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ABSTRACT

Marten, G.G. and Sancholuz, L.A., 1982. Ecological land-use planning and carrying capac-
ity evaluation in the Jalapa region (Veracruz, Mexico). Agro-Ecosystems, 8:83—124.

A practical approach for the inclusion of environmental factors in land-use planning is
presented. The Jalapa region, an area of 4750 km? which embraces a diversity of ecological
conditions, is used to illustrate the approach. Data were gathered from aerial photographs,
a survey of maize fields and interviews of farmers concerning their cultivation practices.

After devising a climatic and geomorphological system of land classification, 33 land
types were identified, described and inventoried; 58 land-use systems were identified and
described. The descriptions were structured to predict the income, employment, costs,
food production, agricultural chemical inputs and erosion that could be expected for each
land-use system on each land type. This information was used to devise a multi-objective
land-use game for planners. Users of the game may set priorities on their planning objec-
tives, specify the amounts of agricultural services available, and see the effects these have on
optimal allocation of the available land of each type among the different possible uses, as
well as how well the objectives are satisfied by the allocation.

By shifting objective priorities and varying infrastructure levels, the game user may
examine the trade-offs among planning goals and among possible avenues of investment or
other management interventions. A study of the environmental cost of producing increas-
ing amounts of food for a growing population in the Jalapa region illustrates the game’s
usefulness, and actual land allocations in the Jalapa region are compared with optimal al-
locations under different priorities. The carrying capacity of the region is examined from
this point of view, giving particular attention to the demands that increasingly urban
habits of consumption may place on the land and to the role properly directed technology
can play in increasing carrying capacity without causing environmental damage.

INTRODUCTION

As a consequence of recent legislation, the individual states of Mexico have
been preparing plans for balanced growth which consider the diverse capabil-
ities, needs and development of different regions within each state. Planners
are giving particular emphasis to urban zones of influence and the capacity of
such zones to supply food, forest products, water and other human amenities
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to the cities within them. The approach to land-use planning described in this
paper was developed during 1977 and 1978. The aims were: (1) a way to in-
clude environmental considerations together with the economic and social
criteria that customarily feature in regional land-use planning; (2) an ecolog-
ically sensitive approach for the evaluation of regional carrying capacity.

The objective was to assist planners in examining the trade-offs and ecolog-
ical costs of a variety of land-use objectives such as self-sufficiency in food pro-
. duction, production of export crops, improvement of the level and equity of
rural incomes, reliable and unpolluted water supplies for agricultural and
urban use, soil conservation and freedom from dependence on imported
agricultural inputs such as fertilizers and pesticides. Planners could then ad-
dress important questions: What is the human carrying capacity of a region
(i.e., how many people can the region support on a sustained basis); and how
does carrying capacity depend upon the way different land types are used?

Description of the Jalapa region

The Jalapa region was chosen for a pilot study so that methodology develop-
ment could be based on a real landscape, and because the region has a geo-
graphic diversity representative of much of Mexico. The region is located in
the state of Veracruz at latitude 20°N (Fig. 1) and is approximately 110 X
. 40 km with 600,000 inhabitants. It extends from a 4000 m mountain peak to
sea level at the Gulf of Mexico, embracing many different ecological environ-
ments which range from sparsely populated forest at the higher altitudes to
densely settled areas of subsistence agriculture at intermediate altitudes and
tropical lands at lower altitudes. The geography and natural vegetation of the
region have been described by Gomez Pompa (1973).

The Jalapa region is, in many respects, 2 microcosm of Mexico’s Gulf Zone;
an area that Mexico has designated for an increase in population during the
next few decades. This growth, stimulated by a petroleum boom, will un-
doubtedly place increasing demands on the land.

The city of Jalapa is the capital of the state of Veracruz. Salaries are its
main source of wealth, generated by government offices, the state university
and primary and secondary schools. As a commercial center for the surround-
ing countryside, it supplies personal and household goods, but the city’s role
as a source of monetary and technical support for agriculture is weak. Virtu-
ally no industry exists in the city, although a few factories for processing
sugar and coffee are situated on the outskirts. The city’s population was
200,000 in 1978; it has been nearly doubling every 10 years, primarily due to
in-migration from rural areas. The rural population in the 4750 km? of the
Jalapa region is growing at a much slower rate.

The Jalapa region can be divided into 7 climatic zones (Table I, Fig. 2). The
humid boreal zone is primarily pine and fir forests which have been decimated
severely during the past 20 years by illegal logging. Deforestation and goat
grazing have led to severe erosion which has removed the soil A-horizon in
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Fig. 1. Map of the Jalapa region. Dots indicate the location of weather stations which provided data for climatic zones.

q8



TABLE I

Climatic zones of the Jalapa region

98

Zone Altitude Average Frost- Annual Annual Average R-Factor®
: (m) temperature free precipitation  pan annual
°C) months (mm) evaporation 24-h
Jan.? Mayb (mm) rainfall
(mm)

Humid boreal 3000—4000 7 11 none 1800 900 — —
Semiarid cool temperate 2250—2750 10 15 Apr.—Sept. 450 1650 30 88
Subhumid cool temperate 2000—3000 8 14 Apr.—Sept. 1000 1200 95 1080
Humid warm temperate 1300—2250 14 19 Mar.—Oct. 1600 1100 80 740
Humid subtropical 900—1300 16 22 Mar.—Dec. 1700 1200 65 471
Subhumid subtropical 300—1100 18 24 dan.—Dec. 1100 1350 75 645
Subhumid tropical 0—600 22 29 Jan.—Dec. 1100 1650 85 850

2 January is the coldest month of the year. bMay is the warmest month of the year. ®Erosion (t ha™! year™!) to be expected when

there is no cover, and the soil factor (K) and slope factor (LS) are unities; the R-values are based on Fig. 6.
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Fig. 2. Climatic zones of the Jalapa region. The dots indicate the same locations as in Fig. 1.

many areas. Where there is sufficient soil, much of the mountain is now planted
with potatoes.

Below this mountainous zone, there is a semiarid, cool-temperate zone
(Valley of Perote) representative of Mexico’s central plateau. This zone ex-
periences a relatively short frost-free season (April—September) and com-
paratively low rainfall which restrict agricultural production (Table I). Origi-
nally pine forest, this zone was in wheat production 20 years ago, but the
wheat subsequently disappeared because of a rust infestation. At present,
the primary crops are subsistence maize and barley which are shipped to a
beer factory. Both grains yield 0.5~1 t ha™! year™.

Descending towards the Gulf of Mexico, there is a subhumid cool-tem-
perate zone which has subsistence maize and commercial orchards of tem-
perate fruits such as apple, plum and pear.

Below this is the humid zone, characterized by high rainfall and deep,
volcanic-ash soils which are very fertile. The city of Jalapa and most of the
region’s rural population are situated in this zone, primarily because of its
high productivity. A mosaic of Liquidambar cloud forest, dairy pasture and
subsistence maize cover the higher, warm-temperate region of the humid
zone. There are also temperate fruit trees, but production is limited because
many are in backyard gardens where they receive little care.

Maize produces well in the humid warm-temperate zone (an average of 2 t
ha~! year™!), but milk production is more profitable. Maize fields have given
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problem is exacerbated by the large population in the high-rainfall, productive
hilly zone and the fact that many people who cultivate subsistence maize on
hillsides do not have access to flatter lands.

METHODS
The land-use game

Purpose

A land-use game was devised to examine the land-use implications of a
variety of planning objectives and constraints on agricultural development
resources. The game’s purpose was to see how optimal allocation of many
possible land-use systems among numerous land types depends on the prior-
ities placed on conflicting planning objectives such as farm incomes, soil con-
servation and production quotas for different kinds of food. The game was
designed to make it possible to understand the trade-offs between objectives,
and, in particular, to appreciate the environmental costs of placing heavier
demands on the land. With the game, it was possible to investigate how public
resources (e.g., agricultural support services and irrigation works) could be
allocated to ameliorate the environmental costs of increased production.

It was called a game because it was possible for the user to explore diverse
combinations of objectives, priorities and available development resources,
basing each new phase of the exploration on the results he had obtained so
far. The game was based on optimization because this allowed the user to sift
through many possible land-use patterns and focus upon those which were
best for each set of objectives, priorities and development resources.

Structure

Table III shows the objectives employed in the land-use game. Additional
objectives might have been employed, such as producing export crops, minimiz-
ing risks (Roumasset et al., 1979), and equalizing public investment and farm
incomes throughout the region. Meat production in Table III is restricted to
beef and therefore does not take account of other important sources of animal
protein such as pigs and chickens. These additional goals could be explored in
further development of the game.

Multi-objective optimization was achieved by means of goal programming
(Lee, 1972). The decision variables (x;;) are square kilometers of land type j
allocated to land-use system i. The user must keep in mind that the optimal
solution for the region is not simply the best use for each land type indepen-
dent of other types. The optimal solution is a consequence of the joint
aptitudes of all land types considered together in light of regional needs. The
best solution depends on the possible uses of all land types and how the
various land types help satisfy objectives and compete for limited production
inputs. For example, intensive dairy farming might be the best use for humid
warm-temperate hill bottoms, but an optimal solution might place maize on
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TABLE III

Planning objectives and constraints for the Jalapa region land-use game

Objectives

Minimize erosion

Satisfy regional food consumption (t X 10° year~*)2 1978 2000
Grains 86 158
Legumes 20 41
Root crops 14 31
Fruits 20 43
Vegetables 38 84
Meat? 14 33
Milk 84 197

‘Maximize farm income

Minimize agricultural chemical inputs
Constraints

Labor input

Agriculture services

Irrigation

2Based upon Tables VI and VIIL. ®Beef only.

the hill bottoms instead and locate dairy herds on the adjacent gentle slopes,
even though slopes are inferior to hill bottoms for dairy cattle. This solution
might be optimal from a regional point of view, because hill bottoms are
needed to satisfy regional maize needs without causing excessive erosion.

If any one of the objectives (g;,) in Table III is considered, the actual per-
formance on objective % for a particular allocation of land types to land uses
would be

Y = T2 CijpXyj

ij
where c;;;, is the contribution (per square kilometer) to objective £ when land
type j is allocated to use i. This objective can be accomplished only within

certain constraints (Table III): (1) x;; cannot be negative (x;; > 0); (2) inputs
for production cannot exceed the available supply

ZZ inij < br
where g;;, is the quantity of the k-th production input employed when land
type j is allocated to land use i and b, is the limit on the k-th production in-

put; and (3) the total amount of each land type allocated to different uses
cannot exceed the total amount of that land type available

lexu<al

where a; is the number of square kilometers of land type j.
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The purpose of the optimization is to satisfy the objectives (g, ) insofar as
possible; that is, to find those values of x;; which minimize the deviations be-
tween the objectives and the values that are actually realized. Expressed as
the minimum of the sum of absolute values of deviations, this optimization is

min[ZIJQ wy, Al?s Or—8r)]

where w), is the weighting value for the k-th objective.

The contributions (c;;;,) of each combination of land type and land-use
system to each objective, the inputs required by each land-use system (q;;,),
and the surface area (a;) of each land type available for allocation to different
land-use systems were all built into the game. The user could change any of
these if he questioned their correctness, but they were usually left constant.
With every new optimization run, however, the user had to specify goal levels
(gp,) for the objectives, priorities for the objectives, and values for constraints
on production inputs (b, ). Each unique combination of objectives and con-
straints formed a scenario; by formulating different scenarios and observing
the optimum land allocation (x )) and optimal performance (y,) for the ob-
jectives of each scenario, the user explored trade-offs among planning ob-
jectives and came to appreciate the environmental implications of different
planning priorities and different production inputs.

Computer format

The computer program to implement the land-use game is based upon a
computer routine for goal programming written by Bartlett et al. (1976) and
is available upon request. It first prints a summary of the objectives, priorities
and constraints that define a particular scenario, i.e., the inputs for a partic-
ular computer run. (1) Goals (g}, ) for food production, erosion, income, etc.,
and the priority of each. (2) Constraints (b,) on production inputs (agricul-
tural support service, irrigation, labor). (3) Total number of square kilometers
(a;j) of each land type. The program then prints the optimization results that
constitute the output from the computer run. (1) Number of square kilometers
(%57) of each land type allocated to each land-use system in the optimum solu-
tlon (2) A report on whether each objective was achieved, giving the perfor-
mance for each objective (y;) (e.g., the amount of food produced, erosion
and income generated). (3) A report on utilization of production inputs
relative to constraints (e.g., agricultural services utilized, area irrigated and
labor employed).

Data base

The land-use game was built around the idea of land types and land-use
systems. The description of the Jalapa region, therefore, was similarly struc-
tured. The following sections describe the procedures used to estimate the
coefficients (aj, ¢;ji, and g;;,) built into the game. Specifically, it was re-
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quired to: (1) identify functionally discrete land types unique as to climate,
soil and topography (the performance of each land type differing under the

various land-use systems); (2) identify discrete land-use systems; (3) catalog
the expected performance of each land type under each land-use system for
(a) erosion (b) production (c) sustainability; (4) catalog the inputs required

and income generated by each land-use system; (5) inventory the number of
square kilometers of each land type in the Jalapa region.

Land type classification

A landscape approach (Christian and Stewart, 1968) based on land form
was used for identifying land types because: (1) land form correlates highly
with suitability for different land uses; (2) land types based on land form can
be inventoried with aerial photographs, thereby minimizing costly field sur-
veys.

The classification was spatially ‘‘fine grained’’ and could account for changes
in use suitability within a distance of 100 m. An area of rolling hills, for ex-
ample, could be assigned 3 land types based on topography: hill tops, hill-
sides and hill bottoms.

The land classification system was hierarchical with 3 levels: (1) climatic
zones (Fig. 2); (2) geomorphological systems (see Fig. 4); and (3) topographic
elements (see Fig. 5). Each level was defined and inventoried on the basis of
satellite images or aerial photographs and the data supplemented with field
information (e.g., weather data, interviews, vegetation sampling and soil
analyses).

The region was divided into 7 climatic zones (Table I), each of which con-
tained one or more geomorphological systems determined by land form. Each
geomorphological system had a characteristic pattern of relief, with the same
topographic features, such as hill tops, hillsides and hill bottoms interdigitated
throughout the geomorphological system. Each topographic unit represented
a unique land type as to climate, soil and topography. Details of the land clas-
sification for the Jalapa region are given by Sancholuz et al. (1981).

Climatic zones. Climatic zones (Fig. 2) were named as in Holdridge (1971).
Initial identification of the zones was based on false-color LANDSAT satel-
lite images at a scale of 1:250,000. The colors in a false-color image result
from light reflecting from the earth’s surface in three spectral bands. Al-
though the reflection depends in part on the soil, it is influenced primarily
by vegetation, both plant form (physiognomy) and plant physiology (especial-
ly water status). Different zones were readily discernable on false-color
images of the Jalapa region, each zone a mosaic of the same colors, texture
and tone. Statistical analyses of temperature and precipitation records from
48 weather stations in the Jalapa region provided confirmation that the
vegetation-mosaic zones on the satellite images were in fact a reflection of
climate (Koterba and Lavin, 1979). The typical annual pattern of precipita-
tion and evapotranspiration for each climatic zone is shown in Fig. 3.
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Geomorphological systems. A black and white aerial photomosaic of the
region (scale 1:100,000) was used to delineate geomorphological systems
(Sancholuz et al., 1981). Each geomorphological system on the photomosaic
had a characteristic texture, tone and pattern that indicated a corresponding
landform on the ground, that is, a recurring pattern of topography and soil.

Thirteen geomorphological systems were identified (1—4 systems in each
climatic zone, Fig. 4). When a climatic zone contained more than one geo-
morphological system, the systems often differed not only in land form but
also in soils. Field surveys showed that, aside from recent alluvial deposits,
each system was derived from a single parent material and usually (but not
always) consisted of soils of the same age and general profile that corresponded
to major soil groups of the FAO/UNESCO soil classification system.
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TABLE IV

Land types in the Jalapa region

Climatic zone Geomorphological Topogra&)hlc Soil typeb Surface
zone element area (km?)
Humid boreal Mountain Mountain peak Lithosol 210
Semiarid cool Slopes Gentle slope Regosol (A) 123
temperate Plateau Regosol (A) 30
Steep slopes Regosol (A) 188
Alluvial valley Alluvial fans Luvisol 131
Valley bottom Luvisol 151
Drains and gullies Luvisol 96
Lava flow Lithosol 119
Subhumid cool Hills Hills Regosol (B) 150
temperate Flatland Regosol (B) 104
Humid Steep Foothills Steep slopes Latosol 338
warm temperate Hills & volcanoes  Volcano escarpments Latosol 26
Hill bottoms Latosol 58
Hillsides Latosol 100
Hill crests Latosol 72
Inclined plane Andosol 77
Lava flow Lithosol 36
Humid _Hills and volcanoes Lava flow Lithosol 79
subtropical Canyons Lithosol 100
Gentle hills Latosol 126
Flatland Latosol 168
Subhumid Hardpan and can- Hill bottoms Hardpan 32
subtropical yons Hillsides and tops Hardpan 154
Canyons Hardpan 26
Subhumid Terraces and Canyons Luvisol 412
tropical canyons Gentle hills Luvisol 285
Alluvial plain Terraces and valleys Luvisol 431
Caliche Crests Rendzina 154
Flatland Rendzina 98
Basaltic hills Steep hills Planosol 276
Gentle hills Planosol 283
Beach Dunes ' Arenosol 70
Marsh Gleysol 53

aShown in Fig. 5. bDescribed in Table V.

Topographic elements. On the basis of black and white aerial photographs
(scale 1:50,000) examined under a stereoscope, a typical profile was drawn
for each geomorphological system. Each profile (Fig. 5) contained up to 6
topographic elements based on slope and curvature (convex, plane, concave).
Each topographic element in each geomorphological system represented a
unique land type. Thirty-three land types were identified in the Jalapa region
for use in the land-use game (Table IV).
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Productivity Average Texture Erodibility (e;) Average

-1 =1 ;
Rainfed Irrigated slope (%) (t ha™" year :;1; depth
— - >50 - >2000 0.4
0.45 1.08 17 Loamy sand 25 1.2
0.30 0.72 1 Sandy loam 2 1.1
0.41 0.62 40 Sandy loam 2000 1.3
0.43 1.03 10 Sandy loam 16 1.4
0.57 1.37 4 Loamy sand 4 1.9
0.25 0.60 17 Sandy loam 50 0.7
0.30 0.72 10 Loamy sand 4 0.7
0.50 0.75 11 Loam 170 1.3
0.50 0.75 10 Sandy loam 170 1.9
0.59 0.71 50 Loam 1300 1.5
0.82 1.07 50 Loam 1300 1.5
0.81 1.05 6 Loam 47 1.5
0.73 0.95 31 Loam 590 1.5
0.73 0.95 12 Loam 125 1.2
0.82 0.98 15 Loam 185 1.1
0.54 0.70 15 Sandy loam 185 0.3
0.90 1.26 15 Sandy loam 150 0.3
0.39 0.55 37 Sandy loam 500 1.0
0.70 0.98 30 Sandy loam 300 1.2
0.70 0.98 2 Sandy loam 9 1.0
0.82 1.48 3 Loamy clay 20 0.5
0.56 1.01 7 Sandy 70 0.5 i
0.40 0.72 26 Loam 300 0.3
0.88 2.46 37 Loamy clay 610 0.3
1.00 2.80 6 Sandy loam 36 0.4
1.00 2.80 2 Loam 16 1.3
0.64 1.66 5 Loam 25 0.3
0.64 1.66 2 Clay 9 0.7
0.59 1.65 41 Loamy clay 850 0.4
1.00 2.80 12 Loam 150 0.7
0.43 1.20 5 Loam 45 2.0
0.33 2.32 10 Sand 45 1.2

Land-use systems

A land-use system was defined by (1) the crop or crop group produced and
(2) the technology employed. A crop group contained crops that behave
similarly. For example, apples, plums and pears were designated as ‘“‘temperate
fruits’’. A crop group could also specify two or more crops interdigitated
spatially in the same field (e.g., maize and beans) or interdigitated seasonally
on the same field (e.g., maize in the summer and vegetables in the winter in
the tropical zone).



TABLE XIII

Results of optimal land allocations meeting Jalapa region food requirements for 1978 compared with present use

Higher priority

to maximize income

Higher priority
to minimize erosion

Present
use (1978)2

1978-Level Unlimited 1978-Level Unlimited
technology technology  technology technology
Farm income (pesos ha")b’C 12800 46200 5550 16800 4840
Total region farm income
(pesos X 1068c 5350 19350 830 746 1140
Erosion (t ha™') 30 36 0.93 0.56 38
Total region erosion
(t X 109) 12.6 15.1 0.14 0.025 104
Chemicals (pesos ha™')? 550 4500 300 1200 440
Total regional chemicals
(pesos X 10°¢) 230 1890 44 53 104
Labor employed (pesos ha * )P 35 123 21 41 33
Total regional labor
(pesos X 10°) 15 52 3 1.8 7.9
Area in grain/leg'umescl 922 486 540 196 1532
Area in vegetables 6 1411 11 20
Area in fruit? 2650 1635 13 4 312
Area in cattled 612 658 930 224 919
Total area in use%*® 4190 4190 1494 444 2763

Based on the land allocations in Table XI. ®Hectares in usg. ®Following the second definition of farm income
presented in the section on income from land-use systems.  Area in square kilometers. *Not counting forest use.

81T
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timal solution for increasing income when unlimited assistance and inputs
were made available, 18-times greater than actual applications in 1978.

Results from erosion priority scenarios

When a higher priority was assigned to minimizing erosion than to maximiz-
ing farm incomes (Tables XII and XIII, columns 4 and 5), the optimal solu-
tion placed only enough land in nonforest use to satisfy regional food needs
with no commercial surpluses. When erosion control had higher priority with
1978 level technology (Table XII, column 4), the optimal solution concen-
trated agricultural services and irrigation on the tropical alluvial soils, where
inputs are in fact concentrated in actual practice, for intensive rice, maize,
vegetable and cattle production. Maize, wheat and potato production were
allocated to the flattest land in the semiarid cool-temperate zone (Perote)
and to the rich, flat soils of the subtropical zone (Coatepec), which actually
grow coffee and sugarcane. Coffee is a profitable crop and occupies much of
the best agricultural land in the region, but it does not contribute to food
production. If food is a priority, coffee should be restricted to slopes, where
it provides ecologically sound soil protection.

Requirements for additional meat and milk in the optimal allocation were
met by using the tropical zone, and regional fruit needs were met with the
allocation of a small amount of subtropical land. All sloping land, most of
the land in the naturally productive humid warm-temperate zone, was allo-
cated to forest only.

When minimizing erosion remained the higher priority but unlimited tech-
nology was available (Table XII, column 5), maize, bean, potato and vege-
table production were concentrated in the Valley of Perote, and milk, meat
and fruit production were allocated to the flat land in the tropical zone. All
other land was put into forest use only. Employment was generally higher
with the use of more modern technology because modern technology is
generally more labor intensive than the land-use systems actually in effect in
the Jalapa region at the time of the study.

Because as little land as possible was in agricultural use in the ‘“Erosion
Priority’’ scenarios, erosion dropped to very low levels, and chemical applica-
tions became extremely low; half the quantity actually in use in 1978 (Table
XIII). Although chemical applications per hectare were high with unlimited
technology (Table XIII, column 5), total chemical applications for the region
were about the same regardless of the level of technology (columns 4 and 5),
because less land is needed to satisfy food requirements when unlimited tech-
nology is made available.

Farm incomes per hectare when minimizing erosion were half those in the
“‘Income Priority”’ scenarios, though still higher than actual incomes in 1978.
Farm incomes with unlimited technology were 3-times as high as actual in-
comes. Total regional income and employment were considerably less than
in maximum income scenarios because less land was in cultivation when ero-
sion was minimized.
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Carrying capacity

How many people could the Jalapa region support, according to the land-
use game? The answer to this question is not a single number. The number
of people that could be supported is dependent upon the level of technology
for agricultural production; the life-style of the region’s inhabitants (partic-
ularly their patterns of consumption); and environmental standards.

With no limit on the supply of irrigation and agricultural services in sup-
port of agriculture, the Jalapa region could feed 8-times the 600,000 people
in the region in 1978 if all land were allocated to agricultural use. However,
this production could not be sustained without special erosion control mea-
sures on land with steep slopes. When only the land suitable for sustained
agriculture without special erosion measures is allowed to receive agricultural
use, and there is still no limit on the availability of agricultural services, the
region could produce (theoretically) sufficient food for 5.5-times the 1978
population.

When the agricultural services available in 1978 are considered, the carry-
ing capacity of the region would be 900,000 people (1.5-times the 1978
population) if excessively erosive land were kept out of agricultural use. Food
production could be increased temporarily by 40% if erosive lands were used.
The long-term carrying capacity of the region (without the use of highly
erosive lands) could be 1,300,000 people if the present level of agricultural
services were doubled, and 1,540,000 people if multiplied 4 times.

These carrying-capacity projections assume that the consumption habits
of the population remain the same. However, the population of the Jalapa
region is urbanizing rapidly and changing its habits accordingly. If the entire
population had the same dietary habits as the present urban population in
the city of Jalapa (Table V1), the carrying capacity in each scenario would
be reduced by 30%.

Prospects for food production

The food requirements of the Jalapa region during the period of popula-
tion growth and urbanization expected in the next 20 years can be con-
sidered, with the help of the land-use game, in terms of: (1) how much food
the city of Jalapa and the Jalapa region will be consuming in the year 2000;
(2) how much food the Jalapa region could produce with the present level
of technology; (3) how much improvement in technology would be neces-
sary to meet food needs fully and to which land uses that technology should
be directed.

The population of the Jalapa region, if it grows as predicted, will double
by the end of the century. Most of the growth will be in the high-consump-
tion urban sector, which will triple in size. If the existing population and
existing demand were small in comparison to the productive capacity of the
land, then the rapid increase in demand would present no problem. However,
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the Jalapa region already has virtually all of its agriculturally suitable land in
agricultural use; 90% of that land is being used for food production.

With ‘“‘Erosion Priority” scenarios, the land-use game indicated it would
be possible (with land allocated optimally) to produce sufficient food for
the region at acceptable levels of erosion only if the agricultural services in
support of modern technology are 4-times the present level (Fig. 9). The bulk
of agricultural development would have to be directed at intensified beef
production in the tropical zone and the remainder at intensified grain produc-
tion (maize and rice) in the same zone.

Regional Erosion (tons x 10%/year)

1978 2000
Food Production

Fig. 9. Minimum possible erosion for the Jalapa region, as it depends upon the quantity of food
production. It is assumed that land allocation is optimal for meeting the region’s food re-
quirements with minimal erosion. The points “1978’’ and “2000” on the horizontal axis
represent the amount of food necessary to feed the region in the years 1978 and 2000.

The interval between 0 and “1978” is a linear interpolation between no food and the food
necessary for 1978. The interval between “1978” and ‘“2000” is an interpolation between
the food production requirements of those years. m = 1 corresponds to the quantity of agri-
cultural support services available in 1978, m = 2 corresponds to double the 1978 quantity
and m = « indicates unlimited agricultural support services.

Beef production as presently practiced in the Jalapa region is a wasteful
use of land. Yields of calories and protein from beef are less per hectare than
for any other food-producing land use (Table VIII). As the demand for beef
is expected to be high in the year 2000, beef production can be expected to
occupy excessive land and force maize production onto hilly areas where
erosion will result, unless appropriate planning measures are taken. Fortunate-
ly, beef production could be improved drastically, at least five-fold, with the
use of better technology, particularly if combined with forage crops.
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This improvement could free tropical land for grain production and allow
maize production to be moved away from the hilly and mountainous areas
of the temperate zone. These areas would be freed for more appropriate uses,
such as forestry, fruit orchards, or well-managed dairy pasture. Fruit trees
and pasture would have to be restricted to the gentler slopes, unless they are
managed explicitly to limit erosion. The importance of tropical-zone lands
for grain production would be their immense scope for improved production
because of the possibility of two crops per year with irrigation. Caution would
be necessary with irrigation schemes, however, because year-round irrigated
agriculture in the tropics may not be sustainable unless it is carefully designed.
Use of marginal tropical land for cattle-forage tree plantations plays a
prominent role in the optimal solutions for many scenarios. This land-use
system was represented in the Jalapa game by Brossimum alicastrum, a tree
whose high-protein seeds and leaves provide excellent cattle forage. This tree
is not cultivated in the region but should be tested on a pilot basis in the
tropical zone as a promising and ecologically sound means of utilizing marginal
lands to increase cattle production.

Environmental costs of increasing food production

When we looked at how erosion was affected by the level of food produc-
tion (Fig. 9), from low levels of production up to regional food needs in the
year 2000, it was found that, at a given level of technology, erosion can be
quite low until production reaches a threshold. At this point erosion increases
considerably because additional and inappropriate land is brought into use.
This threshold increases as the level of technology is increased.

In contrast, although the regional load of pesticides and other agricultural
chemicals in the environment increases in proportion to the level of produc-
tion, the chemical load is virtually unaffected by the level of technology used
to attain that production. Thus, modern technology is a necessary (though
not sufficient) tool for keeping erosion within tolerable bounds as demand
for products increases, but such technology does not necessarily imply greater
chemical loads on the environment (Table XIII)

The Jalapa region could meet its 1978 production requirements with little
erosion; if there were better land use allocation. However, food requirements
can be expected to pass the threshold of unavoidably high erosion (Fig. 9) by
the year 2000 if technology stays the same. Fortunately, the situation can be
corrected by increased inputs of appropriate modern technologies. The neces-
sary increase in modern technology is feasible with sufficient effort.

The land-use game, because it works with optima, presents desirable pos-
sibilities. These possibilities can be compared with what is actually happening
(Table XI). The erosion occurring in the Jalapa region with land uses that
existed in 1978 and 70-times greater than the low level possible if the actual
production in 1978 was achieved with an optimal land allocation using 1978
technology (Table XIII). Suboptimal land allocation existed from a soil con-
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servation point of view because individual producers were using the land to
satisfy other criteria such as maximizing profits or minimizing the risks and
effort involved. Furthermore, implementing optimal land use, whether from
an individual or regional point of view, was impeded by socioeconomic con-
straints such as land tenancy and the availability of technical assistance.
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