
""'bod> 1« Est....,"" RJ>I< of CbemIc,aJ lJuury. Human &0<1 l'Ooo·b.DII. 80010 .0<1 1:<ooY""'"
EJ,wi b)''' B "oot, G. C B,tIet. D G. HoeI ..c1 D, B, P<oaUII
C'".lSCOPE

Measurement of Effects of
Environmental and Industrial
Chemicals on Terrestrial Plants

T. T. KozJowski

ABSTR.ACT

Gro"lh of plants and com"",ition of terre'trial ocos)'stems arc ad""rsel)
alf..,,«t by a ...ide variety of enVlron"",nUlI and industrial chemical. In the $Oil
and ai,. Asscss"",m of elT..,u of chemicals is difficult because of Ihe comples
nalUn'; ofchemICal SITl':.lSC'.l. the infiuellC<' ofenvironmental factors on the impact
of chemicals, and variations in com"",ition, stability. and productivity of
ecosystems. Chc'J1\icals scqutJ\ually Infiucl'lC\' plants at ,he cellular, plant. spec;cs.
and ",o'y'tem le"el. Wbereas pbysiological responses occur rapidly tbere may be
a very lon, timela& in v"wtb responses nf indiVIdual plants and of..o.ystem. to
chcmicalS. Methods sclected to ~-aluate elTects of chemicals ..ill vary "'ith the
ob)ccti"" ofthe in,·estigator. a<:curacy desired. and a"a,lable labor. facilitIes and
'ime. Method. should be selected to yield data tbal can be Inalyzed statistically
and compared Imon, in,'estiptors. locations. and ,i"",. Among the fllCto,,"
modif)ing responses of indivKIual plants and ..os)'stems to en,'i",n"",nlal
chemicals arc types of chemical substances Ind dosage: species, clones. and
culti"''': variations in ,nhertnt plan, g",wtb paUcms Ind d~clop"",ntalstage:
en'ironmental rtgimens; and planl composition. Principles of metbods of
assessment of ;>lInt responses to enmonmtntal chemicals Ind refe= to
details ofmelbod rt given for biocbemicaland phl'siololical re.ponses, ,rowth
responses (t1Iom heighl gro..,h. leaf arta, cambial ll",wth. root g"'''lh.
reproducti"e growth. plant compoolllon. etc.), and ,nJury. Advantages and
disadvlnUlges ofevaluation of plan' re.ponsc. in controlled environmem. and in
'be 6eld art diocusscd.

I INTRODUCTION'

Terrestrial planto art exposed to I "'ide vanetl' ofchemical substaoceo in Ihe soil

m



and air in,lul1ing alleloplllhil.: chemical~ {RICe. 19M). agncultural chemicals ~lICh

as funa;icides. Insecticides. berbicides. and antitranspirants (Kramer and
Kozlowski. (979) and air pollutants. includIng sulfur dio'ide (SO,), ozone (0,).
ftuorides. pernx)acyl nitrates (PAN). oxides ofnllrogen and vanOUS paniculat....
s""b as cement kLln dum. soot. lead panicles. magnesium oxide. iron oxide.
foundry dust'. and sulfuric acid aerO«>ls (Mudd and Kozlowski. 1975)

Assessm<nl of Ihe effOCls of environmental cbemical' on plants is diflkult
because of the complex nature of cbemical SIres..... the influence of en"ron·
mental faClOts on the Impact of cbemicals, and ,'ariations in composition.
stability, and producti';t)" ofecos)'stems. Method. selOCled to evaluate effects of
chemicals on indIvidual planlS Or plant commuOlties "'ill depend on the
objecti.'es and accuracy desIred as wen a. a"allabk resources and time,
Procedures should be selected to produce data that can be statisticall)' analyled
and compared amolli in.'estipIOts, locallon, and time

A "'ide "anel) of methods has been used for assessinl ph)".iolo&ical and
bIochemical plant responses. &,owth and YIeld, .'isual,njury, mortality, and
changes in composition of c<:osystems, Phy~ological techniques a", used to
pro,;de a basis for explainIng de,..lopment of "In. of injUry and accounl ror
growth reduction, o!ulr;ICtem.. 'hidden injury'. Sludy the aClion ofchemicalS on
livlnl cell.. and rapidly identify plant responses because Iro""lb redl>Ction may
nol be eVIdent for a lonl lime. TechnIques for growth and YIeld a.sessmenl are
used to appraise economIC impaclS ofchemICals ",'hile ';sual a.....ments are used
10 detenolne groll.th abMnnalitles (Tingey <t al.. 1979),

1.1 Ty,," of Chemical. and Doule

Signs of injury vaf)' "';th the chemicals <0 ",'hich planls are exposed ForeXllmple,
SO, injuf) i' cbaraClerized b) area. or injured leaf lissue located bet"'cen the
healthy tissue and the "e,ns. S'ln. of ozone Injury appear as ftecks Or supples of
dud tissue, u,ually only on Ibe upper leaf ,urface, Wben ozone injUry i. se.'ere,
Ibe fleck. usuall)' coalesce into larllCr leslotlS. In Ihe field, ho""C\'er. planlS are
often exposed to se"eral dilferent pollutana at Ihe ",me time and it is diflkult 10
ascertain ",'hich pollutant is exening the greatest effc<:t

In conlfe.., se.'eral pollutants. including SO,. 0,. and fluoride <:au,", lipbum
depending on e,posure and plant ~]lec1es. Tipbum orconire.. is also caused b}'
$(Ime herl»cldes, delCJng WIS, and excess fen,li.. ts. makIng it dIfficult la
ascertain Ibe specIfic eause

E"en talerable Ie'-els ofa "naJe pollutanl may Injure plants wben present "'th
anOlher pollutant at an equ.a.lly low level. Gro"lh af Ulmus """'rjr~"" seedlings
"'... reduced mosl b) joint e.pusure to SO, and 0,. intermediately by SO" and
I<:aSl b)' O. (Can'tantinidau and KozIaw'ki. 1979a), The elfects of combIned
pollutants may be synerg"tic, additi"e. or anlaganistic.

Variatians in plant responses ta dosage {concentration" duration of e.·



posure) of en"ironmenu) chemicals bave been "'ell documented, They art
illu..ratc<l by differences in amount of Injury sustained by plants at >'arious
di,unces from poinl sources of pollution and siudies sho"ing reduced &ro...~b
and ),etd and n>creased Injury af plants ....ith mcrea", m dosage of cbemicals
(MwkI and Kozlo....ski. 1975), Witb bigb dosages of SO" cells of Iea>'os of
broadlea>-.d plants collapse soon afler ..po$ure and necrOtic paucrns ,ub­
sequently appear, Witb 10" dosages sign, are usually characterized by slo'"
d...'elopment of cblorosis and early teaf ..n.-nee (KozIo....sk,. 1980b).
Expo,ure of PinllJ ",qbus sttdlinp to blgb concentraUon, of SO, caused direcl
disruption of m....pbyll tissues, and direct or indirc<:t injury to dermal or
"as<"\llar tissues (Cosloni.. (970), Under long-term exposurt 10 132 1'& SO, 10>,
cellular injUry ....&$ hidden and restneted to mesopbyll parencbyma. Altbougb
needle ontogeny ....&$ sla"'ed there "-cre no macroscopic signs of SO, injUry
(Percy and Riding, 1981).

Gudenan and Ku<ppcrs (1980) dIscussed theclTccts ofdosage afair pollutants
on foresl <cosy'siems. Higb dosages lead to b.....kdo"'n ofcommunity structure .
....ith a change In species campositlon laward ,imphfica.lian of lh. sj'stem
Degradation of lb. CCOSj'Stml is charlCl.rized by rapid cbanges in structure,
includmgcomposition, and is accompanied by secondarysu=sian. Direct and
chronic injury, especially to lea"es, first affc<:ts lhe most ..nsni," species of the
tree SlratUm, ofien IeadinB to lOW deslruclion of lh. canopy. W,lb an
intennc<liale pollulion dosage "arioul subile dirccl and indlrccl effc<:t, l.ad to

reduced vl&or of Individuals from certaIn ,pecl(l. TIffS slowly develap lh,n
ero"'ns, in lum influ.ncing lhe ,uppl)" of hgbl and precipitation for unde"lo'}'
plants. MoClenah.an (1978) d=nb<:d subtle cbange, in StruCture and com­
poslhan of mIxed me<oph)1ic fOrelt communili(l along an industrial air
pollulion iradi.nl tbat included an ,ntermed,ate polluHon dosage. Under 10"
pollulion dosage, lhe effcclS may vary from u>creases 10 dccreases In bIomass.
Change In Structur. of. relati>,.l)' stable for..t because of 10"'-le,'el pollulion is
subtle and Bradual at firsl. Ho......'.'. lhe structurt of ddiCiotoly balanced farest
COO&ySI.ms ofl.n depend, "n • few initial species. During s1o...., early deva­
<!alion, the natural balance af a fOr(l1 may reach a critical poinl beyond "'h'h
chang(l leading 10 del.rioration are accel.rated. For eumple, the <ffcct of
disease may become suddenly Breatcr "'hen air pollution lo"'e" disea'"
resi'tance af trees (Treshow, 1975),

1.2 SI'""", CIo.... • Dd Culli.'a...

Wide .-aMlion, OCCur in respon of differ.nt spcc>e< of plants t" a gi"en air
pollu'an, (Orm,od e, aI., 1976, Kodowskl, I98Oa,b). HO"'e"er, publi,hed I"" of
pollu'ion_senSltive and pollu'i"n-re,i'tant species of'en differ "ith tb. criteria
used for ranking, soch as kaf iDJury, pby'si"logical respon.... or changes in
speci.. composi'i"n, Neverthel.ss, sucb lim are ,-ery useful. Ranking< of ,pecies



al eXlreme. (>"l:f) tol.rant OT >Cr)' ~nsl1i\e to a pollutant) usually are more u~ful
than those for .peel" in an intermediate cia.. (Davis and Gerhold. 1976).

A ma)ar problem" nh ranklnp of pollulion lolerance of plant speeie. is lhal
there i. considerable ,,,na1l0n In tolerance of different done. and cui",,,,,. For
example. vanalions in sensltl"il)" to ozone ha>'e been found among culti"a.. of
pelunia. lomato. com. and spInach (Ormrod ~'ol.. 1976). The high lolerance of
cenain cion.. of forest ll«l to air pollution may reflect pollution a"oidance
because of 10" l10matal condUC1ance (Kimmerer and Kozlowski. 1981) Or
b'ochemical lolerance of pollulanls (Braun, 1977),

In..raction, bel...een en,ironmenlal facto.. and ",n.,t"") of planls 10 air
pollutanls are comple., ...ilh planl response influenced by en>'ironmental
relimens before. dunng and afler a pollulion epioade (Norby and Kozlo....ki.
198Ia,b.•, 1982), Ab$otpllon of po!luuo.nu '. grealer ...hen ooil moi.ture
availability i. high because of high turgor of guard cells and open slomata
(Noland and Kozlo"'ski, 1919), A pollullonepilOdeln lhe mornmgma) be more
harmfullhan one in lhe afternoon because leaf turgor and stomalal apenu", are
ifOa..r ,n the morning. After an air pollutanl i. a!»orbed b)' lea>'es there may be
dire<:teffects of en>ironmental regImen. on Ii..... sen"li,"y 10 ,he pollulanl or
on the ,ate of ilS deloxication, There may aloo be indire<:teffect> on sensni,-ily as
a resull of effects on metaboli'm (Gudenan, 1977). PQSl.fumllPhon en"ron·
mental regnnens lhal f..-or rapid grm'lh often allow for rapid reeo,-ef)' f,om a
pollution epllOde (Norb) and Kozlo,,-.ki, 198Ia,b). A funher complicalion is
that OOme envlronmenuo.l fa<tors alTecl mechani'ms of, say, SO, a'oidanee and
SO, lolerance, or both, to variou. degrees In dllTeren' species (Norb)' and
KozlO"'ski. 1981<1.

1.4 Gro.. lb Pillern Ind o.nloplMotal Stage

A" pollullon alTlX'U gro...lh of shoots by mhiblling inte'node elongalion as "'en
.. inilialion and expansion of lea"". The amount of grO"',h redu<llon often
depend' on inherenl pallerns of'hool gro...th, In ,pecies ,,'ilh 'fixed' gro...-th an
lhelea"eslhal ",11 be on lhe expanded .hoot alread}' are presenlln the" Inter bud
(e,g" P,mu ''''''''SIl), Height gro"lh and elongation of laleral ShoolS are
compleled ea,ly in Ihe gro"'i", seaoon, for ..ample. in Wis.;onSln by lhe end of
June {Kozlo"'ski, 1978). Hence. a lale--summer pollulion epioad. d.... nol affect
Inlernod. elongalion or lhe number of needl.. during lhe curren! year, It may,
ho""!:>'er, inhIbit ,ro",h of needles "hicb conlin ... elongating late in'o the
,ummer, h will also decrease the sitt Oflhe bud fornung dunng lal' summer and,



helKe, "'illd=~.... 'hool gro"'h in Ih~ ,ubseq~nt l~ar. A lar~ bud produces a
long $11001; a small bud a $IIorl $hoot (Kozlo""ski r, al" 1973), By comparison.
•pecies "'itb 'free growlh' (e.g., Popul"S ,pp.• /k'uu. .pp.) conllnue 10 e10npte
im~modeJ and add new lea.'os Ihrougboul lhe .umm~r, ... do =urrently
f1usb,ng.pecies ,ueh ... lropical p'nes, HelKe, $11001 .,;teosion of 'ueh .pecies, a,
w~lI as l~af prodUCIion and ~xpan.,on,an: reduced much more tl}' a la'~...umm<r
poUulioo episod~. The re5pon.. of indi.'iduallea.... 10 air poUutanlS also ''arie.
wi'b <:\<:Yelopm!:Jllal.Ul-#. The younger. fully .,;par>dod ltave> and lhooe <>ear full
~xpa""on w-. mosl sen..,ivc 10 pol!utan". Old leaves an: I.... sen.iliv~and 'mall
~xpandinlllu,,,,an: \can sen.it".. (Kozlo"".ki, 1980b).

y ouog plan" are more .usc<:pI,1:>Ie lUn old pLanl. tn a given dosage nf.air
pollutant, Wilh scedlinp in lhe colylednn .lage of de>~lopm~m eJpecially
sensill...,. for e:wnpll:. whm scedtinp nf !'Mus rrsUtoJa in \be COl)'1edon stall" of
dev~lnpmenl were ~xposed In fnur col>CC1l1ralinn. nf SO, (0,5, 1.0, 3,0 or
4.0 ppm) at four exposure limes (15. 30. 60 nr 120 mIn). ,ubsequent scedhng
grn""h was inhibiled. The advc"'" ~(fectJ " ..re proponional to SO, CnO£e1\'
trallOos and duralinn of .,;posure. f umlplion, Induced cblornsis.•Iowed
expansinn of primary needl.., mhibned dry w~,ghl inc....se nf sced1inl' and
caU$cd dealh nf \caf tips. Greal sen,ilivily of young secdlinp was ,hn",n by
sip,ficanl 1'",,",'tb inhibilinll fnllnwing ~xposun: to SO, fnr n111y 15min
(Con,taDltD;dou r, aI.• 1976). Desp'le lhe high ,u5C<'plibilny ofyounl I.... 10 air
pollulion. all >hown in cnOlrnlled ~nvirnnmcntJ, adull I.... in foreslS nflen an:
~limiOJlled by pollulinn fa'lor lhan ~nunl lree> l:>ecause lbe cannpy serves U a
filler. HelICe, the ynung scedlinp are ~xposed In le.. nf lh~ pollulinl .ub5tallCl:,

1.5 Plnl COIllpt'liUoll

Th~ response nf varinu. compon~nll of a fnren oc05y"em '0 a polluted
alm05pben: i. an iOltgnlled one !>nIb u regard, poUu..n" and nlh~r ,,,uses u
w~ll. panicularly Ib~ efTec15 nf compe1ilinn amnnlluec. fnr Iighl. wal~r, and
minerals. A ynung form 5tlnd may contain sev~raIthou",r>d I.... per hectare
bUI only a f~w hundred ",'ill be p....nl in lhe malure fOresl, otbers haVlnl be<:n
~liminaled by cnmpetiltDn. A. lrees 'oc~ ,n siu lhey need mOn: .pace 10
accnmmodal~ lbe" iocrea"ng phnlnsyntb~ic,urf~and a larl~r so~ volume 10
,upply the incrcasinl need for "'al~r and mineral•. The lrees lhal'U'V"'~ are mnsl
efficient physiol~l1y. Evenlually many of the slow gro""nl .uppreosed I,..."
die frnll> d~"", .. ofcarboh)'dralcs, hornwnes, "',Iter and mineral., Dillmeler
1'"0Wlh of If..,. ill mueh mnn: sensitive 10 compelillon lhan heighl gr",.,h
(Kramer and Kooo"'sI<i. 1979).

Compclilion beN'ccn I..... nf Ibe ",me .peci.. dnes nOt IOftUelltt ,pec;eJ
Jua:tSS10n. HO\l'ever. competition bel"'''''' ~pccie5 resull' in ~ucce>sion unlil
finally a malure climax fnrnt " produced wilh a group of .pecies capabl~ of



57S M~r/wd.f for B,imQli"fj Rjjk of CMmirollnjwry

101,rauolll1e ~Iressesofeompe1ilion. HO,,·e\"eT. mature fo'esi CCOS)'51tmS are nOI
n:.aIly sublt but exist in:an mcillatins steady statt. ",ith 5upp,osocd and old lrees
OOnlinuously t1,m,nattd. ,,'hile ....... Irees an: added. Catastropbic dislu,l>ances in
dimax fO"",1$ cau"" re"ersion 10 pionoc:r .lOteS of .1>iX'eSSi0n "'horus mild
dislurl>a"""" IOnd 10 mainlOLD malure fo"",t in a relalive steady slOlO (Kozlowski.
198Ob).

Tho "",pon"" of 'ndividual species in a poUuttd. foresl slOnd may differ glelItiy
f,om rcsull$ prtdic1ed on tbe basJs of rospollS<':S dttennined ..'Ihout plant
competilion. G'ov.'lh of some .pecies in a fo,esl c:cosy51em ma)' be il>Creased.
despite pollution stft'S$. \>oQ.use lhey may plln a oompet'li~ advantlogl: as a
result of glelIl.. impacts on othe' .pecies ",Ib ""bich thoy inleract ;n lho
sucocssional p~. G,ov.,h of cerUin otbe' species lilly be reduced by
pollution more than expoctod \>oQ.u"" of reduced compotiti~ potential
(KozIowski,l980b).

Tho rem.a",d.,. of tbis paper ""~l pn:ocnl an ovel'Viow of methods used in
assessinS rcspollS<':S oftefffi;lnal plants altbe cellular, plant, and CCOSj'$tcm Jc:vel
to environmental chemicals. Specific melhods "'ill not be outhntd. in delO;l bUI
principles and sour= of error will be mentioned and referenoes ..ill be 1',....
(Tables I and 2) to a variety of metbod•.

T.bIe I L"era'u", sources "" method. of urod)',nl plI)'S101op:al .00 boo<;brna;:a]
responses of plan" '0 cbomi<al.

Plant pip>crI"
Pbo''''Y1Itbcsi.

P1on' I'"""h hormone>
w.t.r ",I.t""",

Gcoc,.1

Stomatal .poou",

M,ncral ",lati"",.

Non·"rurtu,.1 co,bohyd,.,..

Liptd.

Strain an<! S,"«. 1966: Good""n. 1976
S'ra,n. 1965. 1970. 1975; HLII.nd Pow<ll.
196&: MOOD<)' ~I 41.. 1971. "1000<)'. 1972;
s.:".k rl 41.. 197 I
Ghek. 19~-11I!1. Coh.ick an<! Kaplan.
19l5-1 II! I. Lowry ~t 41.. 19SI. Guilwul'.
1973: HOld••.",.),... 1973; 8<rlm.)"~.

1974; Needlcman. 1975; C."impoola•.
1971. 1976, N.,rn, 1976: Ma).., and
......\ter, 1980

Z"'ei&. 1%3~1980: Hillman. 1978

Kono..-.k,. 1968-1983. SIo"k. 1974,
Krome' and KOllo..·.ki. 1979
Wa,scl tr 41.. 196'J; HOI&<> .1Id Fischer.
1975; lam. and M.ns6<ld, 198!. Me>dnc,.
198\
Epot..n. 1972; W.lsh .nd Be.,on. 19i1;
Reiscnauer. 1976
Pn<sllc)'. l%l, Smi'h, 1973, 1981. McRae
tI al.. 197~

Rodon. 1969; Tomhn..,n 000 R"'h. 1969
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Mean-''''' .pproach
Unde1at""'lh and p<nd""'l()fI ...,..

Di".,.."..on .nal)'>;.

Shoo< J'O"lh
H"pt JI1l""h .nd ;"t<rnodt

<Ionptioo

Leaf JI1l""h

Roo, JIll"'lh

""""'[","-u""" me'hod.

Monoli'h mtthod.

GI.......n mttnod.

Neu",,,,, me,hod.

5..= ... mtthod.
Radioactive 'ruer me'hod,

ContaIner me,hod.

N<"IIbould. 1%1; Wh"wer and Wood....U.
l<nlh; WI"".k., and Mark•• 1975

(h.,nllon. 1'16l. 1%1

Whi'ak.r. 1%1. 1%2. I%l. 1966: WhIlt.hr <I

<>1. I%l

Wh"ak.r. 1%2; Ki... and Slridoi, 1%7;
Whitak.r .nd Wood....u, 1%7, 19611, 1969.
19110; Z.,,,k,,,,,li, 1<n1: Z.Vllkovski .nd
S.., ..no. 1972

Un"0l- 1946; Worrall. 1911: Cr<JII<1, 1976;
Gar'h· " •. 1981

A"" ,.'''''' 1',., .nd M.rslI&ll. 1911;
Andt""o.1971.
GJ~"'" Kozk""'ki .od SCbunw:b<r.
1941: Cab!<. 19S8: Wannltl <>1.• 1918

McCully. 19S2; Youol. 19S2: Phillip' tI ,u..
I%l; Bannono .nd Kozlow>kl, 1'l6l;
GrOS<'JlbaUJh. 1%3: Frill••nd Frill., 1915;
Snu'h. 1%7: 1'000..";'" 1%1. 19611, 1912;
Poli<. 1969: Sphnt<r, 1970; N.,h ., i>l., 1971

Whill.k.,.nd M"k.. 19H: BOhm. 1979

lI<.rd, 1941: Coupland .nd loho"",. 1%$;
l"'hl.....ger. 1976; BOtlm. 1979. pp. $_19

R<>I<ruod Vl")-..o. 19)4; Kirbyand Rukhom,
1971; "rmson, 1912; Wolk.", i>l.. 1976: IIOhm.
1979. pp. 20-38
K.lly" i>l.. 1947; Welltr. 1911: Sehuunnan.nd
Goed.n.......n. 1911. BOhm, 1979, pp. 39---47

G.rin, 1942: BObm. 1976. 1979. pp, &S~
IIOhm and Kopke. 1977

llil&n. 1964; L)T and Hoffmann. 1967: Rosen.
1969: l'<rtin and KozIoo,w. 1976; 1IOhm, 1919,
1'1' 61-J6

SIOnt <I 01.. 1976; Cahoon .nd S'o!zy. 19S9;
8Ollm. 1979. pp. 7\1_19

Gun. 1%5; BOhm. 1979. p 79

H.n .. 01.. 19$3. llooltt .nd Knlp'- 1960:
Wood,.nd Brock. 1964: I!-6tlm, 1979, pp 8Q-

"Bilao, 196<1; R'I<O<ky tI 01.. 1972; Billinp" i>l.,
lQ'J6: P<r<i.-.. .nd Ko.rI""'$ki, 1976; BOhm.
1979. pp, 9$_11&
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Table 2 (CO/lid.)

Reprod....."·. vo.~h_..

eontrolled "'''mnmma
G....,.I

upooun: chambers

uperul><nlal d<o'an and analyois

B,....., ~I <>1., 1966; Craker and fed.r, 1912;
Ad<d,I"''' <>1.. 1972
Todd and Garber, 19l-8; Brn'a " t>J,. 1969;
Thompson -.ltl nj'lo', 1969; "ack. 1971;
H.aJl<~' t>J" 1974
K",k.rt and M,ller, 1979; Lu,moo,.., 1980;
W..,~, t>J.. 1980

Evoru, 196J; Do..'n•. 191~, Do...". -.ltl
Hcllmc:rs. 1915, Tibbim.nod KozI"",'''',. 1919
TlK>mpoon .nod loylor, 1966; Hill, 1967; Head<
" t>J.. 1912. 197), 1914. 1919; HeoJl< anod
Philbeck. 1m M,IIe, and Y<»luyamo. 1973;
Manodl <t t>J.. 197J; H.d" <>1.. 197B; Ben...".
1979; Drummond anod I'<al"l<>n, 1<n9
5t«I< and To,,.,.. 1%0', 5l>«1e«>r and Cochran.
1961; Osh'ma and Bennett, 1979

1 BIOCHEMICAL AND PHYSIOLOGICAL RESPONSES

En"i'onm<ntal ch<mlc.lls u,.. num<roul "I.. of action and rapKIJy ,n/lU<nce
many phyoiological proces.se<, I.ading 10 changes in planl conslilu.nls.
Responses includ. "'I.... of volatile hydrocarbon. (Kimme",r and KozIo...-ski,
1982), charlgeS ,n plant p!imel>l$ (Con'=lllUdou ~I oJ.. 1916; Suwanna.pinonl
and Kozlowski. 1980). phOIOS)'nlhesil (Mudd and Kozlo,"'$ki, 1915). r=rvc
carbohydral" (Con.nantinidou and Kozlo""ki, 1919b), amino acid' (Tingey,
1914), proleins (ConStanunidou and Kozlo,"'$ki, 1919b), OflZ}'IDC5 (K.n." 1914),
minerals, lipid, (Malhotra and Khan. 1918) and water "'lalions (partocularly
Ilomatal a""Itu'e) (Kozl""''$ki, 1968-1983; Jams and Mansfield. 1981). for
",ferences sec Table l.

1.\ Plue Pi'.....1S

Dec",a.. in chlorophyll com.m in r<spon.. 10 cnnronmcntal chemicals is ofIon
used as an ind•• of injury. For eumpl<, cblorophyll contenl around point
sources of air poliUlion u. ken ",lated 10 Ihe dcIVcc of inJUry. When U$ing
chJorophyU mcuurem.nlS, ca", 'hould be taken 10 be sure lui l.sl and conlrol
lea"ft arc o;omparable "'ilh ,espect 10 leaf a~ and expolu,e (Tingey t' "I.,
1919~



Z.Z SIOllllllal A,.l1ur.

In.'esliaaton hase been int.rested in studyina slomatal mpon... 10 air
polluaJIts for Iwo 1ruIin reasons; slomalal ajl<'rlure conuols absorption of
pscous pollutants. and stomaLlI responses to pollutanlS modify lou of ,,'ate,
vapo, aod absorplion of CO, by leave,..

Exposure to ozone us\Llll)" lead> to stomotal dosure (Heath. 1975) "herea'
SO, at 10" cor>centralion, iOO""'" 'tomatal Ojl<'oiOI. "ith ,h. specific .ffoet
modified by." humidit~ (Jarvis and Mansfi.ld. 1981). B}' comparison. hi'" SO,
cor>cenlration l.ads 10 Slomolal closure. presumabl}' be<au~ of diTttt elTect, of
SO, 00 turaor of luard cells and indirectl}' from increased CO, com.nt of
intercellular .pace. in l.a"es (Noland and Kozlowski. 1979). Stomatal ajl<'rture IS
.Iso ....riousl~ ioflueo<ed by mi~lU'" of air pollutants (Unswonh and Black.
1981).

2.2./ MiacJ€cpi. M.IJSI,umtnlJ

Stomatal ajl<'nure can be m...ured by obs.e"'ina Slomala on .trips ofepidermis
or lhe" rephc.. under a mkroscojl<', BecaulI(: Slomatal ajl<'nure maychanae with
"ariations in environmental condition•.•Iomatal ajl<'r!ures are usually fixed by
immersinaepidermal "rips in ,mm.rs,on oil or akobol (Kanem..unal.. 1975).
Becau"" of difficulty m obUl1nlna aood qlidermal SlOps. in.'esligators often
preftf replicas (peels) of coUodion. silicone. rubber, cellulose acetal. or other
molerial. lhat are applied to leaf ,urfaces and lal.r Stripped from Ihem. ExccU.m
impression. ofl.afsurface, can be obtained bllhis method (Wai~1 or aI.• 1969).
StomaLlI ajl<'rtures are measured ",Ih calibrated O)'.·pi= mkromet.rs.
Microscopic m.asurements are ,.l"'ble only if lb. Slomata are on I.af .urfaces
and oor sunken as in many ~.ropbytes. i)'mnosperm•. and some m...,pb)'tic
anlPmperms, For ....mple. Popul.... Iea.'.. ha.... cuticula, ledacs surroundina lhe
JUlrd cells and ledge ajl<'rtures are not dosely ",Iated 10 pore apenures ofauard
",11s, Because slomatal po'" and Iedae ajl<'rtures are independent. l.af surface
imp.....ion.. "'hieb reprod\lC\' ledge ajl<'nures onl}'••hould nOl he used 10
estimate stomatal apenur. (Pallardy and Kozlowski. 1980b)

2.2.2 POM_try

Variou, porome1.rs ba"e bocn d.,'ised 10 measure Ibe capacily of a leaf or
.;ndemus to condUCt pses by 1ruISS flow or dlffuSlon. Th. main advaotage of
porometen istbattb.)' meaSUre conductance ofa large numbe' ofsl01rulta at on.
Ume.

In mass 1I0w porometl)' a" is forced unde' preo,ure Ihrouab a leafand tbe rale
orflow or resistance to fI"""IS used IS an 'ndex of porosil)'. Mass flow porometen
can be used ",tb ampbiSl01ruliOUS leaves. Air under pressure is applied to one



side of a leaf It enters the I(Omata, traverses the mesoph)'U. and exilS Ihrouih
stomau; on tile Olher sIde of the leaf. Hentt. flo,,' deponds on s'om&u;1 resistance
on bolh leafsurfaces as "'ell u the resistance ofthe mcsoph)lI....hich ulually i.
small. If Olomatal rWlU;ntt on one side of. leaf is 'lOry high the: porometer
readin" larilely refte<:1 the ol""'inp on that .ide of the leaf, Mass flow
porOmeters can also be lUed, although much \es$ erfe<:l1ve!y, On plants "ith
hypostomatou.I....... (...hich includes many .peci.. ofwoody p1anlO). Leakage i.
a COmmOn source of error "'ith mass flow poromet..rs

[n the wt decade • '"riety ofdilfusion porometers hav.. been eXlen,ively u.ed
in controlled environments and in the field (PereIra and KOl1o"..ki. 1977•.b:
Kozlo...ki .nd Pallardy. 1979: Sena Gomes and KOllo,,·ski. 1980). These
instrum..nts mea,ure diffusion ofw.ter ".po' from .ubstom.tal caviti.. lhrouih
the ,tom.ta and can be used on ..ither Ie.f .urface independently, Most diffusion
po,ometers UOt a humid,ty sensor connected to an electroni(, circuit and measure
chanil<" in. rup placed over a leaffor. fe" seconds (Kane-masu el aL 1%9).
Recently .tead~·.tate porometers have been introduced. Dry lla. IS paSStd Oyer
.n e""losed leaf a' • mea,ured rate and the humidity of the exhault llU is
measured. Excellent "ersiollS ofp, flow poromete.. are commercrally ,,'ailable.

1.3 P""tOlllnt~s

ik>ca..... of the: need fo,carbohydrat.. for plant ilr""'lh, much altenlion has been
Kiven to effects ofchemitals in the environment on photosynthesis. Ove' a period
ofhours or days the amount of photosyn'hale produced can be determined from
incr<lSt in dry "'<isht in • sampl.. of tissue carryinll on photo.)'nthesi., "The
inerea>c in dry "-..isht of the sample dUr1nllthe experimental period i. considered
a meaSure of net photosj-nthesis,

For "cry ",on periods of time. pu.be labelinll with '''CO, has often been UKd.
Leafsampl.. or 'hoots a,e exposed in cluombers '0 "CO, for periods of 1 min to
IS-20 se:cond•. 11 llen..rally i. desirable 10 Ule the shonesl ..xposure lhal ""n be
accurat..ly timed if tbe objeclive i. to estimale the rate of photos}'nthesis unde,
near natural condItions. Durinil <Xpo5IIre for periods up to a few minutes.
tran"ocatlon of I~labeledphotosynlhetic producis is yery small As soon as
possible after p1antlissue "exposed to "·CO,. leaf dlSC$ can be taken ""th a cork
bore' f,om the exposed leaf Th.. amounts of "C p~t can be d"'el1OJned
directly on ,he leaf dl$CS by Gei&<r counlinll or by extraction and use of liquid
scintillation countlnll (DIckmann .nd Kozlo"..ki, 1968. 1970; Marshall and
KozIowski,1974).

Th.. most widely used method fo' measurinil photosynlheslS In'ol'.... de­
lermininillhe rate of CO, absorption by plant tissues. The photos)'nth..izing
\lSSIIC i$ enclosed in. tran.parent e""lo.ure (<II"ene) and the concenlrllllon of
CO, in th.. air before and aft..r it palSe$ o,er the plant hssue "detemut>ed with an
Infrared llU analj'Zet" (lRGA), Eith..r an open or closed .ystem may be lUed. In a



dM<:<! i)'i'.m bolh Ih. air input and outpu, from the plan, ~lumber (~u,'.u.lare
conn""ted to ,h. ps anal)'Z<r. A elM<:<! iysI.m i1 rela'i,'.ly iimple bu, doei no,
permll i'.ady'·ita'. observations, Addi'i"nally. phO'os}'n'I\e$'1 Ii no, hnearly
relatod '0 CO, concenlra,ion .xcep',n ,he region of lOO~200 I'll. Th.refor. a
doied i)'i'.m mould be u...:I "v·.r a lmaU CO, ~o"...n'rauonran&" and wh.n ,he
conc:t'n,ral'Qn " elunpng ilQwl) (SC",ak n al.. 1971). An Qpen .)'St.m i1
..pecially u...ful fl)[ mea,urememi "fphI)[Qsymbes" by mdlViduallea.'es, part<
Qf planl1. Qr imall planu, In an open sy's'.m alf " pas.ied ,hrQUllh ,he planl
""",losure al a meaiured and c"",tanl ra'•. All nr ""m. "f 11 is pas.ied IhTllugh ,he
infrarod gas analyzer (IRGA). Usually air is broughl '0 kno....n 'empcra,u,"
humidlly and CO, CQncentra,iQn befQr. ,I.nl." ,he planl.nclosure IRGA. are
pc>pular because ,hey are accural. and simple 10 Qperal•. They con'inuowly and
directly m.aiure CO, concenlranQnS and can be uied wllb many t)·pes Qf
recQrders,

Th. size Qf Ih. plan'.nclooure inrbl1rary and depends Qn ,he Qb""li'... Qfth.
inv,...iga'or. Such chamber! V"C}' from small ~uv·.lles dampc<l O"er a jlQrliQn Qf
a leaf '0 cuv.!!es ~on'aimnll a faso<Ie Qf neWl.. Qr ",hoi. I.a.·.. (Kramer and
Clark. IW7). 'Q pc>niQns Qf oommunit;" of imall planl1 (Billings eI al.. 1%6). IQ
jlQrliQnl Qf ,tee s'andl (Ord....a)·, 1%9).

Early aHemp\! 'Q meaiure phClosynthesis in ,he fi.ld "'.re no, wbolly
successful beeau... QfQverh.aling of plan, elumhen. How.v'", itlS nQW possibl.
lo~ontrol '.mpera'ur. and humIdity in field ~uvell.S wilh coniiderabl. prca$lon
(MQQney. 1972). Th. IQnll-lerm inlluenc:t' Qf lb. clumber mlC1"oenvirQnment can
be roducod if lbc planl or leaf IS only Imcnnilt.ntl,- .neloied ,n a cu'"c..e. To tha'
end ""m. in""'lipIQri Iu,'. d""i!'ed chamberithat Qpen and d"... perilldically,
,bui makinll it possible for Ih. pholosyntl\e$izinll';..uei 'Q .xelunllC radia'ion.
CO, and Wa'.r "apc>r ..l1h ,h." I"[foundings. Thelarg. amoun' of«!uipmen,
requirod for mea,urem.n' of CO, uplake by' planll io ,he 6.ld Iu. led 'Q ,he
d.v.lopment Qf mobil. laboratQriei (Strain. 1965. 1970. 1975: Mooney e, al"
1971).

Ra'" of CO, uptake by planl'i"u.i are u'WllIy expr",ied;n 1.""1 of ""me
unn amoun, Or d,m.nsiQn of p1anl mal.riaL For I...... and Sl.mi ,b. m"'l
common uni' is surface area bUI dry ..·.illhl ii al"" u!oed, AllhQUllh fr.sh w.igbl
Ius al"" been uled II generally' is unsatisfac'QC}' because it "aries fTllm I.af 'Q
I.af and in ,h...me I.af Q.'.r relatIVely $hon pcnllds because Qf changmg
env'imnmental condllion., The ra'. of CO, uptake hal abo been expr.SiCd m
'.""i Qf ehlQrophyll ~on'.n" number and volume Qf cell•. number of ~h1or.,..

plaits, and activ;,)' of carboxylation .nzymes,
With hYpc>iloma,ous lea.'.. ,b. aroa of on. surface usually is u!oed; ""i,h

amptu,,01n;l.'OUS I.aves bolb .urfaces are u!oed. Ho....·er. ,h.re ofl.n are
pmblems beeau... ,he number ofSloma,a on ,b. abaxial and adaxiall.ahurface
of ""me p1.ntS often .'ari.. ",~d.ly (Pallardy and Kozlowski, 19802),

In p1ann,nll me3.1urem.nli of pbotOSj"n'hesil conSiderable ,bough, should be



gIVen 10 10CllllOn oflea'os sample<!, Tfee leaves are II ddferent stem heiilJts and
USU<llly are In dlss;mllaren,-ironments. The Invest;gator 'hould also consider that
Ihe ral< of photos)'ndlesIS I'lnes greatly dunng ,he day and il varies ",a",nally_ It
al", "aries with a host of cm;ronmental facton including light. temperatu",.
CO, content of Ihe air. "'",ersupply. "'il fenUitl', insectund d".eases, as ",ell as
such culwf1Il trc.aIJnents as thinning of stands. pruniltj. imgal;on. and
application of fertilizers. Important plant faclors affecting phOtOS)"T'ltheslS
inclnde past hIStory ofthe plantS (for e...mpk. en"ironmentaJ preconditionllla):
age and structure of lea"cs: SIU, number. and responses ofstomata: chIOroph}'lI
content; ,,'al<r deficits: and carboh)'drate utilizal;on and accumulation
(KozIo,."kj and KeUer, 1966; Kramer and KozlowskI. 1979).

Allhough photos}'nthetic products are required for growth of plants, shon_
"me measurements of phOlos)'nthesis are nOt al,,'1Ys load indi= of Iro",h
potential, In addn;on to photosynthetic rate three other physioklgical cons.ider_
auon, delermine growth poten"al, Th= "'dude the sea",nal paltem of
photos)'nthes>s. panl1l0mnl of pllotoS}'nthate ""hin the plant. and the ",Ial;on
of photos}'nthe,i, to resplrat;on. Low correlations between the rate of photo­
synthesIS and growth often are the resull of s.amp!lnl inadeqU<lC)' ofCO, uptake
Gro",h "'presents an integrated ""ponse to man)' f1uctua"ng en"Tonmental
faCton. Measurements of photosynthesis. however, often are made over very
,Iton time period. and. oflen. under "eT} favorahle environmental cond,tton..
He""". tbe val""s of CO, uptake are nol necessarily representat"'e of ,ates
a'craged OVeT a lonl period of tIme under normall}' f1uctU<llinl en,-ironmental
conditions in the 6eld.

3 GROWTH RESPONSES

In,'estiptors I",se assessed plant responses b)- a "anetl' of Irowth indi= (Tabk
2). makinl it difficult to compare Studies. Methods of mea,ur;nl "ariou, I'0·.,th
parameters will be di",ussed bnefly

3.1 Blo...",

[n "'Iectinl method' for csl;ma tinl df)' ".eilhl increment ofind"'id ual plants and
communities. different aspects of biomas, accumulation should be recoJllized,
Nel primaf)' production (NPP) is the sum of""t production hy all pLonts ilia unn
area_ NPP is influencN b) death .nd los, of plants and loss oft;ssue, from \iv;nl
plants. The actual increa", of plant mass in • stud)' plot is net commUnll) growth
or ""t ccosysl<m production (NEP), NPP and NEP often a", "ef)' different. In a
)'oung forest ",me 3O---60~. of NPP ma)' accumulate annually a, NEP; In a
mature climax fo",St NPP may be ..mlLor In amount to death and loss of tissues
and pLonts. He""". in the latter NPP rna}' be high and NEP near zero (Whntaker
and Marks, 1975).
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Pnmary prodUChVil)' may be '"riousl)' 'ilimaled. lh. besl melhod d.pending
on lh. Iype of ecos)'Sl.m. In manl anowol crop plants biomass and n.t
prodUC!lon are s'milar. Growlh of communit,es of small planls (annwol crop
planu. old 6.ld,. grassl.nds, lundr•. bop .nd shrubs) may be es'imaled by
ha,';es'ing sampl. plants or plant pans onl)' on.. during th. gro....ing ....son, In
more compl.x perennial eco'yst.m, ",,·.ral han·.m may be ne<:essal)', In mOSt
",oody suc<:eSSlonal comrnunnies deuuled d,mCTIs>onal an.oJ)'si, nas been most
useful. for sland. more lnan a f.", y.ars old it ofttn" besl 10 ....m,n. ,n d.tail
th. irO""lh relahon, of a small number of sampl. trees,

MOil slud,es of NPP of fo....ts ,m'oh~ m.a,urom.nts of ",us and "'"'&hIS of
planl$ and ,'arious t,,,ues and organs. Th.se mea,ur.menlS can be con"ened 10
eslimates of production by a m.an-"ee approach. for example. for ",ngle-ag.
plantollons. If , ..... are conso"en, ,n size the mass of .n ..·.rage tree x tbe
number of trees per unil i. used to ob'a,n biomass of a stand. Ho"'",'er. when
Ihese: cond'iion. do not hold. and "'hen diff.rent dimensional compon.nts are
used (for e...mpl•. diam.ler and height. basal ar.a. foliage area. >Iem volum.) il
;. dillkult to estabJi.h lh...'erag. tree. I.adoni 10 diff.rent eslimat.. of biomass.
Problem. ""h ,he mean-tree approach can be aw,de<! by mea-sunng stand
charact.ristic< lhal besl .xpress prodUCIion ral. and by use of ratio. 10 .stimal.
NPP, For exampl•. for foml und.rgrowth d,pping ofcurrent t"'igs of shrubs ;s
useful Production of larger t........n be measured Ihrough eslimaled "olume
increm.nts (EVI). defined .. I 2 .nnual wood area lneremenl al brea" heishl x
plan, helght. ProdUC!lon esllmales from ral;OS on [VI can be readily applied '0
mixed-ai' fore"s. S<uer yet. moSt ,n,...haalors d.aling ""th ml;ted-age fom',
nave used logarithmic r.gress,ons by "'hich gro"'th and dimen'ional reLuion­
ohtl" are "".ll.xpressed. Sample I..... are hat\'es'ed and measured lnlens,,'eiy so
biomass produc,ion and o,h.r dimension' can be related 10 diam.ler or olher
independent ,,,nabl... The Brookh"'en system ofdimension altal}'sis. described
1»' Whmaker and Wood",~11 (ln Ia). involves use of regressions 10 ...kulal' for
.ach "ee in a ..mpl. quadral its probable b,omass. production. ,'olum•. and
.urf... dimensions.

8«ause dim.mion analy,i, dCJX'nds on such ,ndICators .. x)'I.m increm.nts
(annual rings) and bud scal. Kars. 11 cannol be used 10 eslimate produch"ilyof
old or chmax. mixed-age tropK:a.l for..". In tropICal for.,,, it ofttn is neeessllry
'0 use;

(I) sampl. quadrats in ",'hich ir"" 'b and dealh of I..... are follo"-.d. logether
"'ith ,,,,,rease ;n diam.t.r and heighl,

(2) d,mCTIsion anall'si~ of trees for biomass rela'ion. '0 di.mel.r aod height.
(3) ...kulalion, u.ing regm,ion, ofstem and branch bioma.. of sampl. I..... al

'be beginnini and .nd of ~ Slud)' period ('0 oblain ".on produc'ion and
incr.ase in brancb mass),

(4) estimalion of rool production. and
($) es,imal;on of fobase produclion (Wbillak.r and Mark" 1~1$),
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3.2 Htitlll Gro_th

It i. much ea'ier 10 mea,ure heillhillro"lh lhan cambial "owlh ofll"«$. Helllht
growth ofsee<llinp and small trees can be measured wilh ~ariou'lIro"'lh pUS"".
rul•• and gradualed poks {Ganh..'ail'. 1981). CremOT (1976) used a llro"lh
recorder 10 cominuously measure height lIro"lh of see<llinll'. Heii.h15 of Iarg.
lrees can be measured wilh hy!""m<lers or a ,u""'.y'(,,'S lranSll (Hus<:h 01 oJ"
1972; Worrall. 1973),

3.3 ud Ar..

!)e,..,.a] melhods are anilabl. for measunng leaf areas of indi"idual planl' or
stands (Table 2). These in'·oh.. lracing leaf oUllin.. on ""per and counting
squam O' dOli obscured by lea,·... 01 ....,i.h,ng cul-oul leaf OUlllnes mad. on
lillhHensih'" ""per. and U$C of pho,o<:lecln< planlmelers. [n Ihe lauer melhod
Ibe inlen.ily of IIghl mulled from a con.tant source and reacbina a deleclor is
conSIdered propor'lonal,o Ih. area of lea"" placed bel"'cen ,he hi.hl SOurce and
deleclor (Mar-shall. 1968), Pholoelcclnc plan,metelS may be $Clec'i"e or non_
$Clecli~e wilb ....pectlO differ.nce> in lii.ht lransmi..,on by leaves, Non....lecli".
mSlrum.nlS are pref.rabl. but if only a ..leeli,'e Iype is anilabl. a corre<:lion
facIo. can be obtaIned by measunng OUIPUI of ,he lighl SOUrce for comparable
areas of leaf Ii.."" and black paper, Leaf area. also can be ..Iimated from linear
measurements of I.af lenglh and .. idlh or from I.af area-leaf ..·.iShl rali"" of
r.presentali"e ""mpl.. of lea"".

Leaf ar.... of lrees or slands are u.uallj' estimaled from careful obser"alions
on a f...., felled sample Ir.... Relalionsh,p' ar...tablished bel"'cen 10'alleafarea
and any of..veral .a"ly measured .hara.l.ri,IIC..hal are relaled 10 leafarea, for
eumplc, 1= heii.hl, "ee diameter, .rown diameter or crown ~olume (K '.., and
Mar-sItaIl,1971).

A common measure ofleaf productlon i. leafarea inde. (LAI), lhe ralio ofthe
leaf surf... of a planl Or sland 10 ground surf... ar.a (Anderson, [97l). LAI
depend, on planl 'izc, all". spa.inS and other faclors influencina plant size. Many
aec-iduous foreslO Ita,.. LAb of 3---fi. C"erll'een communilies up 10 8 (.onif.,.
needles up 10 16), Lo"'er ,,,luesoa;ur in d...n shrubs and hiI!'.,. "alu.. 10 some
e<:os)'1lems such a. fas'-S,o"'lnS popla, plan,alions.

The surface area of a populallon olaJmnoopcrm needl.. has been c.lculaled
IhlOui.h corr.lalion wilh needl. ,'olume. a "alue more ea.ily delermined by
di,pla<:emem (Kozlo..'ski and Schumacher, 1943), BJ using equa'ions de-\..Iopcd
by lhe melhod of leasl !quam, Cable (1958) detennined surface area, of
indi,'idual pine needles from needle weillhl. He Ihen used Ihe relalion bel .....n
surface area and .'-"'iIi' of indi"dual fa",,;'I nh an e'li"",'e oflbe number of
fa""icl.. on a 1= '0 compule lhe surf area of needl.. on "hole trees.
ESl1mates of total number of fascicl.. on a Ifee were den'-ed from thc relalion



MelJSllremmt oj £Jjem "j £nUronmentaJ tmd INdvJ",aJ ClJemictJiJ 587

bel,,'..,n l"tal ..'eighl of foha~ and Ir~ dUllnel.r and from lhe relalion bet..-cen
..el&ht oflhe "'eraa<: fascicles and tree diamel.r. Thompson and uYlon (1971)
co;IIled lJ}'mnO$pc:rm shOOt5 "'ilh a p'es$Ure--oen,ilive adh.si'·e and cov.red th.
coaled ,urface vmh a uniform monolayer of g1u, bead5. Shoo" ..~rc ...ciJlied
befo,. and after bead apphcalion. Bead weighl ..as related 10 ,urfacc area
calibraled by u", of paper squarcs ofkno..'n ar.... Gholur aJ, (1976) and Wanng
er 0/. (1978) d.termlO<d l...r alU5 of communitIes of aymnO$pemtS by usina
m.nsurationallechmques 10 .slimale bioma" and con".ninll 10 leaf area.

3.4 Cambial Gro..-lh

Cambialllro"lh and wood produaion are u5ually d.termlo<d by periodically
mca.surioll chan~ in slem radius. diam.ter or llinh "'ilh dendromel.... calipe...
or tapti. M...,urements have tradilionally bccn mad. at b,ea't he1ghl 0.3 m
abO'o~ vouod). Various lypti of oplical dcndrom.ters are used 10 measure
diam.te.. 10 lh. uPJlC' <lem (Grosenhaugh. 1963)

Dendromel... eilh.r m.a<urechanjln in sl.m clTI:umf.re~by a v.mter hand
or chanses ofa ,in&!e sl.m radius by ll"ugina the di'tance bel....,n a tilled plane
anchored in the wood and a poinl on lhe .urf~ of the hark. Dial PUll"
dendrometers ha,~ bccn '~ry u",ful (Bormann and Kozlo...ski. 1962), Sensili"e
rccordina d.ndromel.rs (dendrOV"ph1) provide a continuou. and permanenl
record of chonses in 'lem radiu1 (Frim and Fnlts. 1955; Phipps and Gilben,
1960). Dcndro&J1llph5. on&ina.lly design<d for lI5<' on large trce5, have been
adapled 10 conlinuously mea.ure diamel.r chaniC' in lr.., scedlinll' (KozIo",..ki,
1967, 1968), Diam.l.r changes of lree scedlinp hI'" also bccn measured "'ith
caliper mIcrometers (McCully. 1952) and recording micrometers (Splinter.
1970),

Dial pug. d.ndrom.ters ba,'. grealer mc<banical pre<:i510n than vernier ,,..,.
band. bu' dendromcl.r measurc-men" laken al only one radial pos,tIon oftm
g"~ mislcadma data on .rage tree vowth (Youna. (952). Although tl'e<' band,
undereslimate the amOunl ohlem VOWlk (Bra."". and Koll"",..ki. 1975) lhey
are u",ful for many types of tong.t.rm arowlh studIes (Wingel and Kozlo....ki.
19(5), Dial gauiC d.ndrom.lers detect the begin nina of "'asonal cambial a'o""lh
and periodic sl.m shrinkage more accuratoly lhan \f.., bands (Bormann and
Kozlov.ski. 1962).

Cambial grow,h van" areally al dllTerenl 5lcm heiglm, The annual .ylcm
increment i5 narrow near lhe lree ape•. Rina Widlh tb.n ,ncroa"" down",...rd and
u5ually IS thtck.SI allhe b.igln of the st.m ",'here lhere i' mnimum leaf\olume.
Below tbe c'o n tho amoUnl of .yl.m increm.nt , ...ri.s ,,'ilk cro n 'lZC. In
domonanltr (large cr"",'n,). lhe ",'idlh of the annual noa narro lxlo..· lhe
cro""n but lhickmup\n nUr lhe base ofth. stem. In suppressed lrees lhe annual
ring nOl onl)' i, thinner al all stem beiJlits but also narro..... rapidly below tbe
CrO....n and oflen no "'ood i. produced ncar lhe ba'" of the stem. In contraSllo
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dominant and ~uppressed trees. open-grO"lIlrttS sbow a progres>i'~ I1lCrease in
ring tbick""ss from lhe top 10 tb. b<>Ilom of lhe tree. For lhese r<allOns st.mo of
open·vown tren art: mucb mort: lapered lhan siems ofdominanll=- in a Sland.
and very suppressed trees ha," al"""'l cylindricalslnns(Kramerand Kozlow..ki.
1979). II .hould be obviou. lhal measuremenl. ofcambial vow,h lak.n at lo..·.r
stem posit10M only do not pro,'ide reliable ""mal" of cambIal growth in lhe
upper sl.m.

R..-ersibl. chanee> 111 ".m diameler caused by periodic bydral>on and
dehydra"on sometImes are appreciable and are poulble sources of .rror m
d.t.rminmg lhe amount of cambIal growth try clu.nS" In slem diameter. Tree
,tems u,ually s.hrink during the day because of bigh lranspiralional wal.r lm$
and lhey ...hydrate and upand a' n,ght (Kozlo"'skl, 1972, 19&2). Sometimes
daily sl.m shnnhge .xceeds the amounl of cambial gro..,h incremenl oyer a
seYeral.day period (Holmes and Sbim, 1%&; Brackk. and Kozlowski. 1975;
Braekk. el ol" 19711). In addilion, during rainless periods lree sl.ms may s.hrink
prOlUSsively for penods of days.· ttk, Or monlhs, E'-en stems of rain foresl
trees may shrink oY.r a period of ks (Da...kins, 19,1.6),

1.4,1 MkroKopy

Mosl of lhe reliable mformalion on lime of seasonal beginning and endmg of
cambIal growth and on types and strllOure of camblal d.rivalies prodU<:ed bas
been oblained by Iighl microscopy of section. taken al nrious umes across the
cambIal zo"". Useful methods of Ilfo,qb nng assessmenl m"ol'" linear
m><:roscopic m....u...m.nl of lhe width of gro...,h nngs and ,"",umulauon of
measurements (Kono.. skI. 1970) linear cross-seclio~1dimensions of cambial
d.ri,..liy.. can be d.termined try (I) direct comparison ,,-ith a gradu,ned scale try
use oftra,-en,ng microscopes. (2) micromet.r .)'epl",,",. 0' (3) "",a,uremen' "'''h
a Ilfadualed scale on projected images (Smitb. 1967). Bolh scanning and
IraMmission electron microscopy ha'"e )'l.lded much infomuuion on fine
slruerur. of cambra! d.n,..'i,-os (Cote. 1967).

3.4.2 Inc"''''''''1 Cor~J

Cores ofwoOO Ulnel(d from ,tems with iflC1'<1'J>Onl bo",,.. have Jx:<,n "''iddy used
to d.termin. gro",'h of trees and forest stands, Measurem.nts of gro,,'b
incremenl m cores can be made witb or w"hout magn,ficatlon. depending On
obje<:ti'"es. Extracted cores are usually placed in prolecti'"e holders for transport
and often require additio~ltrealment in lhe labontory (Kozlow--ski. 1970).

3.~.J &ann~ M~11Iods

Physical characl.nSlic1 of xylem ""lis in pans of an ann",,) ring and in differ.nl
nngs ha,'. Jx:<,n sludied try ",rious '<annlng' method•. For .xample, denslly of



cells has been delennmed b}' m<a,unnl .~rption by "..nod of. collimated
beam of beta panicles (Phillips. 1960); addilional1e<'hni<ju« "'>dude scanninl
"'ith a densltomet.r of X.ray pholograpb. of wood (polK<. 1%9),

3.5 Root G.....tb

Roo' growlh and distribution ha,.. been <JlPr<ss<d in number. ,,'eiJht.•urface.
volum<. diameler.lenlth, and number of '00' 'ips (BOhm. 1919). Roo' ",.iJhlS
... u..ful for cbaract.rizinllh< total m..' of roolS in a soil. bul no, tb. amount
of a~.blnlToolS, Root .urf..... can be det.nnincd f.om .001 diamcl....nd
total lenllh. pho,,,,,lr:cIric mcIbod•. dye adsorption. lilration v.lues. and
....v"'...tric me'hods, Root volumes can h< obtained from a'·.~gediam..... and
.00' I.nl'h by waler di,plac<ment, Roollcnglh has been d...nnincd by direcl
m<a,umncnl.lnl<1'$t;C'llon me,hods. and ...ilh rool counlins machine5. Many dif·
f...nt methods hav. been used 10 study .oolS in lhe fi.1d and Iabo~lory(Table 2).

3.6 Rep.nduct!re G.o,...b

Yield and quailly of flow.... fru"•. and ICed. ha,.. been ''lIriously dcI.nruncd.
1b< number of 00"'" buds 0. lIo...'.... percent of plants producinlflo"'e.. and
lime offloralllluialion ha,.. been of panicular inle""t. Yield of fruilS and seed'
ha'e been .,seSS<d b}' numbe.. p.oou<:ed, dtam.l(T and ""'&h'- F""b "'''&hI
oft.n bas been d..ermined for lIesby fruilS and ....... 'egelabl. crops. Some
.".mp's 11.0,'. also been mad. '0 ...... qualny ofrcprodl>Cll\'. SlMlClu"" (Ting<y
'101.. 1979).

.. INJURY

Me'hod' v.ry for determinalion of injury tn indl\'ldual ceU•. li..= or "'hole
plants. Reco.d, of injul)' as a percenl of plants or I....... affecled enable
companson, .mnnl dIfferent "udi... Planls may simpl)' be ~lcd as scnsili"•.
inlermediat. or toleranl (Be'I)'. 1974). 0' mjnry assessed in a, many •• len­
cat.s"n.. (MIddleton. 1956, MacDo"..ell .nd Cole. 1971). Fo. great•• p.eci,ion
percenlall" are used to ,ndic,m II>( .XI.nl "f folia. mjUl)' (Ik.ry. 1973). Mille•

.(973) ev.lualed oxidant mjUI)' 10 conife.. by a mo.e complex numencal .ystem
based On needle f<tention and condItIon. needle \enllth and brallCb monahly.
Some in".SUptors det.nruncd illCid= of injul)' by exposinll a populalion of
plan.. "'> poUutants and a'....llin' lbe number of injur«!le.,... (Mense. <I oJ"
1963), for unifo.mity ,n ratlnl air pollutanl injul)'. comparison. "'ilh ,·..u.l
Slandlrrd.... desirable:. Ho"'.'.... 'tandlrrdizalion of melhod, i'd,ffiallt bccau..
of \'lInallon, in le:af morpbolollY. diff.rences In sUlCeplibilil)' in various
en,-j.onmental rei'men-, and physiological impact' ofdiff...m injury S)mplO11l!l
(Tinge; 'I al.. 1979).
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4,1 Cdl Ultrutructure

Se~.ral ai, pollutants induce all.ration, in cen ullra.m\lctu~, oflen prioc to
appeaTance of ~i,ibl. signs (Thomson, 1975), for .....mpl•.•arly r.'ponses of
palisade parenchyma cen, of Pho.uoIlJJ 10 ozone included inc~ase in iranulation
and .lectron densit) of the chloroplasl stroma and in some chloToplasts.
appearance of clust... and ordered arrays of fibrils, N.xt th. pla,mal.mma.
tonoplast .nd chloroplast en,..lope broke do..-n. Subsequenlly, th. mitochon.
dria s,,-dled and a<Xumula«<l .k<;tron-<knse materiaL finally. th. cellular
ront.nts collapsed in a mas, in Ihe center of th. cell. Th... chani.s r...mbled
those induced by peroxyacetyl nilrat. (Thomson or aI.• 19(iS). Sequ.ntial
ultra'tructural chanB" indl«d b) SO, in chloroplasts included JflnUlalion of
the stroma .nd ''''ellini of fret membranes (fisher er al.. 19'13).

4.Z M ....b..... P.......blHty

Injury to cellular membranes leads to .hem c¢1I mnabollsm and necrosis. The
.peed with which Olone .lten membrane fUllClion, ha.led 10 wide .cceptance of
th. ~iew that c¢1I membranes are pnmary "'0$ of OlOne actIon (Huth. 19'1S),
There i. some ....id.nce that SO, also affe<:ts membrane penneabihty (pudell el
aJ.. 1977). In add,1lon t" Inducl"a cha"aes m "hole cell., oz""" alte... the
permeability of o,pnen.s. for .umple. mitochondria (Lee. 1%8) and chloTo­
plast mcmbranes (Coul$(ln and Heath. 19'14).

Alteration. in membrane permeabililycan be studied by chan,.. in metabohl.
upt.ke (Pcrcho,o..-itz and Tina, 1974), $(llute leakaae (E~ans and Tina, 1974;
Becke""n.nd Hofstra. 19&0) or water uptake Evans and Tini (l973) Slndied
ozone·,nduced ""te' permeability chan,.. uSlna kaf d,scs b) (I) chan,.. ,n ne'
"'.ight determined ira,'jmetric.ally and (2) change in refracti"e index of the
suspend,ng media measured refra<1"metncally

5 C01'>'TROLLED ESVIRO:"'MENTS VERSUS FIELD STUDIFS

Object i~.. a nd a~ailable f..ilitiesoften dicUlIe ,,'het her controlled en,'ironmen",
field experiments. or both are best used to a..... effects of en,'ir"nmental
cbemic.als "n plants. Cuntrolled...nvironment experiments ofien are more
inrormati~. than field experiments because close control o~., the .",ironment is
maintain.d. and a ,,'ide range ofcondilion> is .,'.ilable simultaneou,ly.•1I0WIDI
foe eompan$(lns ofeff.... "fen'1ronmenlll chemlQ.ls In dIfferent emi rOIlmemal
reKimen •. AI$(l it often i. Iml""sible in 6eld 'ituation' to establi'h meanlDlful
e"n""l pI"" (fo' .umple. nea, polluti"n $(lurces). A major ad~antage of
en'ironment..:ontrolled reocan:h facihties i. that lhe)' decrea'" variability and
IDcrea", reprooOClbililj of data (Tibbius and Kozlo""ki, 1979)
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!.l ExPOSU'l Chambers

In >ludil. af air pollUlion effl<:'$. planl' ,hould be expoSld 10 chemical. undl'
condilion. 'hal "ill )'icld ",.ull. "'hich "'ould be obtaine<! undl' normall"O"'ing
condilion•. Althouah lhi, rna}' be,t be aoxompli.bed in lhe opln. poliUtanl
dosages <:.annol be conl<olled and comp;IIison of'en cannol be made OO",«n
fumipled and unfumipled plan". H<:nee, expo.ure chambers al'l nOClSsary. A
multilude ofexposul'lchambers. "ary;ng in 'izl. ,hap< and comple,it)· ha"e 1:>«n
used, The imporunt n:qul",menl' of all chambers ,nclude'

(I) uniform di.tribution of the pollutanl bet",,,,,n and ,,'ilrun chambers.
(2) uniform In,irommnt (radiation. templratul'l, ""a'i'" humJdi,y and a"

mOHmen!) bet"-cen and "itbm cbamberi,
(3) nonrt:aC1i~e chamber .urfa=,
(4) c1"", control of pollutant concentration., and
(S) an environmenl tha' f'lOOmbl.. amblO1lt cond,l,on,.

Dlsirable but n<>l a1>uY' .....ntial cha'acteristics include a sinak pass .)'>tlm.
ncp'i'" cbamber pres,u,e, portability, 10'" CO<I, and U$(: of con,truction and
cleaning (Heagle and Philbeck, 1979). A useful .ystem fo' it""nhouses and
pbytotron. i. the conUnuou••Ii,red tank ru<:Io, (CSTR) .ystem dl"'ribcd by
Heck # al. (1978). In field chamberi ""h closed tops, templralu", i. ""am and
Iig.ht inte""ty lo",er than amblent. There has 1:>«n a trend toward U$(: ofOpen-lop
cbambers becau$(: tbe)' do not ha"e 'b.... problems (Hea&ie and Philbeck, 1979),

lmponant tlqulremcn" for d"pln"og chemical pollulan" in,o test chambers
metude

(I) clO$<' conlrol of deh'''1) of d.."ld concentration. of cbemical••
(2) f'«dom f,om concenlrat,on drift once d"lred concen,ralion, are reached in

chambers.
(J) lack of leahlt and
(4) construction "'itb material. lhal do not I'lact wilb lbe pollu'ing chemical

A u$(:ful di.pen.ing'Y'tem for SO" 0" and NO" alone aT mcombinauon, ,,-a.
described by Hl<:k er 01. (1978), A '-ariety of pollutant control ')'$lem, for
dlli"ering a single: SC1 conecotration of a pollulant, $(:"eral $(:t concentration.
,'arying "'ilb lIme or aradu.all) cbanging concenlration. are described by Heagle
and Philbc<k (1979), A .in&le pollution moniloring instrument can be uSld to
determine concenlrat,on, of pollutant at ....."1'lI1Iocalion.

!.2 Duial of Flfld Sl"";"

Numerou. field studi.. ha"e 1:>«n conductld to a...,.. the characleT, JOlIgn,'ude,
and erre.;,. of ai' pollution On plant•. Allbouah many u"y >ludies lacked
.uitable contrnl plots to a~ p",pollution conditions, SOme etrons ha,.. been
made in recenl )'ears to oblain ~ucb Informalion Faclors inlluc-ncing d",gn of
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fidd studies Include tbe type and ehal1lctenstics of the pollutant "'U!te.
melrorolop:.o.l condiuon•. typ" of pollutant!.) e'·aluale<!. type nf\-egelauon and
objecti,·es oflhe 'ludy. for example. 'hon· or long-term. acule or chronic effect,.
etc. The follo"iog Tttommendalioos are based on thO$< ofSkeU) er Ill. (1979) for
~ariou, pollutant sou=s.

Acci<knllli spi1/J A l),pl(al desIgn <:<>OS;Sl5 of radiallransecl' from tbe center of
lhe source. wilb up"ind l,anseelO ,bon..r. Plants should be locale<! along the
lranseets at J00m<:tri<: and logarithmic iDle"'al, oul from th. $OUT« (figure I),

•

, ,

FL,un: 1 So,,", <...ampleo of p1o' dimil",,;on fo, $ludjln, ,ff""" of air pollution on
'-eJO'll."on. R.."odU<ed by pe'm....on of ,he Air Poilu'"", CoDtroi A""",...tion f,om
Shlly.'aI. (197'l). Upper loft; $lOp <'UI' 1OUr« of poIlut;o,,; upper rill" line: 1OUre< of
pollution; 10....' lell <inli< point <cur« of pollution: lo"'er nth" area·"',de <cure< of
poIJulJOn



High'a}'. Pollulanls which are generaled continuou,ly u,ually oon,l$t of
coarse panicles. line panicles and p>e$, Typ;eal des'l" con,,;1\0 of multiple
transectS located perpendicular 10 th. source al set di.tances. The di.taoo<
helw..n plots alonlltraMCC1s ,ncreases wilh grealet di.taoo< from Ih. roadway.
AU plOlS should contain 1M same ')leCIes under ohse,-.'alion (Figure l).

Smob mxb of po..~r ~~,aling plan", """,lie". ff~", elc, Pollutant.
indude coarse panicles, fine parlicles and gases. lks,gn for ex po'l farlO sludies
consi... ofradialtransccl' (for perhaps up 10 n miles) lhal ~ominatc in 1M
dir...,tion of lhe aff...,led area. Samphng <iles ate eslabllshed on lramccls and
conCC11traled in lhe impac1ed zone. Control plants 'hould he e'tabh,hed in an
u!""ind direction. if possible (Figure 1),

5,1,4 Prt0fHrat;QI1ol and 0fH'atkm Siudie.

Ne..' ar c!langing pa"" """ree De<illn i' Slmilar 10 lhal of ex posl/<II:la 'ludies
exceplthat sample plot, 'hould he di.tribuled in all direction. so Ihal plOIS not
.ubJect 10 predominant wind direction can serve as background ";1.. afler lhe
pollulinll source i' operalional.

5.1.5 Area and ~gioMl s",.rce.

These are more difficull to a,sess than lhose discussed above, Area sour<:e
problem. are Ihe result of pollulanl emission. from man) source. lhal ev.nluaU)
lose lMir point, mobile or line sour<:e character. or from ,,-jdespread use of
agncultural chemicals, Regional sour<:e problem' in"oh'ethose as50Ctated wilb
large urban area. and lonll distance pol1manllran,port inlo Olher areas lbal do
nOl emit pollmant. (Figure I).

De,illn in lhe field will depend greally on predelermined and dearl)' oUlhned
specific objectives and on availabk time, fundS and Other resources. Method' will
differ fQr (I) singlc CfOP re,ponses to .pe<:ific pollutan!> (Menser, 1969),
(2) multiple crop reopon.... (Oohima, 1973), and (3) for ,tudies of crop lou
e,I,males by go,'emmenlal boundaries (Skelly and Haye•. 1977; Williams or "I..
1977).

6 PLANT CQ.\IMUNITY STRL:CTURE

There IS ,,-idespread ;ot.1tS1 to assessing lhe effect> of .ovtronmc:ntal chemicals
on planl oommunily >truclure, espe<:ially lhal Qf for.,t ..osystems, In notmlll



~\lCCtSSion in an unpoolluted atmosphere the number of species. proo\ICI;vily.
bIomass. commuruty heIgh, and strllC1ur.1 complexit)' ofan ecosystem increase_
En';ronmental chemicals ,U<:h .. air pollutants md,," retrog....ion character.
iud by rroUCIion in producti"ity, biomass. co"erag<: and spec;es di"ersily
(bnzon. 1978)_

Various approaches ha"e been used to assess the effects of au pollution on
plan, community su'uctu..,. Most <ommonly bioma... prod\lClivily. species
di.-er$i'l·. fr.,quenq. percom co"er aDd injury ha"e been determIned at nnOUS
di'tances from Ihe pollutIon IIOU"'" (Gordon and Gorham, 1963; Wmner aDd
Bewley, 1978). Details on melhod. are lli"en in Table I and in Oostln8 (1956).

6.1 Simulotioll Modelling ud C(Hllputer Anot}-siS

Tradluon.ally. 'tudies of respon"" of foresltrees to air pollution st.... con~red
on .pecies Ie'-el responses. seedlinll' or phy,iological proce...s. Howe"er. 10
assess pollulion effeclS on trees ....ilhin forest stand, ,.,qui,es eomblmng
autecolOjicaI and synecolollical approaches by 'imulation modelling. A few
e,.mples will be given

We't ~11i1_ (1980) used a foresl srov'th and 'uccession model to e"aluate the
timc-intellrated errect< of air pollution on respoll$('S of 32 sp«:it$ of fores' t=5
llrov'inll in forest stands, The" approach addressed se"eral important questions.
inc[udins:

(I) what level of pollution .tress sillnificaml; altef> fore't gro...·th and
de'-elopment,

(2) how are meu effects intellrated o'-cr lime.
(3) how important is compo"'ion in InftU<:nc1ng mdUttd Slr<SSe$ on ,-anoUS

specit$. and
(4) how are sp«:Jes responses 1ntegrated Into responses of forest s;'Strnt5.

A ba'ic assumption of Ihe mooel ...... Ihal the rel.ti"e semiti"it)' of specie, to
reduced phy.iololPcal a':li"ity uDder chronic stress regimens paralleled their
relati"e ",n$ittY1l)' to foliar 1nJury a, reported In the llterature_ ThC)' .pplied
.'ariou. dellr.." of sro...·th inhibition to t~ in different pollution semili,-it)
classes to ~Imulate chan't$ in moma... of bolh indi"id",,1 specit$ and an entIre
forest stand. Liriolklldrl>lllul,pife'". a raptdly llrov'in,. earl)' ~uecessional .pecin
(intermediately intolerant to pollulion) sho... ed a rapid ll"0....th Increase under
chronic pollution as a result of the llreater inhibitory effect on olher species in the
stand. By <ornpanwn. Qut'CU$ t...I","'" (alw intermediately toleran' to pol_
luti"n) exhibtted llreater lfO"lh inhibition. reflectin, larllely its inabihtj to
compete wilh o'her $p«:ies (for e~ampk. Li,ioIklld.,,~) under the added ~I.... of
air pollution. Qw,CU$ alba (tolerant to pollutton) $hov.-ed inctu.5ed llro"lh in a



pollUled .land "'h"'h became nidenl only as lh••,.nd malured. Pollu,ion
dT1\Jnalkally dee...ased """'lh of Pruma ",roriM (very ..nsiti"e 10 poIlUlion).
Pl-n~ul.,ly in sland, more lhan 100 )'<a.. old and resulted in i" almoS1 tOlal
e~minalion.

The elf""l ofcompolilion on lhe Impacl of pollution on horbacoous planl' ,,'"
domonSlra1<d by 8mn..' and Run<'Cklos (1977) "ho compan:d lh. etT<'Ct of
owne 00 1'0"lh of f)'e gra.. (LcJ;um m"llijllmIm) .nd dover (Trifolium
waTMlum) "'ben th.... "...", gro"'n singl)' or ,ogether. The dua indic:ated
in<:reased compotltl" polenlial of f)'e gra.. o"or do.'or "h... ozone stre.. "as
applied.

Kerch« e/ul. (1980) dn'<!oped a $lmula..r for lbe mued conlfe, fOreslll'po of
'he S..rra N,,·ada. Their model calculated environmental parame.... of tbe
stand and inlliah'ed numl><rs and .ilOS of lrees from en"ronmenlal and CQnlrol
data. respecu"ely. A lable ofgood and bad seed y.... and a list o[li... yea .. "'e...
g<n<rated. The etT<:<:t (>f ...r \>CI!lutl(>n (>n lltt< ",as calculated. The number (>fnew
seedhngs for tbat )ur, gro"'lh of each Ire< and monalitj "'ore lhen d..ermined
for each year. Growth ""'as modelled In term, (>fditTere~ in llffdiameter and
a, a fUnclion of en"ironmental '.riablos. Monalily '..s detormined stochasti­
cally dopondlng on ill probabthty as d...rmined by ecological n.k, lack (>f
gro,.-th and fire injury. The dynam>es of accumulalion of lil..r and brusb "'ere
al", modelled. F(>r a 1O}. reducli(>n to growlh of PlIlllJ porn!e.()So from polluli(>n
" ...... and "ltb sro.....th reduction,;n olhor .pecies as d..emtined by lbeir ...Iati.'e
..n.il""l.... standing ct(>ps of PlIlllJ p<>n<kToso "'ore redue<d and lh.... of Abks
=01", increased,

Acolhor example (>fetTeetl'" "mulalion modelli nil ofeffeelS of \>CIli ut ion me..
on plant p,ocesses and communitl' dy~mics i' lhal of Luxm""... (1980),

6.2 Elf..,.. of eMmital. oa Lichen. and Bryopb)'IU

Reeognizlng Ihal many lo"'or plan" a... much more ,uscepllbk lhan ...scula,
plan" to air pollutIon...".ral,n'·..."pto.. studted Ihe freque1lC)' and density of
I"'h.... and mosses a, an index of the impact of pollulanl, on planl oommunlly
structure.

Zone maps of plant dimibulion ha.'e bttn comm(>nll' used. "lth SOme studi..
delineating 3 or 4 zon.. and others as man)' as 10 (Rao and LeBlanc. 1967;
LeBIan<: <' al.• 1972a; R..... 1973). Some in'''lipt(>rs collecled data for onll' one
"ldell distribuled species (Granier. 1972; Ha....ks"onh. 1973). Vegelation maps
based (>0 a mathemat",all)' den"ed 'index of .lm,,"phene PUnty' to express the
long-torm etTeet of air pollull(>n on li<:hens and br;ioph~l" ......e used by
DeSI"""eT and leBlanc (l96il) and LeBlanc ~, al. (1972b), Brodo (1961. 1966).
l':,'.n (1970), and Ha,,'k,w(>rth (1971) studied gro.. th (>ftransplamed lichens and
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bryoph,tes. lO~lher "ith lheir substrales. rrom unpoUute<! to pollure<!
SitOS.

7 SOIL POLLUTION

There h.. been I rapidly vo,,;ng imerosl in soil pollution a, an index of
ac<:Umuiation of potentllll} to"'" chemJC;lls in the en"romnent around pomt­
.nd .rea-sources of pollution, The soil poIlutam. of sreatest ,merest "'clude
metals such IS merru!)'. metalloids. h.lides. sulfu,. bo'on, ''anOU, .gncultural
chemical' (e,g herbicide., inoectK:ides, fungicides). and .11e10pathK: chemK:al',

Soil surw}s for the p~1IC(C of poIlutmg chemicals fall ,ntO twO Jeneral
Clt"llorieo: (I) lhose in ,,'hich natural soil horizons are sampled and (2) those in
,,'hich the soil iSSlmplro at un,fonndepth,. The former are .ppropnate In Ireas
wh= the soil profile ha' not been disturbed; the lalter "'here soil di'lurba1lC(C is
e"idem, as in urban. industn.1 or .g.rK:UIIUral arclS.

Methods ofan.lyslS for so,l ponUlan" largel)' in'ol"echemical analy= ofsoil
samples, Usualilthec01lC(Cntrauon of pollutant< In so,l samples iscomp.r«t. w'th
unpolluted samples or "-;th ""mples con'ider«t. to conlain normal or back·
iTound C01lC(Cntr.tions. For met.ls. atom,c .!><orpt,on Spcc1,,,,,,opy " most
commonly used (Sl.vin, 1%8) hut n.me em'ss,on is preferable for alkali melals.
For simullaneous determination of man) elemenu atomK: f1uoresce1lC(C and
.park emiosion 'pec!TOSC<>PI are used (Jone<. \976; Fassel. 1978). Both
colonmetry and ,on I<lech"e electrodes ba,.. been used for determtnallon of
balides (Cook~, 01.. 1976: Jaco!><on and Wein.tein, 1977), Melhod' for .ulfur
determination.t'( usually based on colonmet!)' and turb,dimetry (Chan, 1975:
MoQuaker and Funs. 1975; Norby and Kozlo""ki. 1982), Various bio.a...y"
in"oh;nS iTowth responses of 1<00,u,'e '($t planll In polluted and unpolluted
soil' ha"e also been useful (Kozlow.kt and Torne. 1965; Kozlow,.ki ~I 01.. 1967),
Methods fOT analy'Z,ng allelopathK: chemicals are described in papers cited by
RK:e (1984),

Con'iderable cauUon " advised in interprellng <!.ala 00 concenlralloo. of
chemK:al< in sorls. A<lual lorieity of cbern"'al' to plants ""nnot be preasely
determlOro by .pp!ylng them to the soil bccaU$¢ such chem...I, are losl to
''Inable degrees b) "'Iporalion. leachins- mK:robial or chemical decomposillon.
and adsorption on ,he so,l (Kramer and Kozlowski, 1979). A U<efulapparatu,
for studying the effects of precipitation and other en"ironmenlal factors on th.
f.... movement. potential bioaccumulat;on and interaClion' of chemical.
applied to soil' is the companmenlalized microcosm described by LK:htenstetn.l
ai, (1978). Th••ppara'us ~ons'SISofte"...triaJ and aquatK: components thaI can
be maintained ..parately under a variety of en"ironmental conditions, For a
soo<! discuss'on of problems ;n ~onect,on and pre....,'at;on of so,l """'pi....
""mple anal)"i. and interprelation of data the reader i. referred to Temple .nd
Wills (1979).
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8 REMOTE SENSING

Som, ,n"OSllglltOr$ hav. sbown 'b.n. to wme degree. pollulion damage 10
vegetat,on can be a..es<oed by' remote ",n"ng from ..tell;tes or airc",fl. To date
mOit "'ork has concentrated on atnal photogr1lph~ and a"borne mullispe<;tral
Kanninl. Altbough there are many proble"" "'itb remote ",n"ng toxbnlquos
no'" available (Thorley. 19~5). they ba'" many potential ad"antages over otber
m..bods. "",Iud,ng u", of many pam of tbe electromagnetic 'pc<lrum; ",,'ing of
lime. money and manpower; ahil")' to COVN large area" and u", of ,ucces,;"e
remote ..n,ing s""'ey. to folio" the extent of injury to "<getation b~' air
pollutants.

U"nll color atrial pbotograpb) Heller (1969) studied Ibe efToxts ofoxidant a"
pollution on Pinus panJnoso trees in California. The most useful s,gns for
,deouf)'lng pollu.aot_alToxted ««1 we", color. 10" den,;t} and sbortne.. of
r>cedl... and bigh frcqurn<:y of bare bra ncb... Wberea, healtby pin.. retained
ntt<lles for $ yUr$, poliutant_affec'<'I trees retaln<'l onl)' current-year needles
Similar remo'e ..""inllloxbniqllC5 ba"e been used in Canada (M unha, 1972) and
Europe with vanable !u<:ClOSS (Thorley. 1975). For a good d,scuss;on of problems
"i'h currentl)' a"ailable remote ",,,,ing .oxbniqucs for .......men' of pollution
damage to "elletalion tbe reader is refe,,<'I.o Thorley (1975). van Genderen
(1974). and Sapp (1978).
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