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INTRODUCTION

Ai rborne emissions from U.S. Army Ammunition man u’~..cturing plants
could pose a serious phytotoxi c hazard. Presently identified compounds
in these emissions incl ude compounds previous ly shown inj urious to vege-
tation as well as compounds for which effects on vegetation are unknown.
An attempt has been made herein to evaluate the potential phytotoxic
hazards that may be associated with munitions manufacturi ng operations .
Based upon this evaluation , recomendations for future investi gations are
incl uded that may be requi red to assist the Army Surgeon General in
developing the data—base for air quality standards are included.

Subs tances evaluated were selected on the basis of their probable
phytotoxic effects ’’2 (SO 2, NO, NO2 and NH3); their identifi cation by the
U.S. A rmy Materiel Comand as potential major air pol1utants 3.’~ (methylnitrate , tetranitromethane, nitromethane , and mononitrotoluenes); or
their release to the a tmospheri c envi ronment in relatively large quanti-
ties 5— 7 (acetic aci d, aceti c anhydri de, and 1120). Federal s econda ry
emission standards 8 have been established for nitrogen dioxide (0.05 ppm —

annual ari thmetic mean) and sulfur dioxide (0.5 ppm - maximum 3 hour con-
centration , not to be exceeded more than once per year). New Mexico
limits gaseous ammonia discharge to 25 ppm by vol irne in the gas stream.9
A revi ew of federal laws and regulations , state laws and current develop-
ments disclosed no secondary standards for the remai ning compounds con-
si dered. ~~

Each compound has been examined for its probable phytotoxi c effects
taking into consideration the chemical nature of the compound, atmospheric
reactions that modi fy compound toxicity , compound concentra tions and dis-
tribution , and vegetation within target areas.

A previous report in this series 1
~ dealt with the toxicology of a..irborne

munition wastes to humans and animals and has des cribed their point sources ,
emission scatter and other characteristi cs. This report expands on previ-
ous ones by adding phytotoxici ty implicati ons.

Extensive literature searches were conducted on each compound to
secure and evaluate any previous studies that would indi cate compound
phytotoxicity . Sources examined and key words are listed in Appendi x A
of this report. For compounds known to be phytotoxic and for wh ich limi t-
ing regulations already exist, only brief sttimari es of the variables
affecting phytotoxi ci ty, injury signs and sensitive plant species are
presented. The reader is referred to other literature reviews 1 ,2i ’5 for
a more complete descri ption on the phytotoxicity of those compounds .

5
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For injury to occur, compounds must make contact with plant tissue.
Thi s contact can be through v apors , aerosols, or through compounds dis-
solved in rain wate r or attached to parti culate matter. Pollutants could
be deposited on soil and absorbed through plant roots . Vegetation inj ury
coul d occur near the source or some distance away dependi ng upon pollutant
concentration and dispersion. Mixtures of pollutants may be more phyto-
toxic than indivicual pollutants . While major emphasis was placed on
phytotoxicity fro m gaseous contact of individual compounds with vegeta-
tion , reports indi cating toxi ci ty of compounds dissolved in water or
attached to parti culates have been included.

Accumulation of compounds in plant tissue could l ead to toxi city in
animal s and humans through food and feed chains . Previous reports2’16 ’17
have indi cated that some pol l utants (SO2, NH3, N20, acetic aci d) do become
incorporated into plant tissue. These compounds have been used in normal
plant nutrition , however, a d  are not considered toxic hazards. Accumu —
lation of the remai ning compounds considered is unknown and could be a
facto r in assessing the potential hazard of munition plant emissions .

SULFUR DIOXI DE

Sulfur dioxide (SO2) is a known phytotoxic compound.’”8
2’ National

secondary standards for ambient air quality have been established for SO2
at 0.5 ppm - maximum 3 hour concentration not to be exceeded more than
once per year.8 The extent and l evel of SO2 injury to plants is known to
be infl uenced primari ly by the SO2 concentration , the duration of exposure ,the presence of aerosols and ozone, and the sensi tivity of the plant
species .1

’
18 20 More work has been done on SO, effects on plants than

probably any other pollutant. A recent compre flensive revi ew is by Brandt
and Heck (l968) .’~

F Acute inj ury is indi cated by dead leaf tissue between veins and along
leaf margins .’’’8 .2’ Chronic injury is general ly indi cated by brownish-
red or bleached white areas on leaf blades.’’’8’2’ Unders urface silvering
may appear as cells below the epi dermi s collapse from 

~°2 damage. Injury
can be caused by 0.3 ppm SO2 for 8 hours and probably is due to a build- up
of sulfite and sul fate ions ins ide the leaf from SO2 interacti ng with
intracellular water. Since SO, enters the plant leaf through the stomata ,
plants are most sensitive in the daylight when stomata are open .1.’8
Plants have been found to be relati vely more sensitive when leaves a r e
low in sugar.18 Generally middl e-aged l eaves are more sensitive than
olde r or younger leaves.
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Oxidation of SO2 in the atmosphere can l ead to the formation of sLi-
furic aci d aeroso~. In contact with plant surfaces, the aerosol causes
small punctate spots on leaves , generally on the upper leaf surface.1
Ozone in the air acts synergistically with SO2 to reduce the leaf inj ury
threshold. 1’18

Some plants which are relati vely sensitive to SO2 are listed in
Table 1.

A14’IONIA

Ammonia is known to be phytotoxic to plants in relatively high con-
centrations. 15’22 ’23 Field injury has been reported when anhydrous
ammonia used as fertizlier contacts vegetation . There are no reports of
acute in.jury symptoms due to slow release of ammonia from industrial
plants .23

Buckwheat , CoZe~.o, sunflower , and tomato foliage are injured by 1 hour
exposure to 40 ppm or 4 hour exposure to 166 ppm ammonia.2~ Signs of
inj ury include tissue collapse and chlorophyll loss with leaves showing
a cooked green appearance and becomi ng brow n upon drying. Monocot leaves
may develop bright red or purple pigmentation streaks in the leaves .
Leaf and fruit tissue of some species may turn black under high concen-
trations (200 — 400 ppm NH3). 22

Ammonia will inhibit nitrogen fi xation ,16 but probably this does not
lead to plant destruction. Relative sensitivity of some speci es of plants
to NH 3 are indi ca ted in Table 2.

ACETIC ACID AND ACETIC ANHYDRIDE

Gaseous a cetic aci d has been demonstrated to be phytotoxic in some
plants . Fumigation of red o~k, common hawthorn e, white dogwood and other
woody plants with 0.0011 g/m of acetic acid redu ced growth of the shoots.25
Acetic acid vapor in high concentrati ons (1.0 to 1.5 g in 3 1 at 0.5°C)
may affect the dormancy and development of buds in tiydwchai~.J~s speci es.26
Sugar cane growth was inhibited by volatilization of acetic acid from
soil. 27

Acetic aci d v apor has been reported to be absorbed and utilized by
bean leaves during photosynthesis ,17 but there was no indi cation of
phytotoxicity .

7
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TABLE 1. SELECTED PLANTS WHICH ARE RELATIVELY SENSITIVE
TO SULFU R DIOXIDE a

CROPS

Al fal fa Cotton Soybean
MedLcag o 4 a.tLva , L. Go~4yp4 ~.um, sp ., L. G-e~jwie mcix., Merr.

Barley Oats Wheat
Ho’td~.um vuLgcvte~, L. Avc~na ~o.~tiva, L. T’t~t~cum, sp.Bean , field Rye
PhcJ.eoLu4 , sp., L. SecaL e c eiteaLe L.

Clove r Safflower
Me.U~o.tu4 S T’tJ4 tLwn, Ccv~..thamu4 .tAiic.tck-Lu4 ,
sp. L.

GARDEN FLOWERS

Aster Four o ’ clock Verbena
A4.te.’L. b~L9th~v~U M . ~thJJJ~ j a.&~pa , L. Ve’th~na canade~n4A...o ,

Brit.
Bachelor ’ s b utton Mo rning glory Violet

C eni aAecz cyana4 , L. l pomoea p WtpWtc~a , V~oJLa, sp.
Roth

Cosmos Sweet pea Z i n n i a
Co4mo~s b~p~nna~tw3, Cau. Lct.t.hy’zws odo ’uttw~, L. Z~ n~u.a e~L~gan4 ,

Lo renz

TREES

Apple Larch Pine , Eastern white
MaLu4 , sp. Laii.~~, sp. Pi.~nuo ~.t’wbw~, L.

Bi rch Mulberry Pine , ponderosa
5~ tu~a, sp. Mo~’w.4 rn. .c.n.cphtjt&t, P.Lnws pcnde.’w4a ,

Bucki . Laws
Catalpa Pear Poplar , lombardy

Ca..ta.~pa 4pe.c~~~a, Wa rder Ptj iu~.o cornmun.i.A, L. Po pu.ews n~gn.a , L.
Elm , Ameri can

U~mu4 tzm~~Lcana, L.

GARDEN PLA N TS

Bean Lettuce Spinach
Pha4~ C.~u4 v tLeg a/M 4 , L. Lac~tuc.a ~s~tt<vc~, L. Sptnac~a 0JLQAitCCZZ, L.

Beet , t ab le  Okra  Squash

~~~ VU29CJ~4AS , L. f LL b~4cu~ e.4cw~en.tu6 , Cucwth~Lt~t max.~ma,
L. Duchesne8



Table 1 continue d

Broccoli Peppe r (bell , chili) Sweet Potato
Bk 4.~ c~l o~e/7..ac.e.a vai~. c~~~cw~i ~kLL.te4 c.~~~ Ipomo ejz bo...ta-ta~ ,
bot.1t~l.tL8 , L. L. Lam.

Brussel sprouts Pumpkin Swiss Chard
~~~~~~.{.CLZ o~e/utce.a vctt. Cuc.wthLta. pepo , L. Se..ta vu.~.gw~Lo vcJt.

n v t~ e/ra, L. c~ cea, L.
Carrot Radish Turnip

Va.ucu6 ca~W.tiz vax. Rap hanuA 4a ~t~vu4 , L. 13/u7.44~LcLt kap cl, L.
~a-twcz, L.

En di ve Rhubarb
C~tho-’t.~wn enckv~La, L. Rhe.um ~‘t hapo n~t~cw~i , L.

WEEDS

Bindweed Fleabane Ragweed
Co two.evu.&u~ cvweM~A, L. E.t.Lg e.iwn nad cn .~~, Ambn..o4~a

L. a~~ n~~~~ ot~.a, L.
Buckwheat Lettuce , Pri ckly Sunfl ower

Fagopy/ZWJJ 4ag L.t.ta~tw~i , Lac.tacii 4c ~Vu..o&t, L. H e Lzn.thw~, sp.
Gilib.

Careless weed Mallow Ve l vet-weed
Ama/w.n...thu4 p c~mvi~ Ma.L~va paxv L~~on~ Gawt~a p aiv.i44F~o~ta ,
S. Wats. Dougl.

Cu rly dock Pl antain
RWflVt c/ ~i.4pwS , L. P~an~tago rnajon., L.

a. Summary table from Barnett and Benedict (l970).18

9
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TABLE 2. SENSITIVITY OF SELECTED PLANTS TO AMMO UIAa

SENSITIVE

Mustard Sunf lowe r
~~~~~~~~~ ~~~~~~ Coss. Ue .an.tlLws artnuao, L.

INTERMEDIATE

Buckwheat  Grass , a n n u a l  b l u e  Tobacco
Fagopy itwn ~~cuLen~um, P oa~ annua , L. t~.co t.thna tctba cwn, L.
Moench.

Cheeseweed Grass , Kentucky blue Tomato
MaLva 40 ndi~o~~~ , L. Poc~ p rt4 (.4 , L. Ly ’cope~~Lco n e4cu~en.twn,

Mill.
Coleus Lambs—q uarters

CaLeu4 , sp. Che.itopod .4 .um aLbtwi , L.

RESISTANT

Apple ( fruit) Da ndelion Peach (fruit)
MaLw~, sp. Ta~ zxacw n P’wnw~ pc’ s~ ca, Sieb . &

o~~~c..uza~ e, Webe r Z ucc.
Chi ckweed Nettle-leaf geosefoot Pigweed

Ce/ ta4 ~tLwn, sp. Cf t ~nopo d~iu.m muxa.~.e , Ama~ zti..t(i u4 ~etf l .o~~ exu4 ,
L. L.

a. Summary from ~ieck , e..t a.~. (1970).
18

Aqueous solutions of acet ic  ac id supplie d to plants .lave been show n
to be phytotox ic. 28 30 Wheat root growth was reduced 80- 86% by a 1.25 M
so lution of acet ic  acid. 31 Addit ion of 5~ acetic aci d solution will
reduce the vitami n C content of several vegetables and fruit. 32

Because of i ts rapid conversion to acetic acid ir, the presence of
water ,33 acetic anhydri de probably would be phytotox ic to the s ame extent
as acetic acid.

10



- -  ~-- . .- - — — - -~~~~~~~-~~-- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

N ITROUS OXIDE

Gaseous nitrous oxi de (N20) is reported to have no effects upon the
seismonic sensitivi ty of M~nio4a p lants 3

~ nor on numerous bac ter i a exposed
to the gas.35 Some bacteri a and plants produce smal l amounts of nitrous
ox ide in normal metabolism. 16 ’35 Ni trous oxi de in high concentrations
probably will inhibi t nitrogen fixation in plants by acti ng as a competi-
ti ve inhibitor for nitrogen.~6

No available info rmation implicates N20 as a phytotoxic compound in
the environment.

NITRIC OXIDE AND NITI~ GEN DIOXIDE

Nitri c oxide (NO) and nitrogen dioxide (NO,) are known phytotoxic
compounds .36

~~’ Nati onal secondary standards ~or ambient air qualityhave been established for NO2 at 0.5 ppm.8 NO2 appears to be more phyto-
toxic than N0.36 ’~’ Concen tration of the nitrogen oxi de, durat i on of the
exposure , light , and sensitivity of the plant speci es are reported to
affect the extent of n i trogen oxide injury to vegeta tion .~

1

High concentrati ons of NO (>25 ppm) coming in contact with vegeta-
tion will generally cause nec~otic lesions on leaves and subsequentdefol iation. 1 ’36 Low l evels of NO2 (<1 ppm ) over 10-22 d ays cause chloro—
sis of leaves and growth supression. 1 .36 Phytotoxici ty of NO2 i n the
dark is almost twi ce the phytotoxici ty of NO, in the l ight. 1 D i fferences
in sensitivity among plant species are illus TEra ted by tomato which is
reported to be injured by 6 ppm NO2 for 2 hours 36 an d heath (Efl.-tcLz caxne~a)
wh ich is unaffected by exposure to NO2 at 1 000 ppm for 1 hour.L 0

Necrotic lesions on plant leaves exposed to high concentrations
appear as water-soaked areas on the upper surface. Tissue in these
regions collapse and give the lea f small i rregular necrotic patches ,
generally light brown or bronze in color. The lesions may occur in
any area of the leaf but become most prominent at the apex and l eaf
mar gids . In addition, leaves may develop a waxy coati ng or glazed
appearance. Severity of response on plant leaves vari es with the age
of lea ves and can be more severe on old or young leaves depending upo n
plant speci es .36 Defoliation occurs in citrus (CA~ ’uth sp.), azaleas
and  h i b i s c u s  ( i l ~.b~~c.u4 sp.).39

~~
2

Bean an d tomato plants growing for 22 days in an atmosphere contain-
i ng 0.5 ppm NO2 showed a 25% reduction in dry weight as compared with
con trols not exposed to NO2.37 Carbon dioxide absorption (necessary for
photosynthesis) was depressed in tomato and bean plants by exposure to

11
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NO a t 4 to 10 ppm, al though normal absorption returned followi ng removal
of NO from the envi ronment.36 Both NO and NO2 inhibit photosynthesis
at threshold concentrations of 0.6 ppm .L 1

Rela ti ve sensitivity of plants to nitrogen dioxide are indicated
i n Tab le 3.

Nitrogen oxides can contribute to formation of ozone (a known
phytotoxic compound) by interacting with hydrocarbons in the air.~

3

TABLE 3. SEIISITIVITY OF SELECTED PLANTS TO NITROGEN DIOXIDE a

SENSITIVE

Aza lea Hibi scus Sunflower
lZho do dend ’w vt, sp. h~ bLoctiA 4o4a~~nett~L4 H e~Uan~tJtu4 an~tuL43 , L.

Bean , pinto Lettuce (head) Tobacco
Pha~eo.eu6 vaLga.’u.4 , L. Lac..tac.a 4 cttLva, L. N~Lco tLcJta 9A~u tA.no4a,

L.
Brittl ewood Mustard
Me Leac.a ~eac.adcrtd&a ~4a4~~ca, sp. , L.

I N T E R i I E D I ATE

Cheeseweed Dan delion Orange
MaL va pa IwJL go ~~ L. Ta ’w.xacum o ~ gc.~naL e, C~.tka4 4~ nc.~t4~A,

Weber Osbeck
Ch i ckwee d Grass , annua l b lue . Rye

S.t e.Uax.<.a med.La , Poa awiua, L . SecaLe ce4eaLe, L.
Cy ri l 1

RESISTANT

Aspara gus Grass , Kentucky blue Nettle -leaf goosefoot
A6pa /ta 9w~ o~~~c,L~wLL.s , Poa. p4a.te.n4~.4 , L. Ck~nopo d.~.wii, sp.
L.

Bean , bush Heath Pigweed
Ph a6 eoi~ws vaLga’~~, L. E~~cg, sp. Chenopo ckum, sp.

Carissa Ixora
Ca~~4~a caAa.nda4 lxo ’uz , sp.

Croton Lambs-quarters
Co cUaew~i, s p .  Ch no poctLw~ aLbwi~, L.

a. As summarized by Taylor and MacLean (l970).36

12
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METHYL NITRA TE

No information on phytotoxicity of gaseous methyl nitrate to higher
plants was ava ilable. ReportsL

~+ ,4s ind icate that methy l nitra te is muta—
gen ic in E. co1.~L bacteriophage T4B at concentrations less than 0.054 M.Methyl n itrate may undergo photolysis to produce NO2. 46

N ITROMETHANE

Fum igati on tests with nitromethan e at 1 ppm produced no visible phyto—
toxic signs on spinach , endive , beets , oats or alfalfa. 47 No other i nfo r-
mation on the phytotoxi city of nitromethane was available. Nitromethane
may undergo photolys i s to produce NO2.46

TEl RAN ITROMETHANE

There is no ava ilable information on the phytotoxi city of gaseous
tetranitromethane. Of primary concern may be the photolysis of tetra—
nitromethane to give NO2,46 a known phy totoxi c compound.

MONON I TROTOLUENES

Limited information is available on the phytotoxici ty of gaseous
monon itrotoluenes . A report by Fant , 

~~~~ aL.,48 in 1923 indi cated that
gaseous monon itrotoluenes decreased the growth of germinating corn
seedlings .

Other stud ies have reported the response of plants growi ng in aqueous
solutions of mononitrotoluenes . Using duckweed , L e.rnna pQJtpu.4LU.a Torr,
Schott and Worthley (l974)~~ tested the phyto toxici ty of o—nitrotolue ne,2,4— dinitrotoluene , 2,4,6-trinitroto l uene and 4—amino-2—nitro toluene in
concentrations of 0.01 to 100 ppm in comparison with phytotoxi city of
2,4-dichlorophenoxyacetic aci d, a herbicide . A summary of the results
are presented in Table 4.

In another study , o— , rn- , and p-nitrotol uene are reported not to
affect water microf lora.50 Applica tion of o-nitrot oluene at 1000 liters
per hectare has been used as an effective herbici de for i rrigation
canals. 5’ ,52

13 
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TABLE 4. RESPONSE OF DUCKWEED TO TNT AND RELATED WASTES
IN AQUEOUS SOLUTIONa

Solution Concentration of Compound (ppm)

Compound pH . 100 50 10 5 1 0.5

Responsec

o-Nitrotoluene 6.3 0 - 0 - 0 - 0
8.5 0 0 0 - 0 - -

2,4-Dinitrotoluene 6.3 0 - D - X X 0
8.5 0 0 D 0 X - 0

2,4,6—Trinitrotoluerie 6.3 - 0 D D X 0 0
8.5 - D D 0 X - 0

4—Am ino—2—ni trotoluene 6.3 0 X 0 — 0 — -
8.5 X X X - 0 - -

a. Da ta from Schott and Worthley (l974).~~b. Concentration at which 2 ,4-di chiorophenoxyacetic is toxic.
c. 0 = death ; X = decrease in growth rate ; 0 = no effect; - = not tested.

DISCUSSION

Prev i ous sections of this report have outlined the know n and poten-
tial phytotoxici ty of 11 compounds associated with U.S. Army muni tion
manufactur ing plants. A summary of the available phytotoxicity data is
presented i n  Table 5. Data on ambient concentrations for nitrogen
dioxide , sulfu r a i ox i de , and acetic acid indi cate that present l evels
probably are not phytotoxi c (Table 6). Howeve r, increased plant opera-
tion undoubtedly woul d increase levels above the phytotoxic threshold.
in add iti on , under certa in a tmospheri c conditions the dilution of air-
borne pollutants that normally occurs between point sources and facility
boundaries could be prevented thus causing infrequent but serious phyto—
toxic injury . Information is l acking for making any conclusive state-
ment on the remaining compounds .

14 
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TABLE 6. ESTIMATED AMBIENT CONCENTRATIONS OF SELECTED
MILITARY-GENERATED AIR POLLUTANTS

Estimated
Concentrati on , Refer-

Pollutant Site mg/rn Location ence

Acetic aci d HAAP, Area A 5.1 At bounda ry 14
HAA P, Area B 1.3 At boundary

Acetic anhydri de HAAP , Area A 0.58 At boundary 14

Methyl nitrate HAAP , Area A 0.42 0.12 km outside 14
boundary

HAAP, Area B 0.27 At boundary

Nitro methane HAA P, Area A 0.026 0. 12 km outside 14
bounda ry

Tetranitromethane VAAP 0.13 0.8 km outside 14
boundary

RAAP 0.48 At bo unda ry

Nitrous oxi de IIAAP , Are a B 3.0 At bounda ry 14

Mononitroto luene - Unknown — -

Nitri c oxi de VAAP 0.028 ppm (ave.) Pond 5 outside 54
boundary

Ni trogen dioxi de lIMP, Area A 0.090 ppm (max.) A t boundary 6
HAAP , Area B 0.200 ppm (max.) At boundary
VAAP 0.036 ppm (ave.) Pond 5 outside 54

boundary

Sulfur dioxi de HAA P, Area A 0.255 ppm (max.) At boundary 6
IIAAP , Area B 0.270 ppm (max.) At boundary
VAAP 0.011 ppm (ave.) Pond 5 outside 54

bo undary

Munonia - Unknown - -

16
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RECOMMENDATIONS FOR FUTURE STUDY

Site inspections , by a qual i fied plant physiologist, should be con-
ducted of the vegetation at appropriate locations in the spring and
summer to locate any visual signs of phytotoxicity .

Initiation of test trials to determine the phytotoxicity of compounds
(individually and collecti vely). Tests should incl ude: acetic acid ,
acetic anhydri de, methy l nitrate , tetranitromethane, nitro methane, and
mononitrotoluenes .

Monitoring programs to ascertain the concentrations at sel ected
• production sites should be initiated for ammonia , nitrogen ox i des, and

the mononitroto l uenes .

Quantitati ve dispersion modeling for the prediction of ambi ent
concentrations of air pollutants around production sites under various
(normal and adverse) atmospheri c condi tions. Careful consideration
must be given to downwash, fumigati on , thermal inversion frequenc ies ,
and effects of surface topography . Thus , the work in reference 4 should
be extended to cover conditions of importance in the predi ction of
phytotoxic injury .

17 
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APPENDIX A

INFO RMATION SOURCES CONSULTED FOR PHYTOTOX IC DATA

A. Reference Books

1. Hindaw i , I.J., “Ai r Pollu tion Injury to Vegetation ,” Pu bl. No.
AP—7l , U.S. Dept. of Health , Education , and Welfare. National
A ir Polluti on Control Adm~n., Rale ig h , NC (1 970).

2. Jacobson , J.S. an d A.C. Hill , “Recogni tion of Air Pcl lution
Injury to Vegetation: A Pictoral Atlas ,” Air Pollut ior Cc ”tro l
Assoc iation Info rmative Report No. 1. Pittsburgh , PA (1970).

3. Stern , A.C., “Air Pollution , Volumes I and II ,” Academi c Press ,
New York , NY (1968).

4. Mansfield , l.A. (ed.), “Effects of Air Pollutants on Plants ,”
Cambr idge Un i vers i ty Press , London/New York (1976).

B. Abstract Journals Searched

1. Chemi cal Abstracts , from 1907 throt,gh 1970 (Key Wo rds: mono-
nit rotoluenes , methyl n i tra te, nitromethane, tetran i t romethane ,
acet i c ac i d, acetic anhydride , n itro us oxide , ammo ni a, explos i ves ,
munitions , phytotoxi ci ty).

2. Biological Abstracts , from 1926 through 1970 (Key Words : mono—
nit rotolue nes , methyl n it ra te, n itroniethane , tetran i tromethane,
acet i c ac i d, ace ti c anhydr i de , n i trous ox i de , ammon i a, explosives ,
muni ti ons , phytotoxicity).

C. Computer Searches

1. NTIS , 1964 to present (Key Words : mononitroto luenes , methy l
nitra te , nitrome thane , te tran i tromethane , acet i c ac i d, acet i c
anhydri de , n it rous ox i de, amonia , ex p los i ves , mun it i ons ,
phyto toxici ty , pink water , red wa ter , dynam ite, gunfi re).

2. CAIU , 1970 to present (Key Words : monon itro tol uenes , methyl
nit rate , nit romethane, tetranitrome thane , acet i c ac i d, acet i c
anhydride , n i trous ox i de , amm onia , ex p los i ves , munitions , phyto—
toxici ty , pink water , red wa ter , dynam ite, gunfi re).

3. DDC, 1940 to present (Key Words : munition(s), explosive(s),
dynam it e , TNT , ni tro compounds , tetran it romethane , nonon itro—
toluenes , n itrous oxide, n itrogen oxides , a cet i c ac i d, acetic
anhydr i de, methyl nitrate, nitromethane, sul fur dioxi de, pink
wa ter , red wa ter , phytotoxicity , effects on p lants , plant
responses).
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APPENDIX B

PROTOCOL FOR DETERMINING THE PHYTOTOXICITY
OF GASEOUS ENVIRONMENTAL CONTAMINANTS

SUMMARY

A protocol for ascertaining the phy totoxicity of airborne environ-
mental contam inants is described. The procedures outlined require a
series of different studies , some prerequisite to others . Each portion
of the protocol is designed to provide essential inputs for consistent
ecol ogical eval uati on of pol l utants , individually and if required , in
combina ti on.

The protocol is sectioned i nto tasks which progress from initial
field evaluation to completed testing of pollutants for phytotoxicity.
These tasks are l abel ed: (1) field studies and (2) greenhouse studies.

At the end of each task a decision point is reached and progression
i n or to a subsequen t task i s dec i ded on the bas i s of p rev i ous resul ts ,
p rogram needs , and resource ava ilability .

INTRO DUCTION

Develo ping a general appl i cation protocol for identification of air-
borne phytotoxi c contaminants necessari ly limi ts the definitive features
of these directi ves to suggested guidel ines . Plant response to air
pollutants depends not only upon specifi c characteristics of the plant
and po l lu tants , but also upon a multitude of modi fying factors within
the enviro nment pvt ~e. Innumera ble combinations of plants and con—
tdm inants may be encountered under different envi ronmental conditions .

A i rborne pollutants can be described by their physical state , gaseous ,
aerosol or parti culates . Pollutants in all forms can be injuri ous to
pl ants , a l t h o u g h  the amount  and type of ve geta ti on d ama ge may be d i ffer-
ent. Characteristics of gaseous pollutants may change as they become
dissolved in absorptive moisture or a ttached to particulates . Mixtures
of pollutants may i nteract to form new pol l utants . [This protocol -is
designed for determining phytotoxicity of gaseous pollutants as gases.]

For vegetat ive damage to occur , the contaminant must be in contact
with the plant. Some a i rborne po l l u tants a re known to penetrate i nto
plant tissue through stomates on aeri al portions of plants and thei r
phy totoxicity is limited to times when stomates are open . Other pollut-
ants may pass directl y through tissue surface layers . Contaminants di s-
solved in water or a ttached to parti culates may contact vegetation as
rain or dus t settlings and init iate the phytotoxic response at the plant
surface .
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Higher plants are distinguished by thei r differences in form , hab i-
tat, an d physiology . Wide variation in g rowth and development exist from
one gen us to another and signifi cant differences may exist wi thin cultivars
of the same species. [Plant sensitivity to gaseous pollutants varies with
p lan t types , p lan t env i ronment and p lan t deve lo pmental stages.]

Certain backgro un d informati on must be available before this proto-
col can be employed effecti vely. [Not all contaminants in the air are
necessari ly harmful to plants.] Amounts , types , an d effec ti ve release
t i mes of contam i nants should  be ascertained. Review of literature and
other informati on sources on each contaminant should be utilized to
identify the physi cal and chemical properti es, the di str ibu tion and
persistence in the environment and any known phytotoxic characteristics .
Vegetation surveys should be used to i dentify primary and significant
plan t species within target areas .

TASK ONE: FIELD STUDIES

The objecti ve of task one i s to discern any i nd i ca ti ons of compound
phy totoxici ty on nati ve flora. The best evidence of contaminant phyto-
toxicity is observation of definable plant inj ury at the target site.
Results from this study will assist in selection of test plants for other
tasks outl ined in this protocol and will give indications of the extent
of the po l lu ti on p ro b lem.

Experimental Procedures

Selected indi genous plant species of each area exposed to contami-
nants shoul d be examined for expression of phytotoxic synptorns . Gu i de-
l ines on field diagnosis of air pollution injury to plants are p resented
i n other sources 2’53 and are , therefore , no t repea ted i n th i s p rotocol .

Observat i ons must  be comple ted dur i ng a p la nt ’s grow i ng season so
phytotoxi c signs will easily be visualized. It would be preferable to
make at leas t two v i s it s to the contam i na ted a rea , one in spring after
trees have lea ves and a second v i s i t a pprox i ma tely 4 to 6 weeks la ter.
Observ ati ons shoul d be m ade on p lan ts i n the i nTn edia te  contaminant
source area an d primari ly dowrMind from the source until a point where
d ispers i on calculations indi cate signi fi cant dilution of pol l utants.
In add iti on , upwind areas should be evaluated for signs of air pollu-
tion injury . The upwi nd area serves as a control planti ng not expos ed
to contaminants and should i ndicate if there have been plant populatio n
changes downwind from a suspected contaminant source or if other sources
of contaminant exist within the area.
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Color photographs should be made of all inj ury signs for use in com-
parison with phytotoxic signs produced in greenhouse tr ials. All affected
plants shoul d be identified.

Conclusions

Evidence of vegetation injury at source sites may indicate p resence
of phytotoxic compounds among chemicals released. Lack of vegetation
damage does not precl ude phytotox ici ty of compound. Injury may be in
the form of reduced y ields , population modif ications or other measurabl e
c hanges .

TASK TWO : GREEUHOUSE STUDIES

The objecti ve of task two is to test the potential phytotoxici ty
of compounds through exposure of selected test plants to know n concen-
trations of contaminants. Proof of phytotoxicity requires consistent
demonstration of signs of injury under controlled conditions.

The type of initial test will depend upon the field evi dence of
phytotoxic ity . If no phy totoxi c signs are detected in the field ,
or in the absence of f ie ld observat ions , plants should be expose d to
mixtu res of suspected contaminant gases. (Certain interacting gases
should not be present in the sane mixture , e.g. ,  ammonia and acetic
acid. ) If phytotoxic signs are detected in the field , plants should
be exposed to individual contaminant gases.

Unfortunately, the cultural practices for growing each species of
plant is specific , and no general method can be recommended successfully.
The refore , the USDA or State Agri cultural Experiment Stations should be
consulted concerning problems in specif i c plant culture . Growth of
healthy plants under controlled conditions is not alway s simple and
cons iderable attention to light , temperature , pes t contro l , and other
growth vari ables is required.

As a general rul e , all dose- response data should be subjected to
probi t analysis. In addition , e valua ti on of com bi na ti ons of con tam i-
nants for synergism or antagonism should be determined.

Sel ection of Plant !~ ter i al

Plan t material must be suitable for growth in greenhouses , sens i-
ti ve to air pollutants and representative of plant species growing in
locations unde r investi gation. If poss i ble , indigeno us species which
were determined to be injured by airborn e contaminants or are particu-
larly prominen t within the area should be included. In addition , the
selec tion of plant categori es and specifi c species should utilize
i mportant economic plants of the area.
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Test plants for compound phytotoxici ty should include , but are no t
limi ted to , those listed in Table B—i . Selected plants should be grown
i n un ifo rmly m i xed so i l un der near o pt i mum cond i t ions of l i g h t , tempera-
ture and moisture for each species . However , i t should be recognized that
plants are sometimes mo re sensitive to air pollutants when growing under
st ress con diti ons.

E vi dence o f phytotoxici ty is indicated upon comparison of plants -‘
exposed to contaminants (test plants) and to plants not exposed to
contam inants (control plants).

TABLE B-l. SUGGESTED TEST PLANTS FOR USE IN
AIR POLLUTANT PHYTOTOXICITY STUDIES

Plant Reason for Selecti on Stage of Growth to Use

Be ans , P~~~eo~e~u~ Common air pollu tant Seeding to harvest
va1LgaizLs, L. test plant , dicot ,

ease of yield tri al

Tobacco , Ni~co.t -~ana Common air pollutant 4 Leaf to 16 leaf

~tczbacwn , L. test plant , di cot

Eastern White Pine, Cornon air pollutant Seedlings
P~L~iu4 ~s ~~~~~~ L. test p lant gyinnos pe tmi ,

woody species

Annual  b lue grass , Common air pollutant Seed to matur i ty
Poa a~i~iua, L. test p lan t , monocot
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Conclusions

Evidence of vegetation injury (visual or other) indi cates ( 1)  one of
the ind ividual components in the mixture to be phytotoxic; (2) two or
more components are additiv e or synergistic; or (3) chemi cal transforma-
tion in the mix has produced one or more new compounds that are phy to—
toxic. Further tests outlined in Phase II of this task should be cond—
ducted. The absence of vegetation injury (visual or other) would seem
to preclude any phytotoxi ci ty among the compounds tested and no further
tests would be necessary .

Experimenta l

Phase I — Mixture of Compounds. (To be used where there is no
evidence of phytotoxicity in the field.)

Matched and pai red greenhouses should be selected for growth and
exposure of plants to contaminants . One house of each pair to be desig-
nated a control greenhouse and the other a test greenhouse. The contro l
house(s) to be free of any gaseous pollutants and the test house(s) to
contain only gaseous pollutants unde r study . Pollutants shoul d be added
to the a i r  of the test house(s) so that the contaminants are equally
dispersed throughout the plant growing area. Monitori ng and control
systems shoul d maintain a fixed l evel of all pollutants in the test
greenhouses. Thro ughout the test tri als contaminant levels should be
at a minimum of twi ce the monito red l evel of pollutants in the field.
(Plants may be more or less sensitive unde r ambient conditions.)

Matched sets of p lants shoul d be placed in each of the greenhouses
and grown through the des i gnated stages (Table B-i) . All sets of test
plants should be replicated suffi ci ently to allow statistical analyses
of phytotoxicity data. Plants should be observed regularl y in detail
for visual signs of toxicity . All visual signs shoul d be recorded
using color photographs and other avai l able data collection techniques .
Info rmation on seed set and yields should be collected at maturity and
direct comparison of test and control plan ts made to indi cate detrimenta l
effects of contaminants on those parameters .

Phase II - Single Compounds. (To be used if there is evidence of
compound phytotoxi city in the field studies or Phase I of greenhouse
studies. )

Growth of plants , greenhouses , an d pollutan t test conditions shoul d
be as outlined in Phase I, except indi vi dual contaminants should be
util ized in the test greenhouse (s). Initial tests in Phase II should
utilize contaminant concentrati ons twice the monitored l evels in the
field. Any contaminants that produce phytotoxic signs (visual or
other) shoul d be tested further under conditions previous ly outlined
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in this phase but wi th the use of multiple contaminant levels in orde r
to obtain quantitative data for establishing reliable dose—response
curves. Data collection is to be as previous ly descri bed in Pha~e I.

Conclusions

Evidence of vegetati on injury (visua l or other) indi cates compound
phytotoxicity . Threshol d values are established by use of multiple
compound concentrations . Absence of vegetation inj ury (visual or other)
indi cates that when tested indivi dually the compound exhibits no
phytotoxi city .

I
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