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CHAPTER 8 Cornelr Un'ivers ,')(7

THE ECOLOGICAL IMPACT OF THE AIR WAR®

Only We Can Prevent Forests

Motto over the deoor te headquarters,
Operation Ranch Hand, Saigon

A. DEFOLIANTS AND HERBICIDES

Use of defeliants in Scouth Vietnam began on an experimental basis in
1961 and became fully operational the following year.l This program had
two major objectives. The first was defoliation {operation RANCH HAND}, in
which forests, roadsides, pase perimeters, etc., were sprayed in order to
remove the foliage cover which had afforded concealment to the enemy. At
low concentrations these chemicals do indeed act merely as defoliants; at
the concentrations used in Vietnam, however, they normally act alsc as
herbicides, killing a significant fraction of the plants in additicn to de~
foliating them. The second major objective was the destruction of crops,
mostly rice, carried out in the hope of denying fcod to the enemy.2 Crop
destruction was largely confined to the mountainous areas of northern and
western South Vietnam, where the impact was felt most‘severely by the small
population of about one million, mostly Montagnards., Crop destruction may
also have had the objective of driving South Vietnamese civilians into the

"strategic hamlets" set up for them by the South Vietnamese Governrnent.3

Though some spraying in Vietnam has been done with helicopters or
ground equipment, the principal means of application has been the twin-
engine C~123 cargo plane. In the years 1962 through 1968 these aircraft
made more than 19,000 individual spray flights. Each plane is fitted with
a 950~-gallon tank from which the herbicide is pumped to spray booms under
each wing and at the tail. When the herbicide hits the airstream it is

dispersed into fine droplets. One aircraft flying at about 150 feet above

*
A more detailed discussion of many of the issues raised in this chapter is given in App. E.

luerbicide Assessment Commission for the American Association for the Advancement of Science,
Background Material Relevant te Presentations at the 1970 Annual Meeting of the AAAS, Chi-
cago, Ill,, December 29, 197C, p. 14,

2Stanford Biology Study Group, 1971, "The Destruction of Indochina," Bulletin of the Atomic
Scientists, 27 (1971), pp. 36-40; A, H. Westing, "Agent Blue in Vietnam," New York Times,
July 12, 1971.

3Ngo Vvinh Long, "Leaf Abscission?," Bulletin of Concerned Asian Scholars (QOctober 19693),
p. 54,
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92 THE AIR WAR IN INDOCHINA

the tree tops produces a swath of affected vegetation about 300 feet wide
and ten miles long.4 Precautions must be taken that the sprayed chemical
does not drift into adjacent, non-target areas. Occasional incidents occur

in which an aircraft is forced to dump its herbicide quickly; it can pump

out the entire 550 gallons in about 30 seconds. "’

Three formulations account for almost all the herbicides used in Indo-
china: agents Orange, White, and Blue. The composition and mode of action
of these agents are discussed in greater detail in Appendix E, which also

contains a listing of appropriate references; a summary of the main facts
is given below.

Orange: Composition, 2,4-D and 2,4,5-T; an oily ligquid insolu-
ble in water. Mainly used against broad-leaved and woody vegetation.
One application defoliates hardwoods and kills some canopy trees;
two applications produce a heavy kill of all woody vegetation; the
resulting invasion by bamboo and grasses may arrest forest regenera-
tion indefinitely. On mangrove forests Orange kills almost all
trees in a single application; mangrove areas sprayed in 1961 have
still shown no significant signs of regeneration. The chemical
itself persists for only a few weeks, except in stagnant water or
poorly aerated ground, where high concentrations could conceivably
accumulate. 2,4,5-T or an associated impurity (dioxin) is thought
to be a teratogen (causing serious birth deformities, like thalid-
omide); its use in'the U.S. has been restricted since late 1969.
Orange accounts for about 60 percent of the herbicide used in
Vietnam; it was being sprayed at least until August'1970.

White: Composition, butyl esters of 2,4-D and picloram; a
solution in water. Used much like Orange, but less volatile and
the -efore less subject to wind drift; it is preferred near popu-
lated areas. Picloram is one of the most potent herbicides known;
it is remarkably persistent, like the insecticide DDT; its use on
agricultural land in the U.S. is prohibited. Since White is water
soluble, it can easily be washed by rainfall into adjacent areas.

Blue: Composition, organic arsenates including cacodylic acid;
a solution in water. 1Its prime use is for crop destruction, espe-
cially rice. It is more effective against grasses than are Orange

. or White, and acts more rapidly (within a few days).

Herbicides are sprayed at a rate of about three gallons per acre, the
stock solution of each agent being formulated to obtain the desired coverage.

In the case of Orange, the rate of application is about 26 pounds per acre,
almost ten times the rate recommended for use in the U.S.° It is estimated

4‘I‘he C-123 cruises at 230 miles per hour; at this low speed and at minimal altitude, it be-
comes vulnerable to ground fixe from any weapons, even small-caliber. Hence in all areas
where hostile elements may be present, even if they have no conventicnal anti-aircraft cap-
ability, the spraying missions are preceded by fighter-bomber sweeps providing maximum-inten-
sity ground-fire suppression (cf. p. 22). The effects of this support activity must be reck-
oned as a contingent cost &f the herbicide program.

5Orians and Pfeiffer, "Ecological Effects of the War in Vietnam," Science, Vol. 168 (1970),
pp. 544-554,

6Statement of A. W. Galston before the Subcommittee on National Security Policy and Scien-

vl | i,
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THE ECOLOGICAL IMPACT 93

that more than 100 million pounds of herbicides have by now been sprayed on
Vietnam, covering a total of almost six million acres;7 details are illus-
trated in Figure 8-1., The greatest impact has been on tropical hardwood
forests. About 35 percent of South Vietnam's 14 million acres of dense
forest have been sprayed one or more times, resulting in the destruction of
enough merchantable timber (six billion board feet) to supply the country's
domestic needs for about 30 years; this also represents a loss of about $500
million in taxes that would otherwise have accrued to the South Vietnamese
Government. Of the three-quarter million acres of cocastal mangrove forests,

mostly in the Delta area, about one-half have been totally destroyed.

FOREST LAND
Total =

5,200,000 acres
1,500,000 CROP LAND
Total =
560,000 acres
1,000,000 A
200,000
500,000 -
100,000 -
62 63 64 65 66 67 68 6% 70 62 63 64 65 66 67 68 69 70

[Total area, South Vietnam = 42 millioh acres]
Figure 8-1

50UTH VIETNAM: ANNUAL ACREAGE SPRAYED BY HERBICIDES

B. BOMBING AND SPRAYING: THE PQTENTIAL CONS QUENCES

Forests are first to go. Then the animals~-some, like the elephant,
are killed deliberately since they could be used to transport supplies;
others just happen to be in the wrong place at the wrong time, Finally,
the land itself is destroyed: farms, rice paddies, and village sites in

many regions are bomb-pocked and barren.

tific Developments, U.S. House of Representatives, December 1969; reprinted in T. Whiteside,

Befoliation {Ballantine, 1970), p. 107,

oreign Relations, U.S.
55, June 30, 1971
lent summary presented

7"Impact of the Vietnam War," a report pPrepared for the Committee on
Senate, by the Congressional Research Service of the Library of Congr
(USGPO, 1971). The figures which follow are abstracted from the exce
in this report, pp. 10 ff.
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94 ‘ THE AIR WAR IN INDOCHINA

In the brief discussion that follows, only the most obvious environ—
mental effects of the air war will be mentioned, but even such a superfi-
cial enumeration conveys an idea of the pervasiveness of the damage. The
very fact that data on the present extent of this damage are scant, com-~
bined with the virtual impossibility of predicting future conseguences, 1is

in itself one of the most ominous signs of danger.

The air war has been a severe shock to all the natural ecosystems of
Indochina. Such damage would be of concern wherever it cccurred since it
affects an intricate web of relationships; but Indochina is especially sen-
gsitive because tropical ecosystems are thought to be less resilient than
those of temperate regions. Tropical systems are characterized by many more
species per unit area; each is finely adapted and food webs are complex and
intricate. In a northern forest a major calamity has relatively short-term
consequences, since most of the gpecies are already adapted to surviving
frosts, and unseasonal floods. The rates of reproduction and recolonization
are usually high. In tropical regions, where the climatic conditions are
much more predictable and favorable, species tend to be less well adapted to

rapid change,

Flora. The direct attack on the flora by defoliation and the use of
herbicides has been described above. 1In addition to the very extensive
damage done by this chemical warfare, fires--many undoubtedly caused by
bombing and napalm--have consumed or defoliated large areas of forest. Re-
vegetation of soilsg in severely defoliated forests may be retarded by rapid
loss of plant nutrients following defoliation and by invasion of bamboc and
other grasses. Tropical forests carry most of their nutrients in the vege-~
tation itself, rather than in the soil; hence, following decomposition of
the plants, most of the nutrients are lost directly, with the remainder being

subject to leaching from the soils.8

Mangrove forests have suffered particularly severe damage fyom defolia-
tion-~about half have been totailly destroyed in South Vietnam--And so far
there is no evidence of regeneration. These forests play an inportant part
in the natural process of delta formation, and stabilize the coPstline and
river banks., They also provide essential cover and food during ‘the life
cycles of many fish and other animals.

Fauna. The weapons of air warfare affect animals directly by killing

them, and indirectly by changing the environment, with the result that

8In temperate zones, by contrast, most of the nutrients reside in the soil rather than in
the flora of the forest. L. E. Rodin and N. I. Bazilevich, Production and Mineral Cycling
in Terrestrial Vegetation (Oliver & Boyd, Edinburgh and London, 1967), p. 246. (Translated
from Russian edition, 1965.)
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THE ECOLOGICAL IMPACT 95

populations are changed and the diversity of species is reduced. Natural
checks and balances to pests and disease vectors may be upset, particularly
as predatoryy fauna are killed. The invasion of destroyed areas by other
plant groups may result in larger populations of undesired animals favorihg
this new habitat--rats, for example, often thrive in bamboco, which is a
predominant regrowth species in defoliated forest areas. The population of
the tiger has apparently increased as its natural food supply has been
augmented by battlefield casualties.

There are contradictory claims about the toxicity of herbicides to
animals. Though some agthorities claim there is little danger, evidence
indicates that 2,4-D in moderate doses may be toxic to some fish, that
plants tredted with 2,4~D may accumulate toxic¢ gquantities of nitrates {which
could affect domestic stock as well as wild fauna), and that dioxin, a con~
taminant of some 2,4,5-T solutions used, is toxic and concentrates in the
food chain since it does not break down wifh time. lFinally, domestic live-
stock are affected by herbicides, both directly and indirectly, as they eat
plants that have been contaminated.

Agricuylture. Agriculture, and land utilizatioﬁ in general, are affec-
ted not only by chemical warfare but alsc directly by bombing. One may
estimate that at least 12,000,000 craters have been produced in the Indo-
china air war so far, covering an area of at least 200,000 acres and exca-
vating about 1.5 billion cubic yards of soil.? (Roughly two-thirds of the
bomb tonnage was deployed within South Vietnam, whose total area is 42
million acres.) Some areas in Indochina have been likened to moonscapes.
The long-term effects of this cratering are hard to assess, but the fact
that craters do not naturally fill in is evidenced by craters from World War
II which are still found in the jungles of New Guinea. A bomb crater de-
stroys the surface organic layer and throws up subsoil; it creates severe
local relief and erosion in the soil and may disrupt drainage patterns.
Usually it fills with water and becomes very difficult to drain, making
heavily bombed areas virtually unsuitable for cultivation.

Flooditng. The control of water flow is a vital problem in many areas
of Indochina. Defoliation and laterization lead to more rapid runoff of
rain water; the destruction of many man-made contrcl structures compounds
the problem. The destructiveness of the floods in central South Vietnam in

November 1%70 was blamed in part on defoliation and bomb damage. People

9Total expenditure of aerial munitions through 1971 is about' 6,300,000 tons. If half of
this is cratén—producing, in the form of 500-pound bombs, there will be about 12,000,000
craters. Taking each to be 30 feet in diameter, conical in shape and with a maximum depth
of 15 feet, thHe guoted figures for area and volume can be derived. [We are indebted to
Professor A, R. Westing for discussion of this point. See also the estimates of reference
11, App. E.]
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96 THE AIR WAR IN INDOCHINA

were driven by the floods out of refugee camps to which they had come, in
the first place, because of crop destruction or bombing in their native
highlands,

Malnutrition. It is generally recognized that crop destruction has

had its chief impact on the civilian population rather than on enemy socldiers,

who are in the best position to obtain food in times of scarcity. The Herbi-

cides Assessment Commission has concluded that the food destroyed would have

been enough to feed 600,000 persons for a year, and that nearly all of it

would have been consumed by civilians. Although the amount destroyed is less

than two percent of the national crop of South Vietnam in any one year, the

most extensive crop destruction has been carried cut in the central highlands,

a food-scarce area with a population of about one million, mainly Montagnards.

It is among these people that problems of malnutrition and starvation are
most severe,

Birth abnormalities. According to a report released by the National

Institutes of Health in the fall of 1969, 2,4,5-T (or an associated impurity, '

dioxin) was shown to produce significant increases in the incidence of fetus
malformation in animals as early as 1965. Moreover, the Herbicide Assess-

ment Commission team in Vietnam has found a suggestive correlation between

years of peak defoliation in Tay Ninh province and an increase in stillbirths

and birth deformities,

Malaria., Of the endemic diseases in Indochina, malaria is probably the
most widespread; in the past it has been far more common in the upland re-
gions than in the lowlands. Now, large numbers of bomb craters have filled
with water. This stagnant water, present throughout Vietnam and parts of
Laos and Cambodia, is an ideal breeding habitat for various species of mos-

gquito, including those which are malaria vectors.

Americans have begun to become aware of the vast complexity of their
environment, and of the unpredictable consequences that go with disturbing
it. In Indochina, the environment has not merely been disturped-~there has
been a deliberate and unprecedented onslaught on it, with chemicals, with
explosives, and with fire. The short listing just given, incomplete and
inconclusive as it is, by its very open-endedness points\up the ominous re-
sults which may have been, and which may continue to be, provoked in Indo~
china,
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APPENDIX E

| NOTES ON THE ECOLOGY OF INDOCHINA AND THE
IMPACT OF THE AIR WAR*

Ecological damage resulting from the air war in Indochina has caused
considerable concern both in the United States and elsewhere. Much of this
concern arises from biologists who, unlike the public at large, are aware
of the staggering complexity of interactions involved in the continued func-—
tion of natural ecosystems and of the extreme delicacy, and therefore vul-
nerability, of tropical ecosystems in particular. They are conscious, also,
of the ease with which chain reactions of ever increasing magnitude may be
triggered by perturbations which in themseives seem felatively minor., They
are disturbed, finally, that what has become an all-out envirommental on-
slaught in Indochina has been authorized in almost total ignorance and with
an apparent lack of concern as to the potential ecological consegquences to
the land and its population.

In Chapter 8, we summarized some of the more obvious ecological effects
of the air war which, for the most part, have relatively direct effects on
man, his agriculture and his health. In this Appendix, we elaborate on some
possible consequences to the natural ecosystems themselves. Since man's
welfare is intimately and totally dependent on that of his environment, many
of these consequences will also have effects on human life, though their
manifestations are presently less predictable. After reviewing the nature
of the herbicide agents used and presenting a geographical sketch of Indo-
china, we outline what is known about the possible effects of the air war on
the soil, flora and fauna. Much more extensive discussion of these topics
may be found in the cited literature, especially in the publications of the
Herbicide Assessment Commission of the American Association for the Advance-
ment of Science [l].** Any current assessment of the ecological effects of
the war in Indochina musf of necessity be based on a hopelessly inadequate
collection of facts and a heritage of ignorance about tropical ecosystems in
general.

*
A brief outline covering much of the material collected here is given in Chap 8.
W
An extensive review of much of the available literature may also be found in the recent

book Ecology of Devastation: Indochina by J. Lewallen [2]. References identified by
bracketed numerals are listed at the end of this Appendix,
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242 THE AIR WAR IN INDOCHINA

I. CHEMICAL HERBICIDES

(1) Agent Orange is an undiluted 1:1 mixture of the n-butyl esters of
2,4-dichlorophenoxyacetic acid and 2,4,5~trichlorophenoxyacetic acid, known
generally as 2,4-D and 2,4,5-T. The oily droplets of this most widely used
herbicide combination penetrate the waxy leaf surfaces and are absorbed
systemically into the plant; the compounds act as plant growth regulators,
distorting the growth processes of the tissueg. The main cause of death
following systemic poisoning through the leaves or roots is apparently un-
balanced tissue growth, particularly in the phloem, resulting in blockage of
nutrient flow and formation of lesions which are vulnerable to migrobial
infection [1, 3]. 1In tropical hardwood forests, leaf fall occurs within 3 to
6 weeks, with surviving branches and trees refoliating within a year [1, 31].
A single spraying of hardwood forests with agent Orange causes a modest kill
of the tall canopy trees, which intercept most of the spray droplets and
afford partial protection to lower vegetation. Further spraying may then
cause a heavy kill of all woody plants, no longer protected by the upper
canopy [2, 4, 5, 6]. '

Agent Orange persists only for a few weeks in ground water or soil
(2,4,5-T being rather longer lived than 2,4-D), though its disappearance de-
pends upon microorganisms requiring specific conditions, including abundant
oxygen [7, B]. Orange accounted for 58% of total herbicide usage in Vietnam,
where it has been used primarily for general defoliation against forests,
brush and broad~leafed crops [1, 2].

(2} Agent White is a 25% solution in water of a 4:1 mixture by weight
of the triisopropanclamine salts of 2,4-D and picloram {4-amino-3,5,6-tri~
chloropicolinic acid) together with surfactants and a rust inhibitor [1].
Picloram is one of the most potent herbicides known, and unlike 2,4-D and
2,4,5~T, it is remarkably persistent [7, 9]. In a California test site, less
than 20% of the picloram applied had disappeared from the soil after 467 days;
in clay soils, the figure was less than 3.5%. Tropical test plots in Puerto
Rico were still bare of leaves two years after defoliation by picloram [10].
First introduced in quantity in 1967, agent White has accounted for 31% of
total herbicide usage in Vietnam; it is used mainly for forest defoliation
and brush suppression {1, 2].

{3) Agent Blue is an agueous solution of a 6:1 mixture of sodium di-
methyl arsenate and dimethyl arsenic acid (cacodylic acid). Unlike the
other herbicides, this compound does not act to distort the growth of plant’
tissues but acts instead as a desiccant, drying out the vegetation with which
it comes into contact. It acts more rapidly and effectively on grasses than
do Orange or White, withering the vegetation within a few days [1, 6]. Ac~
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NOTES ON ECOLOGY 243

counting for 11% of total herbicide usage in Vietnam, its prime use has been
for rapid defoliation of grassy plants and especially for rice destruction
[(1}.

(4) Area of application. The total area sprayed one or more times in
South Vietnam (about 21,000 kmz) represents approximately one seventh of the
country's land area [l]. Probably the majority of the affected areas have
received only one application of herbicide. Many areas, though, including
roadsides and riverbanks, are regularly treated and at least 20-25% of the
sprayed forests in South Vietnam have probably been sprayed twice or more
f11]. Herbicides have also been used in Laos and Cambodia, for example along
the Ho Chi Minh trail and Sihanouk trail systems, but the extent of use is
not known [2]. Extensive damage is known to have occurred to Cambodian rubber
plantations near the South Vietnam border in 1969, apparently as a result of
direct spraying [9].

(5) Cost of application, Costs of defoliation are difficult to cal-
culate with precision, though the scale can be judged from a cited figure of
$70.8 million for 1968 alone [12]. In 1967, a single C-123 plane-load of
herbicide {(about 4,000 pounds) apparently cost about $5,000 {2].

(6) Restrictions on use, In April 1970, the Department of Defense
ordered the suspension of the use of 2,4,5-T in Vietnam as a result of studies
implicating this compound as a teratogen. The Army admitted continued use
of this material, however, at least until August 1970 [10]. In December 1970,
the White House announced that an "orderly yet rapid phase~out" of all herbi-
cide operations in Vietnam had commenced. In March lé?l, the Secretary of
State informed Congress that chemical crop destruction had been stopped. In
May 1971 the U.S. military use of herbicides in Indochina ended ,although such
use is apparently being continued at a very low level by the South Vietnamese
{137,

II. NATURAL REGIONS OF INDOCHINA

Indochina can be divided intc nine reasonably distinct geographic re-
gions (Figqure 1) {14, 15, 16]. These are as follows:

1. The Mekong Delta,--Approximately 67,368 km2

flat alluvial plain, largely built up by the five main distributary channels

of low-lying, mostly

of the Mekong River. Lying mostly within South Vietnam, it also extends into
Cambodia as far as Phnom Penh. Deposition of sediment is so heavy that parts
of the shoreline are extended by up to 250 feet per year.

2. The Mekong Plain.--A large, gently rolling lowland with a few small
upland areas, extending over three~fourths of Cambodia. The lower areas are

flood plains of the Mekong River.
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3. The Middle Mekong Valley.--The alluvial valley of the middle part
of the [Mekong River, and the lower parts of its tributaries, extending from
approximately the Cambodia-Laos border in the south to slightly north of
Vientiane. !

4. The Annam Coastal Plain,--The narrow and sometimes discontinuous
series of low plains and relatively small deltas extending along the coast
of South Vietnam north of the Mekong Delta and along the coast of North
Vietnam up to the Tonkin Deltas.

5. The Tonkin Deltaes.--A contiguous area of deltas along most of the
coast of North Vietnam.

6. The Cambodian Uplands.--The hilly region along the southwest coast
of Cambodia, comprised mainly of the Cardamom and the Elephant mountain

ranges,

7. The Mekong Plateaus.--A large, fréquently rugged upland area, com-
posed of a series of plateaus and mountain ranges, extending from northern
Laos to the Mekong Delta, bordering for much of its extent the Mekong plains
on the west and the Annamite Chain on the east.

8. The Annamite Chain,--The range of mountains extending along much of
the coasts of North Vietnam and South Vietnam to the west of the coastal
plains and deltas.

9. The Tonkin-Lgos Uplands.--The area of frequently abrupt mountains
and plateaus which cover approximately B85% of North Vietnam and much of
northern Laos,

ITI. ECOLOGICAL EFFECTS OF THE AIR WAR

A. SOILS

The soils of Indochina are very diverse and their properties are rather
poorly understood, especially outside South Vietnam.* In common with many
tropical soils, however, they are generally low in organic matter [19]; che~
mical weathering and organic decomposition proceed rapidly and under certain
conditions accelerated loss of nutrients may be brought about by rapid leach-
ing.

Alluvial soile are characteristic of the Mekong and Tonkin Deltas and
the Middle Mekong Valley; they also make up much of the Cambodlan Plain and

some of Annam Coastal Plains. Continued natural fertility of some of these

* ] . 2 3 I}
Several different classifications have been used in describing Indochina soils. Conside-
ration of Moormann [17}, Dudal and Moormann {18], and Tung [16] has led to the broad group-

ings used here,
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246 THE AIR WAR IN INDOCHINA

soils is dependent on the periodic deposition of nutrient~-rich silt, carried
downstream by the rivers. Especially suitable for agriculture, alluvial
soils support much of Indochina's rice cultivation. Agricultural productiv-
ity depends on careful control of freshwater distribution, yet influx of salt
water in delta areas (a threat in the dry seascn) must be prevented. Over
the years an intricate system of irrigation canals and dikes has been con-

structed to manage the cultivation of rice [15].

Less fertile, older humic gley soils, sometimes with subsurface laterite,
are found on the higher terraces along the Mekong River. The grey podaolie
eotls dominate the terraces of the Mekong in Laos, Cambodia and South Vietnam.
They have low fertility, are acidic, and contain laterite as concretions or
layers. Where the water table does not fluctuate greatly, the laterite is
usually soft and capable of being quarried. Where the water table has drop-~
ped, as by erosion, the laterite is usually hardened. Red-yellow podzolie
goile, quite low in nutrients and often containing laterite as concretions or
as continuwous layers, cover large areas of many kinds of terrain. These soils,

covering about half of Vietnam, are very susceptible to erosion.

Dark red and reddish brown Ilatasols occur over extensive upland areas
of South Vietnam, Laos and eastern Cambodia. They are granular and not
particularly fertile, though relatively resistant to erosion. They respond
well to fertilizers and are extensively used for upland cultivation. Organic
soils have developed in some wet coastal regions of the Mekong Delta; they
require carefully controlled drainage for agricultural use.

The widespread presence of laterite deserves further comment. It occurs
in many of the soil types of Indochina, existing either as a fossil deposit
from a time when conditions were suitable for its formation or as an 'active',
frequently soft formation. Laterite is formed in soil that is saturated with
water and it remains soft while wet. When dried, it may harden irreversibly,
like concrete, and can then be used for construction of roads, buildings, etc.
If near or at the surface, it renders the land almost useless for agriculture
and restricts most other forms of revegetation. However, soil containing
laterite which has not so hardened is not necessarily infertile or otherwise
unsuitable for agriculture. Parent material and the type of lateriate are
important in determining the ability of lateritic soils to support vegetation.

Over large areas of Indochina, soil conditions have been altered by
herbicide %praying and by bombing. Cratering and the loss of vegetation have
brought about reduced fertility, increased erosion, problems related to water
balance and a greatly increased risk of widespread and irreversible hardening
of laterite. We will consider these problems in turn.

490105




NOTES ON ECOLOGY 247

1. Reduced Fertility Following Loss of Vegetation

Nutrient cycling is a vital process in the functioning of any ecosys-~
tem [20]. Inorganic nutrients such as nitrate and phosphate are absorbed
from the scil through the roots of the plants and are incorporated into
their tissues along with carbohydrates formed by photosynthesis. Dead plant

|
|
|

material is broken down by an array of different kinds of decomposer organ-—

isms intec inorganic forms which are then available for other plants, and so

on [21, 22). The original supply of these nutrients comes from the pain-
stakingly slow weathering of bedrock and from the gradual accumulation of
tiny amounts of materials deposited from the atmosphere by rainfall or 'fixed' i
from the atmosphere by certain microorganisms. In twopical rain forests, al- ;
most all plants nutrients in the ecosystem are in the vegetation itself, ;
unlike many temperate systems where much is stored in the soil [19]. Many
thousands of years may be necessary to build up the nutrient stocks of a
forest and yet almost all can be lost in a short period following severe
defoliation. Removal of foliage exposes the organic humus layer to full sun-
light; decay is rapid and yet few living plants remain to trap the nutrients
as they are released from the dead vegetation. 1Instead, they are quickly re-
moved from the system by leaching and surface run-off as a result of the heavy
rains {1, 10, 23, 24, 32}. The soil infertility resulting from such loss of
nutrients may prevent forest regeneration for hundreds of years, condemning
the area to occupation by relatively impoverished thickets of bamboo and

other grasses. We discuss this further in the later section on Flora.

As a consequence of habitat alteration following ‘even partial defolia-
ticn, loss of soil fertility may result also from changes in the composition
of the scil microfauna and microflora itself.* Relatively little ig known !
about the resilience of decomposers to environmental change, especially in '
the tropics.

2. Erosion

Increased soil erosion, especially in hilly areas with red-yellow pod-
zolic soils, can be expected as a consequence of defoliation, whether by
herbicides or by bombing. The soil is exposed to the direct force of heavy
rains and also is no longer held together by live root systems.: Approximately
half the rain falling on terrestrial ecosystems is normally returned to the

*It does not appear that herbicides are directly toxic to such microorganisms, though this
is not known for certain [4, 10]. Phenolic substances which are toxic to plants may be
produced by the action of microorganisms on 2,4-D and 2,4,5~T. It is also possible that
2,4~D will affect the nitrogen-fixing activity of nodules on legumes, having consequences
for soil fertility, and that 2,4-D and 2,4,5-T may induce chromosomal aberrations in plants,
affecting their environmental fitness [26].
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atmosphere by transpiration through the vegetation {22]. Loss of vegetation
thus greatly increases water run-off, augmenting erosion further and causing
an increased danger of flooding after heavy storms. Loss of organic matter
due to decomposition and leaching of humus might also alter the soil struc-—
ture and make it more vulnerable to erosion. Cratering is likely tc disrupt
soil stability and structure, upset local drainage patterns, and cause ex-
tensive erosion of terraced hillsides by destruction of terrace and water
control structures. Increased erosion will result in added silt deposition
elsewhere, with as yet unknown effects [15, 26, 27, 28]. A great danger of
coastal erosion by the sea now exists in some areas as a consequence of man=-
grove destruction,

3. Salinity

The water content of soils is particularly important in relation to
problems of salinity and laterization. Some areas of the Mekcong Delta are
invaded seascnably by salt water as the level of the Mekong river drops
during the dry season. Damage to water control structures built to prevent
this could lead to high salt build-up in the soil, with damaging consequences
to local agriculture. Mangrove destruction further augments the risk of
salinization. Salt must be flushed from some of the soils with large quan-
tities of fresh water; this is made more difficult by destruction of water
control systems [27].

4, Laterization

Irreversible hardening of lateritic soils could conceivably be caused
by changes in the water table and exposure to weathering following bombing
and, possibly, multiple herbicidal treatment of forests. An estimated 30-
50% of Vietnamese soils have the potential for laterization. Significant
arcas of lateritic soils are found, for example, on the Bolovens Plateau in
Laos, wherea bombihg of the Ho Chi Minh trail has been escalating [18, 26].
Hardened laterite can make land unusable for agriculture and, when near or

at the surface, reduce vegetation markedly.

Exposure of a latéritic subsurface pan by cratering, exposure of the
g80il surface by loss of vegetation (resulting in higher temperatures and in
erosion which may uncover the lateritic pan) and a lowering of the water
table following erosion, can all initiate or accelerate the hardening of
laterite. Furthermore, any disruption of water balance that results either
in drying of soils that were previously wet or in alternate wetting and dry-~.
ing of soils, creates appropriate conditions for hard laterite formation.
Much of the lateritic soil which underlies 4% of the Mekong Delta, for

example, onld probably harden if denuded of vegetation and dried. Destruc-
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tion of irrigation systems might very easily bring about suitable conditions
for laterization in some rice-growing reglons [4, 16, 18, 24, 29]. The mag -
nitude of the danger of laterization in Indochina, is, however, very diffi-
cult to estimate, Though the major features of the laterization Process are
fairly well known, the actual outcome in any particular area depends on
subtleties which are poorly understood.

5. Bomb Craters

More than 10 million craters have now been created in South Vietnam
alone, mostly by 500 1b. and 750 1b. bombs dropped by B-52 aircraft [11].
This is equivalent to an area of as much as 650 km? and to the excavation

of some 2,5 billion cubic yards of soil [11]. Substantial areas of Indo-

the moon. Craters persist for many Years,.as evidenced by the continued
pPresence in New Guinea jungles of bomb craters from World war II. Cratering
has rendered useless much agricultural land; filling in even a single crater
{as much as 15 to 30 feet deep and 30 to 45 feet in'diameter) is a difficult
task for farmers who do not have mechanized equipment. The task of land
reclamation is made especially hazardous by the widespread occurrence of
unexploded munitions buried in the soil [11]. Cratering also has the effect
of altering the soil structure, bringing infertile subsoil to the surface,
Ccreating severe local relief and erosion, and affecting drainage patterns.,
Craters which have filled with water provide breeding grounds for malaria-
carrying mosquitos. The full impact of large-scale crhtering has not been
studied. Beneficial effects are unlikely; any postulated mixing of useful
nutrients from deep in the soil would have only short~lived effects. 1In the
absence of vegetation, the nutrients would be leached away rapidly, leaving
sterile subsoil at the surface [10, 11j.

6. Bulldoazing

Air warfare is also partly responsible for much of another kind of land
destruction, the bulldozihg of more than 3,035 km2 of forests and fields by
the Army Corps of Engineers in South Vietnam since 1965. Much of this land
clearing is done to remove cover in which enemy troops could hide and to ex-

pose their movements to aerial observation.

Bulldozing is more effective at removing cover than is spraying with
herbicides. The teams of huge armored D-7E and D~9 caterpillar tractors,
equipped witb sharpened Rome plow blades which cut off or push over all
vegetation j@st above the gfognd, leave nothing standing. Strips up to
1opo-2000 fe%t wide along the roads, large blocks of forests,and agricultural
lands are buﬂldozed. Sometimes the gfound is scraped down to the infertile
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climax vegetation behind the coastal mangroves, though the ground level re-
mains at water level since silting has ceased. As well as forming and
slowly extending the Mekong and other delta lands, much of which have been
converted to rice-growing, mangrove forests provide timber, fuel and char-
coal wood, and essential habitat for stages in the food chains supporting
some commercially important fish and shellfish. Having formed and extended
the coastline, mangrove forests also protect it from erosion by the sea.

In a region subject to frequent typhoons this function can be crucial,

8. Coastal Pine Foreete are relatively open forests occurring on poor

seashore soils. They contain few species and cover relatively small areas,

8. Bamboo Forests, mostly in dense stands, occur in almost all parts
of Indochina. Invasion by various species of bamboo is considered by many
to be one of the greatest threats to forest regeneration, as discussed
later.

The areas covered by forest in Indochina have been estimated as follows
[311:

Total Forest Percent of
: {(km2) total area
Cambodia 133,720 74
Laos 140,500 5%
North vietnam 79,000 50
South Vietnam 56,000-
100,000%* 33-60%*

The areas occupied by the different formations have been estimated for

South Vietnam as follows [1, 2, 16]:
Area (kmz)

Evergreen and Montane Forests 40,000~50,000
Monscon and Dry deciduous Forests 10,000~-20,000
Coniflexous Forest and Coastal Pine Forest 1,500-1,800
Mangrove Forest 2,800

Rear mangrove (¥. leucadendron) 2,000
Savannah 1,300
Swamps and Marshes 8,500

Bamboo 1,000~8,000
Published estimates for bamboo differ widely. The remaining land area,

* i :
The upper limit is quoted from Westing [25, 32}. Discrepancy with the FAD figures may
reflect different interpretations of what should be considered as forest.
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originally mostly forest, has largely been modified for human use, primarily
for agriculture. The most recent available figures for arable and perman-

ently cropped land are as follows [31l]:

Cambodia 29,840 km2
Laos 8,000 km2
North Vietnam 20,180 km?
South Vietnam 28,370 km?

Extent of bombing and aerial spraying

In South Vietnam, a total of about 21,000 km2 of ‘forested land is esti-

mated to have been sprayed one or more times with herbicides through 1970.
This represents about 35% of the total forested land in the country {26, 32].*
The sprayed area includes approximately 13,500 km2 of fairly mature, merchant-
able hardwood forest (almost one guarter of South Vietnam's total}, mainly
evergreen rain forest, monsoon and dry deciduous forest. A&lso included is
approximately 1,400 km2 of coastal mangrove forest in the Mekong Delta region,
representing about one half of this forest type [1]. About one third of the
hardwood forest treated with herbicides was sprayed more than once. Much
additional spraying along roads, near military installations and in forests
has been carried out by helicopters or ground equipment, for which records
have been less systematically kept. Herbicides have evidently also been
sprayed in southern Laos {Ho Chi Minh trail system} and northeastern Cambodia
(8ihanouk trail system}, though figures for the sprayed acreages are un-
available [1, 9, 26]. About 700 km2 have been sprayed in southeastern Cam-
bodia (the Fishhook region) {[9]. ‘

In addition te the cratering caused by 500 and 750 lb, bombs, discussed
earlier, a mighty new 15,000 lb. bomb, the BLU~82/B “Daisy Cutter," has now
become operational in Indochina. Probably about 150 of these weapons, used
largely to clear jungle areas for helicopter landing zones, have been exploded
so far, killing or injuring wildlife in an estimated area of 470 km2 [32].

Ecological Damage to Vegetation
a. Mangrove forests

Mangroves are especially susceptible to hexbicides, a single application
almost completely destroying all vegetation [1, 4]. Moreover, areas sprayed
as long ago as 1961 had shown little or no signs of regeneration eight years

later [1l1]. Vast wastelands of dead trees are now all that remains of 50%

A

Westing [25] gives lower figures. Before the war, more than 100,000 km2 of South Vietnam
were covered by forest., So far, the war has c¢laimed at the very least 12,000 xm2 of the
forest cover,. Rather more than a third of this is due to herbicide spraying, somewhat less
than a third to bulldozing, and the remainder to bombs and other munitions [28],
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of South Vietnam's coastal mangroves. Regeneration of the mangrove forest
may ke very slow, except along river banks, because the seeds are dispersed
by water at an early stage of primary succession. In many areas of mangrove
forest the soil level has risen sufficiently to prevent flooding except by
the highest tides. It is likely, however, that mangrove regeneration might
occur more rapidly following extensive soil erosicn which would lower the
land to a level more suitable for colcnization.

Such erosion may be already occurring, and dredging operations have had
to be substantially increased in the Saigon River ship channel as a result
of extensive mangrove defoliation in its vicinity [2]. Dead mangrove roots
once decayed will no longer stabilize the soil and trap silt. The emerging
land is once again at the mercy of floods and tides, and considerable shifting
of river channels and mud flats, as well as loss of soil to the ocean can be
expected in the future, especially if the region is struck by a major typhoon
(1, 4, 10, 11, 23, 33].

b. Hardwood Forests

As mentioned earlier, most of the herbicide treatment has fallen on the
evergreen rain forests and monscon (seasonal) forests, though studies of ef-
fects of herbicide treatment have largely been restricted to the seasonal for-
est type [2]. A single application of agents Orange or White kills scme of
the top story trees of a tropical seasonal forest, though lower vegetation
is largely protected by the upper canopy and, barring further treatment, such
. 4, 11, 32]. How-
ever, a second spraying on a forest which has already been partially defoliated

a forest can regenerate itself within several years [1, 2

by the first treatment has a disastrous effect, killing almost all woody vege=-
tation, including seedlings {1, 11, 24, 32]., Regeneration of such a forest
will be exceedingly slow, for the following reascns:

(1} Loss of nutrients, discussed in the earlier section on soils, seems to

be an inevitable consequence of severe forest defoliation. When the outflow
of various nutrients (nitrate, potassium, calcium, etc.) was carefully moni-
tored in stream water leaving a clear-cut forest in New Hampshire, it was
found that loss of nutrients from the ecosystem increased dramatically a few
months after defoliation. This rate of loss, many times higher‘than that in
adjacent uncut forest watersheds, was maintained for several years Following
defoliation and, indeed, still continues {34}. Since so little is known

about the, structure and function of tropical forest ecosystems, it is unfor-
tunately impossible at present to make accurate predictions about them on the
basis of data from temperate forests such as the one in ﬁew Hampshire. We can
guess, however, that nutrient loss following defoliation would be more severe
in a tropical forest for the simple reason that almost all the organic matter

is present in the vegetation itself rather than in the soil. 1In a temperate
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forest, by contrast, a very large proportion of the ecosystem's nutrients
at any time are present in the soil, with a correspondingly lower percen-
tage in the vegetation [19]. Organically-poor soils would be less able

to 'trap' mutrients as they are released from plant decay and they are less
able to withstand the physical impact of heavy rain, leading to a greater
risk of ereosion. Moreover the tropical soils would have far lower nutrient

reserves available for regeneration than do their temperate counterparts.

Certain root-associated fungi called mycorrhizae, which are especially
abundant in nutrient-poor tropical forest soils, may be responsible for the
transfer of nutrients from decaying organic material to plant roots. They
may, in effect, close the nutrient cyele and prevent minerals from being
lost into the soil where the water could leach them away. Mycorrhizal fungi
are destroyed by the cutting, burning and cropping of shifting cultivation,
and this may contribute to the rapid deterioration of the soil under this
agricultural system [35]. Thus the effecf of herbicides on mycorrhizal
fungi in Indochina, about which little is known, may be crucial to the

ability of sprayed areas to be revegetated.

Loss of nutrients, of course, has a profound effect on the process of
revegetation. Thousands of years may be required to rebuild the system to

the extent that it could once again support, say, an evergreen rain forest.

(1i) TInvasion by grasses, Tropical forests are amazingly diverse and finely
structured systems. Ten acres of Amazon rain forest, for example, may con-
tain almost 200 species of tree; more than 3,000 species of highexr plant

have been counted from only 3 square miles of Brazilian forest [36). Each

of these species is so narrowly adapted to a particular range of physical and
biotic conditions within its habitat that it cannot survive even relatively
minor disturbance. Following defoliation, the wider variations in temperature
and humidity, the depletion of available nutrients and the disappearance of
other interacting species all combine to bring about local extinction. De~
foliated areas in Indochina are generally invaded by grasses (such as bamboo)
‘and other hardy 'pioneer' species which are adapted to exploiting full sun-
light and can thrive on depleted soils. Such invasion is a normal stage in
the secondary succession of cut forests in Indochina but it apparently main-
tains itself almost indefinitely in severely cleared areas by inhibiting the
growth of ojher plant species which would otherwise replace it [4, 11, 23].

Typlcal figures {kg/ha) for total mineral elements in plant biomass/total mineral elements
contained in forest floor are 745/2,221 for subarctic taiga pine forest, 5,800/800 for tem-

perate zone cak forest, and 11,081/178 for tropical rain forest [19].
*

In fact all the extensive grasslands and savannahs in Southeast Asia may be the result of
such invasion of destroyed forests [23].
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of the larger animals and birds is an added threat to many species. The

full extent of the danger of species extinctions can only be determined by
extensive field investigation [11, 247,

In areas which have been totally disrupted by herbicides, bombing,
bulldozing, or fires, any toxic effects of herbicides themselves are of aca=-
demic interest only; the fauna is doomed anyway by habitat destruction., How-
ever, in rivers and lakes (and possibly also the ocean) and in hardwood for-
ests which have received only one spraying of herbicide and can thus regen-
erate themselves within a relatively short time period, such toxicity of
herbicides provides an additional threat to the fauna. Different species of
animals appear to have widely different susceptibilities to the herbicidal
agents used and it is almost impossible to estimate the impact of these com=-
pounds in Indochina, especially since most of the research has used temperate
rather than tropical species for toxicity determinations. The following
examples give some indication of possible problems for animal species:*

About 40% of a reindeer herd died and a further 15% aborted their young when
they fed on coniferous vegetation treated 9-10 months earlier with a mixture
of two parts, 2,4-D and one part 2,4,5-T at about 2.5 lbs,/acre; the foliage,
when eaten by the animals, contained 25 ppm of 2,4-D and 10 ppm of 2,4,5-T
[44). Spraying a field with 2,4-D at 3 1bs./acre resulted in the death of
22% of the honeybees working the field (possibly due te a toxic metabolite
secreted by plants into the nectar) [45]. 1In many plants, treatment with
2,4~D may result in much higher levels of nitrates (which can be fatal to
animals feeding on the plants) [7]. 2,4-D and 2,4,5-T have been found to be
toxic, at widely ranging concentrations, to many species of fish and to
invertebrates which serve as food for fish [7]. Dioxin, a contaminant of
some commercial 2,4,5~T is stable, toxic to some animals and is concentrated
up food chains., Fetus deformities in several species have resulted from
various dosages of 2,4,5-T. Dioxin has caused special concern as a potential
teratogen in man (1, 4, 10, 11, 24]. On the other hand, other experiments
have indicated that herbicides have little or no effect on many animal spe-
cies [7]. It is clear that noc generalizations can be made and that the im-
pact of these compounds on the fauna of Indochina can only be assessed after
appropriate experimenté on the component species of that fauna.

Indirect Effects on Ecologieal Balance and Stability

Because of the intricate interdependence of all the species which make
up a functioning ecosystem, removal of any part of such a system inevitably.

* ]
The effects of pesticides, including the herbicides used in Indochina, on non-target

crganisms have been summarized recently by Pimentel [7].
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affects many other parts, often causing imbalances which may set off a chain
reaction. It has been demonstrated experimentally, for example, that the
existence of many species in a food-web may be dependent upon the continued
presenée of a single overall predator species [46]. If the predator is re-
moved, former prey species increase in numbers to the extent that they com-
pete with each other for food or space., The less efficient species are then
eliminated and the more efficient may reach outbreak levels, in turn deple-
ting their food supply, and so on. The greater the number of species in an
ecosystem, the more 'checks and balances' exist and the more stable the S5ys-~
tem is believed to be [22, 40]. The high species diversity of tropical eco-
systems is believed to be due in part to the higher proportion of predators
in the fauna [38, 40, 46}. Unfortunately, it is the predators which suffer
most from small amounts of pesticides in the environment since many of these
compounds tend to be concentrated from one step in the food chain to the
next [22]. Although the forest areas which have received only one applica-
tion of herbicide will probably recover fairly quickly (with the exception
of mangroves), there is a continued danger toc the predatory fauna of accumu-~
lation of herbicides or their metabolic products with consequent risk to the
species diversity and stability of the forest ecosystem in general. Of con-
cern, also, are the effects on forest regeneration of damage to the vital
populations of insect, bird and mammal pollinators and to those species which

act as dispersal agents for plant seeds and fruits.

Many of the relationships between organisms in natural communities are
mediated by a complex array of naturally occurring chemical substances, the
'pheromones' and 'allelochemics' [47]. These compounds are usually unnoticed
by man but are of vital importance to many species in reproduction, defense
or food Jlocation and identification. Disruption of this complex chemical
structure by even very small amounts of man-made chemicals could have pro-
found effeg¢ts at all levels in an ecosystem and vet almost no research has
been conduéted on this subject.

Effecta on Economieally Important Animal Species

Of prime importance to the population of Indochina are fish. Marine
fisheries are of greatest importance in North and South Vietnam (85% of
the total catch); freshwater fish are most important in Cambodia, where
fishing is mainly carried out in the richly productive Gfeat Lake [48].

It is impossible to decide whether or not the fisheries in Indochina have
suffered any extensive damage as a result of the war. In fact,the total fish
*
catch for South Vietnam has steadily risen between 1958 and 1969 [49, 50].

L1

These figures probably merely reflect the increased mechanization of South Vietnam's fish-
ing fleet over the past few years which would conceal any decline in fish production per
unit area [32, 50].
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Total Fish Catch (live weight) [49, 50]

1,000 metric tons

1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969
143.0 153.5 240.0 250.,0 255.0 378.7 397.0 375.0 380.5 410.0 403.0 463.8

However, some of the herbicides used in Vietnam are known to be toxic to
fish [7] and a time lag might be expected before any effects of these mater-
ials became apparent. Much would depend on whether or not these compounds
have reached concentrations in the water at which they affect the commer-

cially important species of fish. Also important will be the effects of

herbicides or their breakdown products on the various species of plankton

or bottom fauna which make up the main food resources for the fish popu-
lations. 1In general, it seems that the impact of the air war will have been
less severe in aquatic ecosystems than on the terrestrial flora and fauna,
though it is too soon to be sure.

IV. CONCLUSIONS

It is clear that the natural as well as the human environment of Indo-
china has suffered extehsive and in some ways irreparable damage as a result
of the air war. Coastal mangroves and inland hardwood forests, in particular,
have been radically altered over enormous areas and in many of these they have
been totally destroyed. Without more detailed information, however, we cannot
ascertain or predict with any accuracy the full effects of the war on the
flora, fauna, scils, water, agriculture and fisheries of the region., Basic
gcientific information about the structure and function of tropical ecosystems,
including those in Indochina, is meagre; moreover, the Herbicide Assessment
Commission team and other scientists who have visited the region recently have
been hampered by continuing hostilities and by inability to obtain certain
needed statistics from government sources,

We can only add our voice to theose of others in advocating urgently that
thorough long term investigations of the ecological effects of the war be
initiated as soon as conditions permit. In our view, priority consideration
in such research should be given to the following:

1. The toxXicity, stability and persistence, environmental concentration,

and chemical transformation of herbicidal chemicals in the soil, water, flora
and fauna. Of special concern are the possible health hazards to man of some
of these materials (especially dioxin), either from direct exposura or when.
ingested in food. | '

2, Detailed study of the consegquences to the major vegetation types of
defoliation, bombing, fires and bulldozing., Of special doncern here are the

extent and effects of nutrient loss from seoils, of invasion by bamboo and other

4015




NOTES ON ECOLOGY 261

grasses, of elimination of species (such as mycorrhizal fungi and plant pol-

linators) vital to forest regeneration, and of economic consequences of forest

defoliation, soil erosion and possible laterization.

3. The ability of mangrove forests to be regenerated, either naturally

or w1th human help, and the role of mangrove forests in the ecology and sta-

blllty of coastal regions., The role of the aquatic flora and fauna of man-

grove areas on commercial fish production needs special attention.

4. The nature and extent of the impact of the war on rare animals and

plants which may be in danger of extinction. Means to preserve these species

should be investigated.

10.

11.

1z,
13.
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