACAO

S i s o e e S st . S i

BELATIVE FERTILITY

CHARACTER UNITS

HIGH MEDIUM LOW
pH 6.0-7.5 5.0-6.0 <5.0
Organic matter % dry weight >3.5 2.5-3.5 <2.5
Phosphorus ppm >15 6-15 <5
Potassium ME/1009g >3. 30 0.11-0.30 <0.11
Calcium and Magnesiun ME/100g 6-12 3-6 <3
Aluminum % saturation 0-10 10-25 >25

SOURCE: Alvim and Rosand (3).
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optimal soil fertility conditions if realistic estimates of
future yields are to be made,

Unfortunately, the cacao vwhich has been planted by
colonists so far on the Tramsamazon Highway is still too
young to be producing at mature plant levels usable for
assessing soil fertility effects. The literature is also
coapletely lacking in the regressions of soil nutrieat
levels on yield which would be needed to make quantitative
predictions of cacao yields from soil results. Fortunately,
a small amount of data does exist which I have used to
derive a regression equatioan. The data is for eight cacao
areas in Trinidad, and comes to me third-hand: the rawv data
is presented in Fonséca et al. (1969, p.464), who foumd it
in Chatt (1953) citing McCreary (mo bibliographic refereace
is given for MNcCreary). Samples vwere "0.30 ca in depth"™
{sic. probably 0.30 =m). Although the yield data show
suggestive trends with several nutrients, the relation with
pH is best. This factor alone explains 53% of the variance
in the data (P € 0.05). The pH data is plotted in figure
5-1, and the regression is susmarized in table 5-2.

The small sample size (eight points) available for
the cacao yield regression does not permit the inclusion of
sore than one independent variable. It should be remembered
that other so0il characters such as those in Alvia and
Bosand?'s (1974) soil classification scheme presented in
table 5-1 could undoubtedly be incorporated into a

multilinear regression capable of explaining a much greater



TABLE 2

REGRESSION OF CACAO YIELDS ON pH

Regression Y = -744.29 + 193.21A~
Standard Errors aus;as 731.95
t statistics =1.669 2.613
Significance 0.146 0.040
Partial Correlation 0.730
R-Sguared = 0.53 F stat. = 6.83
Std. error of est. = 123.74 Multiple R = 0.73
P = 0.0u40 N = 8

Abbreviations: Y Cacao yield (kg dry seeds/ha/yr)

A pH
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Fig. 5-1. =~ frinidad cacao yields vs soil pH. Data froa
Fonséca et al. (1969, p.464) citing Chatt (1953) citing
HcCreary.
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proportion of the variance in yields were an adequate sample
size available. Fortunately errors introduced by focusing
attention on a single factor such as pH should not detract
too much from the accuracy of predictions in the case of
cacao as compared with probleas associated with over-
reliance on pH for annual crops subject to repeated buraings
(Pearnside 1978e). This is especially true in the case of
fertilized plantations, since, assuaiag government
fertilizer recommendations are followed, 1liming to raise pH
is done as a part of a balanced package of fertilizer
applications which should keep the various nutrients in
relatively stable proportioas.

A correction must be made in order to apply the
regression in table 5-2 based on Trinidad cacao yields to
the yields on the Transamazon Highway. MNany factors such as
variety, climate, aand amount of shading can be expected to
result in either 1lower or higher yields in Brasil as
compared vwith Trinidad. One nmust assume that these effects
are independent of the soil effects, and so can be adjusted
for by nmultiplying vyields predicted with the regression
equation by am appropriate constant. Such a correction
" factor is derived by expressing the yields of the Brazilian
cacao varieties under optimal (fertilized) coaditions as a
proportion of the maximum yield reported inm the Trinidad
data set. The maximum yield in the Trinidad data was 710 kg
dry seeds/ha/yr. There are a variety of figures reported in

the literature from which to choose the Braziliaam value.
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Since no cacao is yet producing at mature levels inm the
colonization area, all of these figures mamust be taken as
educated guesses based on experience in other parts of
Brasil. Several such estimates are presented in table 5-3,
together with the correction factors that would be indicated
for scaling the regression of table 5-2 for use on the

Transamazoa Highway.

Fertjljization of Cacao

Probability of Fertilization

Government agricultural extension agencies recognize
the sensitivity of cacao to so0il fertility and uniforsly
recoamend fertilization and liming (cf. Costa et al. 1973).
All cacao financed through ACAR-PARL in the Altanmira
Colonization Area of the Transamazon Highway is domne in
conjunction with fertilizer and 1liming recommendations and
amounts are budgeted for these purposes in the financing
®plan® dravn up for each financed colonist. Some ACAR-PARA
technicians have even told nme that they prefer to approve
financing for cacao and pepper for colonists with poorer
soil since these crops are viable on poor soil using
fertilization whereas colonists with better soil cam get by
planting annual crops without fertilizatioan. Other sources
recoamend that terra roxa (Oxisol) -- the best soil type
-- be preferred (Brasil, HNinistério de Agricultura, INCERA
1972, p.178). In practice cacao financing appears to be

approved vith equal probability for all soil types.



TABLE 5-3.

CACAO YIELDS UNDER OPTIMAL CONDITIONS AND CORRECTION FACTORS FOR YIELD REGRESSION

OPTINAL
(FERTILIZED) CORRECTION
YIELD FACTOR SOURCE

{kg dry seeds/ha/yr)

2000 2.82 Brasil, Convénio Banco do Brasil, SAGRI e CEPLAC (nd.)
1600-2000 2.25-2.82 Alvim (1973, p.443)

1600 2.25 Costa et al. (1973, p.25)

1200 1.69 Brasil, Ministério de Agricultura, INCRA (1972, p.178)

1000 1. 41 morais (1974, p.7.10)

(citing Costa pers. connm.)

1243
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There is a tremendous gap betveen the
recommendations being made by agricultural extension agents
for fertilization and liming and the actual practice of the
colonists. Of eleven colonists in the 236-1lot intensive
study area for the carrying capacity study with cacao
planted as of 1976, not a single one had fertilized or limed
at all, and not a single one had any intentiom of doimng so
in the future. It should be noted that none of these
colonists were of Japanese origin, there being a readily
noticeable difference in the priority placed on fertilizer
use for crops in general by Japanese as opposed to nomn-
Japanese colonists.

There are several possible reasons for the lack of
response of Tramsamazon colonists to goverament fertilizer
recommendations. Part of the reason probably lies in the
cultural background of the colonists which does mot include
first hand familiarity with the use and benefits of
fertilizers. The colonists could be expected to be
particularly slow to make cash investments in such
unfamiljiar technologies when the revards are not to be seen
until several years later. Part of the reason also lies in
generalized distrust of the agricultural extemsion personnel
based on dislike of the extension agents' urban trappings
and the disastrous outcome of some past recommendations
such as those surrounding the rice crop failure of 1973
(Frearnside 1975).

Aside from cultural reasons impeding the acceptance
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of fertilizer recoaamendations, there are also compelling
economic reasoas. Alvim (1973, p.439) mentions the doubts
of some techamicians at levels higher than that of the local
agricultural extension agents as to the economic feasibility
of fertilization. He observes that "on average, the prices
of fertilizers in the Amazon region are two to three times
higher tham the costs in the southern part of the country.
Lime costs eight to ten times more®™. HNorais (1974, p.7.9)
points out that "In plamtings .,.. in recently burned areas,
such as on the Transasazbnica, cacao presents an initial
exuberant growth, but the 1low cation exchange capacity and
the lack of mineral reserves in these soils should certainly
be taken as reason for caution. One should expect a later
decline in the growth and production of the cacao owing to
the need for heavy and anti-economic dressings of
fertilizers.”

In view of all these reasons, one must conclude that
the probability that official fertilizer recommendations
will be followed is extremely small. Because of the central
place of fertilization and liming in official plans for the
development of cacao on the Transamazon Highway, routines
representing the various aspects of cacao fertilization have
been included in the carrying capacity simulation prograas
(rearnside 1978b,e). There is a decision point in the
prograa at which the simulated colonists decide whether or
not to fertilize based on a probability of fertilization.

Although the data indicate that the value of this
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probability is zero, hypothetical scenarios cam also be
constructed using other values for this probability,
including the probability of one which was the assuamption of
the original planners of the colonization scheame (Brasil,

Minist8rio de Agricultura, INCRA 1972, p.179).

Soil Changes from Cacag Fertilization

Colonists with financed cacao receive recosmended
fertilizer dose schedules from ACAR-PARA which are
calculated on the basis of a mandatory soil sample which
must be subaitted as a precondition for financing. The
dosage recommendations are calculated by ENBRAPA-IPEAN
(Brazilian Eanterprise for Agricultural and Cattle Ranching
Research -- Institute for Agricultural and Cattle Ranching
Research of the North) in Belem on the basis of the schene
preseanted in table 5-4.

The changes in levels of soil nutrients expected
from these fertilizer treatments are discussed separately
(Fearnside 1978j). Erosion under cacao has also been
treated separately (Fearnside 1978i), as have changes in the
levels of various soil nutrieats based om predicted amounts
of erosion and days spent under cacao (representing combined
uptake, leaching, and other 1losses) (Fearnside 1978j).
Routines representing all of these changes are included ia
the carrying capacity simulation models (Pearmside 1978b,e)
and soil changes occurring under simulated cacao plantings

are presented elsevhere (Fearnside 1978a).



TABLE 5-4,

GOVERNMENT FERTILIZER RECOMMENDATIONS FOR CACAOQC1?
CACAO AGE (years)
INITIAL FERTILIZLER PERCENT
SOIL ACTIVE 1 2 3 ACTIVE FERTILIZER

ANALYSIS INGREDIENT or more INGREDIENTC(2)
P < 10 rpH p,o, 25 50 100 48% TRIPLE SUPERPHOSPHATE
P > 10 ppm ony 0 10 25 L3% TRIPLE SUPERPHOSPHATE
K < 45 ppnm K,0 25 50 200 60% Potassium chlorate
K > 45 ppn K,0 0 10 50 60% Potassium chlorate
N all levels N 10 20 50 20% ammonium sulfate
AlL+++ > dolomitic 2000 kg/ha ) 0 100 dolomitic lime

0.2 ME/100g lime

per unpit Al+++
expressed in
ME/100g

SOURCE: Brasil, Ministério de Agricultura, IPEAN (1966)

(1) kg/ha active ingredient

(2) source: Cruz et al.

(1971, p.6)

8¢t
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C acao D LSGQSQS

Witches' Broona

The gquestion of wvhether witches' brooa, caused by
the fungqgus MNarasmjus perniscjosus Stahel, is a potential
threat to cacao plantations on the Transamazon Highway could
be crucial to the future of cacao there. Seeds being
distributed through the government extension program are of
a resistant variety, which gives reason for hope that the
prevalent assumption that this scourge will not appear will
be borme out. The 1long-terms future of such disease-plant
interactions is not easy to foresee.

Cacao trees are expected to have a productive life
of 80-100 years (NMorais 1974, p.7.5), which leaves the
possibility of coatinued effectiveness of the current
resistance open. Although the generation time is less than
this, vwith trees coming into full production in about five
years, it is far longer than that of disease-causing fungi.
The result of long generation time is that it is much harder
"for breeding programs to keep pace with the coatinuing
evolution of disease organisms and insect pests imn the case
of tree crops than it 1is for annual crops (Janzem 1973,
p.1215) . Bven if breeding prograss are successful in
producing resistant strains at a rate vhich allows periodic
re-planting to continue production, the 1losses that this
vould entail for the colonists would be massive. Janzen
(1973, p.1215) has pointed out that %not only are the

breeding times of pest and host disproportionate, but
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faraing tree crops is a long-tera investaent, and the loss
of a tree crop to a newly resistant pest is a auch greater
loss to the agroecosystea than is the 1loss of an annual
crop.” No such 1losses are currently being anticipated in
Brasil's cacao development schemes for the Amazon.

Witches' broom is a disease which can coapletely
devastate cacao plaantations. Cacao wvas first "officially"
introduced into the State of Pari in 1740 (Fomséca 1975) and
renained a viable crop until the time of the great rubber
boom in the late nineteenth century.. At that time witches?
brooa became established as an endeaic disease, contributing
to the abandonment of cacao raising at that time {Secretaria
de Agricultura do Estado do Para 1971, cited by Morais 1974,
p-7.8). Froa that time until after the advent of resistanat
varieties and the amnnoumcement of the present ® ato
Ccacau* in 1971, cacao plantations have not existed in Para.
Such meager production as there was came froa the efforts of
vandering "extractivists® who gathered cacao along with
other forest products (Morais 1974, p.7.8).

The time required for wvwitches' brooa to becoame
established and devastate a new cacao produciang area with
susceptible trees is very short. The case of the Chimoré
colonization project in Bolivia illustrates the avesonme
pover of this fuagus. Settlement began in 1964 (Nelson
1973, p.262), and by 1968 there were 290 colonists in the
area (Nelsom 1973, p.248) with an average of 2.0 hectares of

*persanent” crops each (Nelsom 1973, p.92). When I visited
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the area in 1973, local officials estimated that
approximately 500 colonists were present., By that time all
of the cacao in the area had been destroyed by witches®
brooa. I observed the remains of the goveranmeant nursery'’s
model plantation, which had beea planted in 1964 and
abandoned to witches® broosm in 1970.

The specter of witches' brooa has receatly appeared
in new cacao areas in Brasil as vell, In the Japanese
colony of Tome Agu cacao plantations wvere started beginning
in 1969 as a replacement for some of the black pepper
plantations which had been destroyed by Fugsarium (Fearmside
1978r). When I visited the area im October of 1975 one
colonist shoved ae some of his five-year-old cacao trees
vhich had branches dying froa witches' brooa. The disease
had just appeared in the area that year. The colonist was
dismayed, since he had thought that he had a "selected®
variety.

In modeling the possible effects of witches' brooam
on the Transamazon Highway, one is faced with the lack of
good estimates of several key parasmeters. One sust have
estimates of 1) the probability that witches' broos will
become established im the area in any given year given that
it is not already present and that the cacao varieties
planted vere resistant to the Maraspijus strains at the time
the cacao was bred, 2) the probability that witches'! broos
will attack a given patch of cacao in a givem year once it

has overcose the cacao's resistance and becoame established
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in the area, 3) the probability that a patch of cacao will
die or be destroyed by the colonist given that it has
contracted witches' broom, &) the probability that a new
resistant variety vwill be available for re-plantiag given
that resistance has been broken in the current variety, and
S) the proportion of the bhealthy tree yield that can be
obtained from diseased trees.

Only rough guesses can be made for the values of
these parameters. The first of these -- the probability of
overcoming resistance -- is the most uncertain. What would
be needed is a thorough study of the 1life history,
epidemiology, and population genetics of the fungus, with
estimates of the variability in the population, ability to
maintain itself on alternative hosts, etc. Comparisons could
then be made with similar situations elsewvhere. One can
only hazard guesses in the absence of such information.
Perhaps, for example, it might take 20 years on average for
a nev straian of Narasajus to evolve and enter the area.
The large stapds of cacao contemplated in the Amazom region
should hasten the resistance-breaking process in future
years.,

Given an estimate of the average time needed for a
disease to enter, one can calcunlate the corresponding
probability that this event wvwill occur in any given year.
If the probability of the disease entering in a given year
is "p", then the probability of the area remaining healthy

each year is (1 - P), and the probability of the area
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remaining healthy for "t® years is (1 - Pf e Since the mean
number of years to the first appearance of the disease will
correspond to a probability of 0.5 of remaining healthy for
that many years, one can obtain the yearly probability of
attack by setting the expression (1 - p)' eqgual to 0.5 and
solving for "P"_.This yields equation 5-1.

P=1- 0.5]/' Equation 5-1.

vhere:

P = the yearly probability of the
disease entering the area

t = the average number of years needed

for the disease to make its first
appearance in an area.

Using the guess of 20 Years as the value of "t", one
obtains a probability of 0.034 that the disease will enter
in any given year. Since such an estimate is really nothing
more than a guess, amn assortament of values should be tried
to estimate the sensitivity simulation outcomes to this
uncertain value.

The other values needed to represent the effects of
vitches® broom can be estimated with a somewvhat better
degree of certaiaty. The nuaber of years needed for the
disease to reach a given patch of cacao once it has beconme
established in the area should be very few, given the
exberience at Chimore (six years to enter a virgin area and
destroy cacao) and Toaé Agu (Eive years to first
appearance). An estimate of five years for ™t" in equation

5-1 based on these experiences seeas reasonable.
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The average time needed to kill a patch of cacao
once the disease has struck should also be very short, given
the Chimoré experience. A value of two years seeas
generous.

For the fourth value, the probability that a new
resistant variety will be available for re-planting given
that resistance has been broken in the current variety, one
would need to have information on the rate at vwhich new
varieties Gan be created through govermment breeding
efforts. One cam only make the optimistic assumptioa that
such prograass would be able to keep pace with the disease
and that the probability of having a ready replacement is
therefore equal to one.

A value for the fifth item, the proportion of the
healthy tree yield that can be expected from diseased trees,
can be estimated by assuming that the branches on a tree die
at a steady rate until the entire tree is dead, and that the
unaffected branches coatinue to produce at the pormal rates
vhile this occurs. This would give a value of 0.5 for the
average yield during the time vwhile the patch is diseased
but not yet dead.

The above estimates, guesses, and assumptions
concerning the parameters related to witches' broom attack

are summarized in table 5-5.

Black Pod
Another fungal disease which poses a threat to cacao

on the Transamazon Aighwvay is blackpod, caused by
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The average time needed to kill a patch of cacao
once the disease has struck should also be very short, given
the Chiloré',expetience. A value of two Yyears seenms
generous.

For the fourth value, the probability that a aew
resistant variety will be available for re-planting given
that resistance has been broken in the current variety, one
would need to have information on the rate at vhich new
varieties san be created through government breeding
efforts. One can only make the optimistic assumsption that
such programs would be able to keep pace with the disease
and that the probability of having a ready replacesment is
therefore equal to one.

A value for the fifth item, the proportion of the
healthy tree yield that cam be expected from diseased trees,
can be estimated by assuaing that the branches on a tree die
at a steady rate until the entire tree is dead, and that the
unaffected branches coatinue to produce at the normal rates
while this occurs. This would give a value of 0.5 for the
average yield during the time wvhile the patch is diseased
but not yet dead.

The above estimates, guesses, and assumptioans
concerning the parameters related to witches' broom attack

are suamarized in table 5-5,

Black Pod
Another fungal disease which poses a threat to cacao

on the Transamazon Highway is blackpod, caused by



TABLE

5-5.

POSSIBLE PARAMETERS FOR WITCHES BROOM ATTACK

AVE. Y¥RS. PRORABILITY
ITEM -TO OCCUR PER YEAR
1) ESTABLISH IN AREA GIVEN 20 0.0341
NOT IN AREA
2) ATTACK PATCH GIVEN 5 0.129
ESTABLISHED IN ARECA
3) KILLS PATCH GIVEN DISEASED 2 0.293
4) NEW RESISTANT VARIETY J 1.0
AVAILABLE GIVEN CURRENT
RESISTANCE BROKEN
5) PROPORTION OF HEALTHY

PRODUCTION IF DISEASED = 0.5

GEE
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Phytophthora palmivora Butl. Unlike witches' broom, this
disease does not kill the affected trees outright, bat

reduces production by variable amounts depending on the
number of pods infected during the year. Infected pods
become black and shriveled; they are worthless if infected
early in dJdevelopasent, and have reduced production if
infected late. The attack builds up through the course of
each crop year, with the final cumulative proportion of pods
affected depending omn such factors as climate, shading,
fungicide applications, and variety (Dakwa 19784).

Resistant varieties do not offer cosplete protection
froa the disease, but slov the course of attack. 1In variety
trials in Ghana, varieties known to be susceptible had about
70% of their pods affected, while those known to be "more
resistant® had about 45% affected (Dakwa 1974, p.369).
Fungicides, which are extresmely expensive on the Transamazon
Highway, cam lower attack rates to levels raanging from 20%
to 60% of the untreated attack rates (Dakwva 1974, p.369).

The same probabilities estipated for witches' brooa
attack sust also be estimated for blackpod if the effect of
this disease is to be nmodeled. The probability of blackpod
entering the area initially should be higher than for
vitches!' broom, due to the 1lack of complete protection from
varietal resistance to current strains of Phytophthora.
The experiences in other nevly-established cacao areas can
give an indication of this probability. In the Alto Beni 1I

colonization area in Bolivia, blackpod had already been
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causing appreciable losses for several years vhen I visited
the area in 1973. Colonization had begun there im 1963. By
1968 the area had 390 colonists with an average of 1.4
hectares of "permaneat®™ crops each and an average arrival
date of 1965 (Nelson 1973). The janitial arrival of blackpod
in the area had probably occurred in much less than the ten
years that had elapsed between the beginning of the project
and my 1973 visit.

In another nev cacao area, the plantations begum inm
TOIé‘A?n in 1969 vere being attacked by blackpod for the
first time vhen I visited the area in 1975. An average time
to first appearance of six years therefore seems reasonable
for blackpod, corresponding to a yearly probability of
0.109.

The probability of any given patch of cacao being
atfected once the disease is established in the area should
be gquite high. Once the disease is established inm "focal
outbreaks®, sporangia are produced which are quickly spread
to other locations by insects and snails (Bvans 1971, cited
by Dakva 1974, p.367). An estimate of tvo years as the
average time needed to reach any particular patch in the
area seeas safe.

One can assume that the probability of blackpod
actually killing the tree 1is zero. The possibility that
complete protection will become possible through breeding of
a nev resistant variety had probably best be assuased to be

zero as well, given the lack of success so far.,
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the proportion of the healthy tree yield obtainable
from diseased trees cannot be known with certainty until
actual experience with the disecase with the weather and
other conditions peculiar to Altamira is obtained. As a
rough estimate, in variety trials in Ghana the &mean
percentage of diseased pods in five varieties tested was
55.2% (standard deviation = 11.1). This would give an
average proportion of 0.455 of the healthy yield. If losses
to blackpod om this scale are to occur in the Altaaira
colonization area, it vwill come as a rude shock to the
colonists., The yields under optimal conditioas presented
earlier in table 5-3 on which the projected economic returns
from cacao have been based (Brasil, HMinistério de
Agricultura, INCRA 1972, p.199) assume that no losses will
occur to disease. All diseases are to be controlable with
an application of a meager Cr$12 (1972) vorth of cheamicals
per hectare per year.

The paraseters related to blackpod attack and losses

are summarized in table 5-6.

other Factors Affecting Cacao Yields

Age Effects
The age of cacao trees has predictable effects on
the proportion of the maximum yield obtained. 1In the years
before the trees reach full maturity, the trees are expected
to produce the fraction of this yield shown if table 5-7.

These are based on the estimates from research and extension



TABLE 5-6.

POSSIBLE PARAMETERS FOR BLACKPOD ATTACK

AVE. YRS. PROBABILITY
ITEM TO OCCUR PER YEAR

1) ESTABLISH IN AREA GIVEN 6 0.109
NOT IN AREA

2) ATTACK PATCH GIVEN 2 0.293
ESTABLISHED IN AREA

3) KILLS PATCH GIVEN DISEASED infinity 0

4) NEW RESISTANT VARIETY infinity 0
AVAILABLE GIVEN CURRENT
RESISTANCE BROKEN

5) PROPORTION OF HEALTHY

PRODUCTION IF DISEASED = 0.45

6€€
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agencies operating ia the area (Costa et al. 1973, p.25).
The colonization agency estimates have full productioa being
reached in the fourth year (Brasil, Ministério de
Agricultura, INCRA 1972, p.178).

In addition to lower yields in the years before the
trees reach maturity, lowver yields could also be expected as
the trees begin to semesce. Only the age effects prior to
maturity are included in the carrying capacity simulatioas

(Fearnside 1978bh,e).

Shading Effects

The amouat of shade provided for the cacao trees
affects yields in several ways, including the overall yield
at any level of fertility (Hartley 1968) and the spread of
disease (Dakwa 1974). Yields are higher vith less shade, at
least short-terna yields are higher. Governmeat
recomnendations are for minimal shade, provided by
interplanted manioc vhen the cacao trees are young and
bananas and Cljitorja wvhen the trees are older (Costa et
al. 1973).

Only one colonist im carrying capacity “inteansive
study area® is practicing the older heavy shade method where
the forest camopy is left intact (see fig. 5-2). ¥With this
method only the understory is cleared and replaced with
cacao. The lower yields froa this sethod may eventually
prove a small price to pay for the resulting conservation of
the soil possible by leaving the forest intact. Other

benefits include avoiding the cost of felling. I believe



TABLFE 5-7.

AGE EFFECTS ON CACAO YIELDS

PROPORTION OF

YEAR MAXIMUN YIELD
1 0.
2 0.125
3 0.375
4 0.750
5 1.0

SOURCE:

Costa et al. (1973, p.25)

LvE
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that the one coloaist practicing this aethod in the
intensive study area is the only ome in the entire Altaamira
colonization area, making the frequency of this practice

minimal in the area as a vhole.

Eactors Affecting Cacao Market Valyes

Processing

The value of cacao increases greatly if it is
processed properly through feramentation and drying. These
processes were not used in the State of Para prior to the
initiation of the current "Projeto Cacauy" (Fonséca 1975).
So far, none of the colonists with cacao planted in the area
have built the necessary cacao drying houses and
fermentation bins. All government calculations of potential
cacao profits are based on prices for the properly processed
product. One aust assume that the efforts of extension
agents to encourage investment in the processing eguipment
will be successful before the cacao vhich has been planted

comes into full production.

Narketing
Minimum prices are guaranteed by the government for
cacao in areas of the country such as Bah{a where there has
been substantial production for many Yyears. So far the
arrangeaents of markets and aiddlemen for cacao have not
appeared in Altaaira, although these will undoubtedly come
with time. The problea of of inadegquately developed

marketing arrangements has been a major problem for
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rig. 5-2. =-- Cacao planted with typical shading of manioc
vhen young and bamana when older, The plantation under
forest canopy in the background is a rarity, this being the
only known plantation of this type on the Transamazon
Highvay.
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individual crops. The behavior of cacao yields, land use
allocation, and soil nutrients under cacao had been
presented elsewhere for a stochastic run of the full KPROG2
model (Fearaside 1978a). Here 1in figures 5-3 and 5-4, the
results of a typical stochastic run of the AGRISIN model are
shown for the survivorship (fig. 5-3) and average yield
(fig. 5-4) of ten simulated patches of cacao. Note in
figure 5-3 that after a few years the cacao in the area dies
off as a result of disease. Yields also decline, both fronm
disease and from the lowering of soil pH as the ash from the
initial burning of virgin forest 1is lost and not replaced
through subsequent burnings. The warning must be given that
the scale of years shown 1in the simulation outputs are not
intended to imply that the results represent predictions for
specific years on the Transamazon Highway. They do serve to
orient the reader in a general way to the time scale
involved. Since this is a stochastic run, other results are
possible using other 1initial seed values for pseudo-random
number generation. The general pattern of decline in the
cacao population within a few years is common to all runs.
In summary, the long-term contribution of cacao to
supporting the colonist population on the Transamazon
Highway 1is far from assured. Only rough estimates of
important parameters related to disease are possible, but
the consequences of the estimates made here are not
encouraging. The financial and cultural barriers to

capital-intensive agriculture based on chemical fertilizers,
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colonists im virtually all of the 24 Latin American
colonization schemes surveyed by Nelson (1973). Undoubtedly
the first producers of cacao on the Transamazon Highway will
undergo similar problems. So far the colonists with a small
amount of production from immature trees have been selling
the cacao produced to others for use as seeds. This can
only be expected to absorb a very small fraction of the
cacao to be produced as the trees in the area come into full

production.

Modeling the Cacao Production Systenm

The various aspects of the cacao production system
on the Transamazon Highway discussed in +the preceeding
sections have been included in the <carrying capacity
simulation models (Fearnside 1978b,e). In addition to the
effects of soil fertility, witches' broom, blackpod disease,
and age effects on‘yields, there are other sections of the
simulation which include the effects of cacao fertilization
on soil nutrients, erosion and soil nutrient changes under
cacao, the details of cacao financing arrangements, labor
and fixed cost requirenmnents both for installing and
maintaining cacao, and the prices of cacao and the various
inputs required. The possibility of technological
improvements through higher yielding varieties, has also
been included in the progran.

The subroutines dealing with cacao can be run either
as a part of the full carrying capacity models (KPROG2) or

in the smaller simulation ({AGRISIM) for the examination of
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Fig. 5-3. -- Cacao survival in a typical stochastic run of
AGRISIM. Disease kills cacao within a few years.
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Fig. 5-4. -- Cacao average yields in a typical stochastic
run of AGRISIN. Yields are low due to acid soil and
disease.
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wvhich are a key part of government plans for cacao
development, make the official predictions of high yields
doubtful even ignoring the possibility of disease. The
central place of perennial crops in plans for colonization
makes it important to include the cacao production system
with as much detail as possible in the carrying capacity
simulations for the Transamazon Highway. Carrying capacity
cannot be expected to be significantly raised, however, by

the cacao planting efforts.,



CHAPTER VI

BLACK PEPPER YIELD PREDICTION
FOR THE TRANSAMAZON HIGHWAY OF BRASIL
Introduction

Black pepper (Piper nigrum L.) has assumed a central
place in governmeat plans for encouraging "permanent" crops
among the colonist of the Transamazon Highvay (Brasil,
Ministério de Agricultura, INCRA 1972). Pepper, along with
cacao, is one of the only crops for which the potential
yields have a sufficently high market value to justify the
extremely high cost of fertilizer in the Amazon (Alvia 1973,
p.8439). Because of this, it is the focus of a major part of
the extension efforts of ACAR-PARA (Association for Credit
and Rural Assistance of Pard) in the Altamira colonization
area. Uanfortunately, black pepper 1is doomed as a long-tera
mainstay of colonist cash cropping due to its susceptibility
to a number of devastating diseases. This will be
documented in the discussion of black pepper diseases
included in this paper.

Despite the highly probable denise of pepper
groving in the Transamazon area, it is important to develop
a model for predicting pepper yields for tvo reasoms:
1) black pepper is currently being planted by numbers of

colonists and therefore has been included in a computer

352
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simulation aimed at producing estimates of human carrying
capacities for the area under a variety of assuaptions
(Fearnside 1978e), and 2) great eamphasis is being placed on
pepper by agricultural planners and extension personnel as a

mreans of obtaining high yields on poor soils.

Predicting Pepper Yields froam Soil Fertility

Pepper is recognized as being highly demanding of
fertile soil. Even in fertile areas it is necessary to use
fertilizers tvo or three years after planting
(de Albuquergue et al. 1973, p-3). Soil pH must be
maintained in the range of 5.5 to 6.5 through liming if good
yields are to be expected (de Albuquerque and Ccondurd 1971,
p-98) .

Not enough pepper plantations are producing yet at
mature plant levels to be able to predict yields froa soil
samples and field data on actual colonist yields. Recourse
will have to be @made to data available in the literature.
No published study exists providing the necessary equations
for making quantitative predictions of pepper yields based
onh the levels of soil nutrients, but such equations can be
derived using published data on pepper fertilizer trials in
Belén.

The data comes from a report by de Albugquerque and
Condurd (1971, p.110) giving three years of yield data for
seven different combinations of fertilizers plus an
unfertilized control. The yields had to be estimated from

the bar graph of the results they present. The levels of
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the soil nutrients had to be estimated in a rather indirect
vay since this iaformation was apparently not gathered in
the experiment. The soil nutrient levels in the control
plot can be estimated from the nautrient levels in the
control plot in another experiment which was being conducted
at the same time on the same soil type in another part of
the IPEAN (Institute for Aagricultural and Cattle Ranching
Research of the North) compound in Belém. The control plot
in this experiment (Serrao et al. 1971, p.10) had a pH of
4.7, aluminum of 1.2 ME/100g9, carbon of 0.94%, nitrogen of
0.07%, and exchangeable phosphorus of 4 ppm. The nutrient
levels in the fertilized plots nust also be deduced froa
nutrieat levels in fertilized plots in other IPEAX
experiments which received the same dosages. One can be
fairly safe in assuming that pH in the limed plots (444 kg/
ha lime) was over the black pepper «critical value of 5.5
(de Albuquerque and Condurd 1971, p.98), since limed plots
in the other experiments exceeded this value (Serrao et
al. 1971, fig. 6). Phosphorus in the fertilized (333 kg/ha
phosphorus) plots was assumed to have a value of 10 ppnm,
since similarly fertilized plots in the other experimeats
(Sserrdo et al. 1971, fig.6) cliabed at least to this level
and 10 ppm is considered as a dividing line between lov anmnd
high fertility for pepper by IPEAN when making fertilization
recoamendations for farmers (Brasil, IPEAN 1966). A value
of 2.0% vas estimated for the «carbon level in the plots

receiving manure, since large (2222 kg,s/ha) dressings of
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manure wvere applied and the initial carbon level of 0.94% is
relatively high. Using an estimate of 2% for the critical
level of carbon above which no further respoanse would occur
in pepper is safely above the critical 1levels for most
crops: the Braziliam Soil Testing Service for Minas Gerais
(cited by Soil Science Department, North Carolina State
University 1974, p.149) classifies soils as high in organmic
matter if this exceeds 1.5% (corresponding to a carbon level
of about 0.87%), and general references on Brazilianm soil
fertility evaluation classify soils as "high"™ in carbon if
carbon levels exceed 1.2% (Catani and Jacintho 1974, p.33).
Pepper requirements are probably higher than most crops
judging from the good responses to manuring obtained. A
critical value for carbon as high as 2% therefore seeas
prudent, Unfortunately, nitrogen and potassium effects
could not be separated from phosphorus since all three of
these elements vere supplied together in the sasme
proportions of NPK fertilizer in all of the plots receiving
chemical fertilizer. It was decided arbitrarily to use
phosphorus of these three fertility indicators.

The appropriate soil nutrient estipates vere
assigned to the plots receiving the various combinations of
lime, manure, and NPK fertilizer, vyields were expressed
as proportions of the maximum yield for the appropriate year
in order to minimize year effects from weather and planmt
age, and a multiple regression was performed on the

resulting 24 data points. A highly significant regression
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(P < 0.0001) was obtained explaining 74% of the variaace in
the pepper yields. The regressioa is summarized in table
6-1, and the observed and predicted pepper yields,
expressed as proportions of the amaximum yield, are plotted
in figure 6-1. The result that higher yields are obtained
with increasing soil fertility is nothing new, but the
ability to predict pepper yields in a quamntitative manner
based on soil fertility is.

The yield results produced by the regression in
table 6-1 have to be scaled to reflect the maximunm
(fertilized) yields expected under the conditions of the
Transamazon Highway. The official estimate for “amean"™
yields of mature fertilized pepper at the three meter by
three meter spacing used in the Beléa experiments (which is
also the most coamon spacing on the Transamazon Highwvay)
is 5500 kgsha (de Albuquergque et al. 1973, p.26). It
should be noted that this figure is fairly optimistic given
that the highest yield obtained in the completely fertilized
plot during the three years of observation in Belen
corresponds to only 3913 kg/ha, and the mean yield for the
three years corresponds to 3592 kg/ha (de Albuquerque and
Condury 1971, p.110), or 65% of the official figure. The
figures based on actual data of 3592 kg/ha for mean annual
pepper yield under ideal conditions, wvwith a standard
deviation of 517 kg/ha, probably represents a more
realistic value both for the average fertilized yield and

the variability that can be expected from year to year.
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TABLE 1§

BLACK PEPPER YIELDS ON SOIL FERTILITY

Regtession Y =
Standard Errors

t statistics

Significance

Partial Correlations

R-Squared =
N =
P <

-2.119 &+ 0.292 A + 0.282 B - 0.0552. C
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Fig. 6-1. =-- Observed vs Predicted Black Pepper Yields
from Soil Fertility Values
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The critical importance of variability in yields has been
enphasized throughout the carrying capacity modeling effort

(Fearnside 1978e). .

Pertilization of Black Pepper

Probability of Pertilization

All government plans for pepper development assume
that colonists will follow the advice of extension agents
and fertilize their pepper plantations. Each colonist that
receives financing for pepper also receives a schedule for
fertilizer applications based on the results of a soil
sample which Bmust be submitted as a precoandition for
financing. Alvinm (1973, pP-439) points out that
fertilizing pepper alvays pays and that some pepper grovers
in Amazonia use almost double the officially recommended
fertilizer dressings on their own initiative. This is
undoubtedly true, but I would hazard the guess that the
farmers Dr. Alvia vas referring to were Japanese in
origin. The same cultural differences vwhich 1lead to
markedly different behavior with tespect to the use of
fertilizer between Japanese and non-Japanese colonists in
the case of cacao (Fearaside 1978q) also applies to pepper.
Of seven colonists with pepper planted as of 1976 in the
177 colonist sample for the carrying capacity study, the
only colonists I know of using any fertilizer vere the two
Japanese in the sample, Several of the non-Japanese

colonists expressed the opinion that no fertilization would
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be necessary, and that they did not intend to  use
fertilizers in the future. There were some cases of non-
Japanese colonists acquiring fertilizer through bank credit
and then re-selling it to Japanese colonists rather than
using it on their owvwa pepper. One coloanist had several
bags of financed fertilizer in a shed oa his lot and had
never bothered to put any on his pepper! In addition to
the low priority placed on fertilizers, there was a notable
lack of planning among colonists planting pepper as to where
the money would come from vwhich vould be needed for the
expensive fertilizer and chemical treatments recoamended for
this crop. Rather than plant a small area that could be
maintained with the colonist's 1limited resources, he would
plan on as large aa area as possible.

In view of these facts, it 1is clear that the
probability that a givea «colonist will fertilize his pepper
is far less than the government-assused probability of one.
Both the assumed probability of one ind sore realistic
values less than this can be used in rums of the carrying
capacity simulation models to gauge the effects on pepper

yields and on carrying capacity.

Soil Changes from Pepper Fertilization
The fertilizer dosage schedules which the colonists
receive fronm ACAR—PAR‘ at the time of financing are based on
calculations made by the personnel in the EMBRAPA-IPEAN
(Brazilian Enterprise for Agricultural and Cattle Ramnching

Research of the North) soils laboratory in Beléa based on
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the scheme preseated in table 6-2.

Equatioans have been developed for predicting the
changes in s0il nutrieat 1levels per kilograam of fertilizer
active ingredient applied (Fearanside 1978j). These have
been used in the carrying capacity simulation models to
predict soil changes uader fertilized pepper using the
dosages given in table 6-2 (Fearnside 1978e). Egquations
representing other soil changes under pepper, such as those
resulting from erosion and from the cosmbined effects of
uptake and leaching are also derived (Fearaside 19783J) and

included in the simulation models.

Pepper Diseases

Disease Susceptibilities

The ultimate fate of black pepper plantatioas on
the Transaaazoa Highway appears to hinge on the
susceptibility of pepper to a vide variety of diseases
rather than the probleams associated with the fimancial and
cultural impediments to maintaining soil fertility with
expensive fertilizers. All of the black pepper in the
Brazilian Amazon comes from only tvo clones (Costa et
one of these (de Albuquergque et al. 1973, p.15). Since
the pepper is propagated from cuttings rather than seeds,
all of the plants are genetically identical and all egually
susceptible to the many diseases which attack it. Despite
continuous efforts since the late 1960's to breed a variety

resistant to the main Xxiller, the fungus Fusarium solani



Table 6-2.

lime

GOVERNMFNT FERTILIZER RECOMMENDATIONS FOR PEPPER
¥ T -z h—
| | kg/ha active ingredient
| }
Tonitial | Fertilizer | Pepper age (years)
Soil | Active 3
Analysis | 1ingredient | [}
| | 1 2 3 Oor more
1 1
L L
p < 10ppm 0 P,0_ - 0 70 100 150 300
- | 2’5 |
P > 10ppr | PO I 30 ) 50 100
| 2’5 |
K < 45ppm | K2'0 | 60 80 100 200
| !
K > 85ppnm | K20 } 0 0 25 S0
{ |
N all levels i N | 49 60 80 100
| |
C all levels 1 cotton | 2222 2222 2222 2222
| cakett)? |
| |
Al*++ < 0.3HE/100g | dolomitic | 0 0 160 280
and: Catt+pg*+t > ME/100g9 | lime |
| |
ALt++ < 0.38ME/100g i dolomitic 1} 122 140 280 560
and:Cat+++Ng++ < 4NME/100g | liwe |
i |
Al+*+ > 0.3ME/100y | doloritic | (2> 0 0 0
1 |
A ]

SOURCE: Brasil, Ministério de Agricultura, IPEAN, 1964.
(1> 5,71 kg manvre is equivalent to 1 kg cotton cake

1971, p.110)

(de

Albuquergue and Condurd,

(2) 2000 kg/ha lime per unis of Al*+**+ expressed in ME/1J00g

€9¢€
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f. piperi, no such variety has been found to date.

No less than twelve different diseases are
described in the ACAR-PARKL  amanual on pepper growvwing
(de Albugquergue et al. 1973). These are summarized inm
table 6-3. Of these the first two -- Pusarjums and the
cucumber mosaic virus - have Dbeen increasiang in frequency
dramatically in Para in recent years (de Albuquerque and
Condurid 1971) . Fus am was first reported in 1960 (de
Albuquerque and Duarte 1972, p.3) and the cucumber mosaic
virus begam in 1967. Both of these diseases lead
inexorably to the death of the pepper plants. Chenical
treatments can slov the progress of attack, but cannot stop
it completely. Of all the pepper diseases it is Fusarjum
vhich has caused the most damage, and only this has been
included in the carrying capacity simulation models for the

Transamazon Highway study (Fearnside 1978e).

Modeling Fusarium Attack

The devastating pover of the Fusarium fungus is
immediately apparent to any visitor to Toné acu, the
Japanese colony where black pepper vas first introduced
from Singapore in 1933 (de Albuquerque et al.‘1973, pP-2),
and where Fusarjum got its start in Brasil in 1960 (de
Albuquerque and Duarte 1972, p.3). ¥hen I visited Tome
Aca in 1975 the area 1look 1like nothing so much as a
gigantic graveyard, with the bare posts on which the pepper
had grown stretching out to the horizon. K Some colonists

had planted other crops such as pasture, cacao, passion



TABLE 3

BLACK PEPPER DISEASES

Causative Agent Type Disease
1) Fusarium solani f. piperi fungus "Marguita disease"
2) Cucumber mosaic virus virus “"posaico”
3) Phytophthora palmivora fungus root rot
u) Pellicularia koleroga tfungus thready leaf burn
5) Cephaleuros virescens alga black fruit rot
6) Colletotrichem gloesporioides fungus black leaf rot and' fruit rot
7) Fomes lignosus fungus white root rot
8) Rhizoctonia sovlani fungus eye-like leaf spot
9) Sclerotium rolfisii fungus zoned leaf spot
10) Corticum salmonicolor fungus rosy leaf disease
11) Fungi of Hdelioiaceca fungus fumagine leaf mold

12) Pellicularia filamentosa fungus leaf burn
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fruit, or manioc in the devastated fields. Others on the
edges of the pepper growing area were still trying to
replace the pepper plants as they died and hoping for a
couple of years of production before the disease ran its
course again. colonists told of the losing battle that had
been faught using fungicides, with numerous faraers
suffering froam pesticide poisoming in the process.

Fugarjum has now spread to other pepper areas in
Para. The plantatioas near Castanhal on the Belenm-
Brasflia Highway are dead or aoribund, and the disease
tapered off in intensity with distance froam this center in
the nevwer areas betveen the Beléa-Brasilia and Braganga
vwhen I visited the area in late 1975. On the Transamazon
Highway a deaonstration pepper plot at a SAGRI (Para
State Agriculture Secretariat) agricultural station 35
kas froa Harabi had already 1lost ten of its 700 two-year-
old pepper plants at the time of ay first visit to the
station in 1975, with maany wmore plants moribund but not yet
~dead. In the Altamira Colonization Area 500 kms further
to the west, 1 found the first case of Fusariuas attack
within the colonization area (where the first pepper was
planted in 1971) in early 1975. This 1is shown in figure
6-2. An older plantation located outside of the
colonization area on the outskirts of the towvn of Altaaira
had already had Fusarjum-attacked plaants for a couple of
years previous to this. During 1975 and 1976 the disease

spread in the infected pepper in the colonist's lot,
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destroying about half of his plaats by Nay 1976. To nmy
knowledge the disease had not yet spread to other lots as of
that time, but this seems inevitable given the gquick
dispersal of the durable wind-dispersal of the durable wind-
dispersed Fusarjum spores.

If Fusarjum attack is to be modeled, probabilities
sust be estimated for: 1) the entry to the disease into a
virgin area in any given year, 2) the attack of any given
patch of healthy pepper within the area in any given year
given that the disease has already entered the area, 3) that
the pepper is killed in a given year given that it is
diseased, and 4) that a nev resistant variety vill beconme
avajlable given that the current resistance is brokem. The
proportion of the healthy plant production expected fros
diseased plants must also be estimated.

The first of these probabilities -- the probability
of entry into a virgin area -- can be estimated froa the
times needed for entry in the cases already discussed. The
tvo year time in Maraba and the four year time in Altaamira
give a mean time to first appearance of three years. Froa
this one can calculate the yearly probability fros equation
6-1 (Fearnside 1978q).

The second probability -- the probability that a
given patch is attacked given that the disease has entered
the area -- will vary with how nany other patches of pepper
have been attacked. The average time for any given patch

to be attacked throughout the course of a Fusarjum epideaic
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Pig. 6-2. -- Black pepper showing symptoms of Fusarjuam
attack. HNote the eapty posts in the background where plants
have died. This 1975 photograph documents the arrival of
the fungus in the Altamira Colonization Area. There is no
effective chemical treatment and no resistant pepper
varieties exist to date,
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1/t
P=1- 0.5 Equation 6-1.

vhere:

P = the yearly probability of the disease entering
a virgian area

t = the average number of years needed for the
disease to make its first appearance.

must be very short. An estimate of twvwo years seens
reasonable given the gquick dispersal of the disease,
especially in the later years of an epidemic as in the
plantations of Tomé€ Agu and Castanhal.

The third probability -- the probability of killing
a patch given that it is diseased -- also varies with tiae.
colonists interviewed in Tomé acu said that the time
needed for Pusariusm to kill a pepper patch has declined
steadily since the disease first entered the area. Judging
from the speed with which the disease has spread in the
infected lot in Altamira an estimate of three years seens
within reason.

The probability of a new disease-resistant variety
becoming available seems very small indeed, given the
difficulties in breeding pepper, the lack of success so far,
and the number of other diseases that could easily kill
pepper plants even if a Fusarium-resistant variety wvere
found. The problen of disease organisamas overconming
varietal resistance discussed with reference to witches'
broom disease in cacao (Fearanside 1978q) also applies to

the diseases attacking pepper.
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The proportion of full production obtainable from
diseased plants can be estimated to be approximately equal
to 0.5, if one assumes that the pepper plants in a patch are
killed at a constant rate during the course of an attack,
and that individual pepper plants die instantaneously.
actually the disease probably begins slowly at first, then
spreads exponeatially through the patch, and then approaches
conplete destruction asymptotically. This would give much
the same result.

The estimated parameters for Fusarium attack are
suamarized in table 6-4.

These probabilities have been incorporated at
decision points in the carrying capacity simulation models

in the subroutine dealing with crop disease (Fearnside

1978e,b).

Aqe Effects on Pepper Yields

In the years before a pepper plant reaches its full
level of production, a predictable fraction of the mature
level of production can be expected. Table 6-5 presents
the values for age effects used in the simulation models.
These have been calculated from the official production
expectations given by de Albuquergque et al. (1973, p.26).

One would expect that as the pepper plants aged and
approached their productive 1life expectancy of ten to
fifteen years (Morais 1974, p.7.5) that there would be a
decline in yield due to senescence. Unfortunately,

Fusarium attack may well prevent many of the plants fronm



TABLE 6-4

PROBABLE PARMAMETERS FOR FUSARIUM ATTACK

Ave. yrs. Probability
Item to occur per year

1) Establish in area given 3 0.206
not in area

2) Attack patch given 2 0.293
established in area

3) Kills patch given 3 0. 206
diseased

4) New resistant variety infinite 0
available given current
resistance broken

5) Ptoportion of healthy

production if diseased

= 0.5

eLE



TABLFE 6-5

AGF EFFECTS ON PEPPER YIFLDS

Froportion of

Year maximum yield
1 0.00
2 0.40
3 0.80
4 and over 1.00

€LE

SOURCE: de Albuguerque et al. (1973, p.26).
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entering this age group. Senescence effects have not been

included in the simulation models.

Factors Affecting Pepper Sale Values

Processing

Black . pepper requires relatively uncomplicated
processing, but some is needed if value is to be maintained.
Japanese pepper farmers in Toaé Agu usually have concrete
drying platforms and a pepper cleaning machine most of which
can be made locally from wood but which does have some metal
parts.  So far none of the colonists vwhose pepper
plantations were examined on the Transamazon Highway have
acquired these facilities. Japanese colonists will
undoubtedly make the cash investaments required when these
are needed, but as pmentioned earlier with respect to
fertilizers, this cannot be assumed for other coloanists.
Processing has been assumed to be adequate in the carrying

capacity models (FPearnside 1978b,e).

Marketing

Finding buyers does not appear to be a problea so
far for colonists vwith pepper in production on the
Transamazon Highway. I have observed sales being
negotiated directly between colonists and private truck
owners who ply the route from the Transamazon Highway to
southern Brasil. Generally, one would expect the
colonists to receive a lover price through this type of

arrangesent than through an organized marketing systea such
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as the famous Tomé Agu marketing cooperative.
Cooperatives would be nmuch harder to organize among the
diverse and mutually distrustful population of the
Transamazon Highway than in the close-knit Japanese
community ia Toaé Agu.  Several attempts at organizing
cooperatives for other crops on the Transamazon Highwvay
have failed aiserably (FPearamside 1975).

If production increases in the area in future years
one would expect the marketing arrangesents to improve.
The high price of pepper on the world market, undoubtedly
largely due to the disease problems of pepper im Southeast
Asia, can be expected to continue. Pepper prices are
jiacluded in the price subroutine of the carrying capacity
mnodels (Fearnside 1978b), and are assumed to remain
constant at the Ccrs$s to cr$9 per kg (US$1.33 -
0S$1.50) level being received by colonists in aid 1974

vith appropriate adjustments for inflation.

Hodeling the Pepper Production Systes

The various aspects of the pepper production systen
discussed in the preceeding sections have been incorporated
into the carrying capacity simulation models (Fearnside
1978b,e) and can be siasulated either as a part of the full
KPROG2 model for estimating human carrying capacity, or
as a part of the smaller AGRISIN sodel which peraits
individual parts of the agricultural systes to be examined
independently. In addition to the effects of soils on

yields, disease effects and the effects of fertilizers,
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leaching, uptake, and erosiom on soils discussed, other
parts of the smodel include the current pepper fimancing
arrangements and the labor and fixed cost requiremeats both
for installing and maintaining pepper.

Pigure 6-3 shows the demise of a simulated area of
pepper which results from the attack of Pysarius in a
typical stochastic run of AGRISIN. It is essential
to remember that the scale of years given om the simulation
outputs are not intended to imply that the results
constitute a projection for pepper survival or yields for
particular years., The scale does serve to orient the
reader vith respect to the sisulated tise span, beginaning
vith the start of the colonization project in the inteasive
study area in 1971, The fact that the sisulated pepper
fields last only a few years before being destroyed by
Fusarius is the result im all of the stochastic rums, and
does not bode well for the future of pepper in the area.
The variability in yields during the few years that pepper
lasts in the same AGRISIMN run can be seen in figure
6-4,

In conclusion, the prospects for pepper in the
Transamazon Highway Colonization Area are bleak. Reveaue
from grovwing this very valuable crop cannot be counted on to
appreciably raise the carrying capacity of the area om a
sustained basis. Inclusion of the pepper production systea
in the carrying capacity models has nonetheless been

indicated by the promimemce of this crop in present plans.
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Pig. 6-3. -- Black pepper survival in stochastic AGRISIN
run. The death of the pepper is due to Fysarjum fungal
attack.
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Fig. 6-4. -- Average black pepper yields in stochastic
AGRISIN run
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The high hopes placed oan this crop by planners and colonists
alike are due to its rare position as a crop which is
sufficiently valuable to varrant being sustained on poor
soils through the use of fertilizers. It is umlikely that

these hopes will prove justified.
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