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SUMMARY 

M c U U G H L I N ,  S. B . ,  M. B. ADAMS, N. T. EDWAUDS, P .  J. W S Q N ,  
P .  A .  LAYTON, E. G .  O’NEILL, and W. K .  ROY. 1988. 
Comparative sensitivity, mechanisms, and whole 
plant physiological implications of  responses of 
loblolly pine genotypes to ozone and acid deposition. 
ORNL/TM-10777. Oak Ridge National Laboratory, 
Oak Ridge, Tennessee. 306 pp. 

A quantitative and mechanistic basis for evaluating the potential 

effects of  atmospheric pollutants on physiology and growth of seedlings 

of loblolly pine, an important timber species in southern commercial 

forests, was evaluated in laboratory and controlled field studies. 

Fifty-three half-sib families of loblolly pine were examined. 

objectives were to (1) quantify differences in growth responses of 

these 5 3  half-sib families to the individual and interactive cffects of 

simulated acid rain and ozone in the field, (2) characterize the 

physiological basis of observed responses in field and laboratory 

studies, (3) compare and contrast results obtained with similar 

experimental protocols in field and laboratory approaches, and 

( 4 )  develop experimental protocols f o r  quantifying physiological and 

growth responses of  large trees in the field. 

Primary 

Field exposures of 9950 containerized 12-week-old seedlings were 

conducted in a 36-plot field research facility composed of 3 3  open- top  

chambers and 3 open plots. Six ozone levels [ambient open, ambient 

chambered, charcoal filtered, ambient -1- 40 ppb, ambient i- 80 ppb, and 

ambient + 160 ppb, for 6 hr/d and 4 d/w] and three levels of  simulated 

acid rain (pH ’ 3 . 3 ,  4 . 5 .  and 5.2) were applied. In laboratory studies 

ozone was added at three levels (0, 160, and 320 ppb) for 6 hr/d, 4 

d/week in Continuously Stirred Tank Reactor (CSTR) chambers. A 

background of pH 4 . 3  rain (1.1 c m  twice each week) was provided, and 

plants were placed in a charcoal-filtered greenhouse on the other 3 d, 

Results of these studies indicated that there were large 

differences in inherent growth rates among families and significant 

differences in responses of  individual families to ozone and, to a 



1.esser degree ,  t o  a c i d  r a i n .  Seedl ings grown lrnder f i e l d  condi t ions  

:?ere gene ra l ly  more s e n s i t i v e  t o  ozone than those exposed i.n l abora to ry  

chambers, although relative d i f f e rences  i n  s e n s i . t i v i t y  ainong f ami l i e s  

1~7ere s i r n i  l a r  w i . t h  b o ~ h  exposure condi t ions  I n  the f i .e ld  exposure t o  

ambierit a i r :  i n  which ozone i.s the  pr inc ipa l  known phytotoxic  component 

i n  the  Southeas t ,  reduced average height; 

growiiii ( - 268,  -5%,  and - 7-42;, r e spec t ive ly )  compared t:o t h a t  observed i n  

c h a r c o a l - f i l ~ e r e d  a i r  i n  whLch ,the nxposure dose w3.s reduced by 50%. 

Increas ing  ozone levels above those i n  ambi.ent air resulted i n  growth 

responses  t h a t  were occas iona l ly  s t imula tory  air. the lowest. ozone l e v e l .  

b f i i l e  these  responses becam increasi-ngly i n h i b i t o r y  a t  t he  h ighes t  

ozoi-ie l e - e l s ,  they d id  not  significant. . l  y exceed growt:h reduct ions  found 

i n  ambient a i r .  

d iameter ,  and volutne (d2h) 

Acid r a i n  caLlsed a general  s t i rnda t i .on  of  he igh t  growth f o r  m o s t  

f ami l i e s  al; ambient  levels o f  rai.ii5'all a c i d i t y  (pH 4 . 5 ) .  By c o n t r a s t  

he igh t  growth was typica l - ly  r e d w e d  a t  a mean pif o f  3 . 3 .  S i g n i f i c a n t  

interactions be tween rainEa1.l a c i d i t y  and ozone were detected i n  height: 

growth response. I n  general  the e f fec ts  of aci.d ra. in were grea tes t  i n  

c h a r c o a l - f i l t e r e d  a i r ,  b u t  decreased as the l e v e l  o f  ozone increased .  

Phys io logica l  nicasurements on s e l e c t e d  fa in i l ies  indi .cated t h a t  

e f f e c t s  on  photosynihesis  , carbon allocarri on, and mycorrhizal 

co lon i~za t ion  were, l i k e  the e f f e c t s  on gsowth, more pronounced under 

f i e l d  condi t ions  ~ P r i n c l p a l  responses detected a t  inc reas ing  ozone 

l e v e l s  w n r e  reduct ion  i n  photosynthesis ,  t r anspor t  of carbon fro111 

shoots  t o  r o o t s ,  and r o o t  s t a r c h .  These changes were i n  turn  

a s soc ia t ed  wi th  reduced mycorrhizal infect;ion o f  s h o r t  r o o t s ,  and 

reduced of  soot:shoot r a t i o s .  Photosynthesis was s t imu la t ed  by a c i d  

r a i n  a t  pH 3 . 3 ,  b u t  t h i s  response w a s  no t  a s soc ia t ed  with an inc rease  

i n  plant dry-mat te r  accumulation a t  t he  end o f  t h e  12-week experiment.  

Physfological changes induced by ozone were gene ra l ly  p o s i t i v e l y  

c o r r e l a t e d  with observed changes i n  bioiliass i.ncrenient. 

Co l l ec t ive ly  the  mzasurenents o f  carbon a s s i m i l a t i o n  and 

partil:Lonlng suggss t  t h a t  growth responses t o  oxone will be s t r o n g l y  

inf lueaced  by phys io logica l  chainges 1.eading tio bo th  reduced 



avai1abili . ty of  carbon (reduced a s s i m i l a t i o n )  and altered p a r t i t i o n i n g  

of  t h a t  carbon, p1:inC.ipall.y ta r o o t s "  Reductions i.n r o o t  biomass and 

reductions in mycorrhizal status are viewed as important: areas  f o r  

f u r t h e r  s tudy based on r e su1 . t~  from the c u r r e n t  lnvest:iga+-ions. 

CQntiTltiOUS measurements o f  photosynthesis  in canopies of  large 

t r e e s  are f e a s i b l e  based ~n exploratory experiinents with an open- f Z o w  

gas-exchange system. Such studies may provide a b a s i s  f o r  i n  s i k u  

measurements of tree responses t o  ozone under ambient exposure regimes. 

ColZectively these studies t n d i c a t e  that adverse growt:h responses 

of l ab lo l - ly  pine s e e d l h g s  t o  ambient 1evel.s o f  atmospheric ozone are 

l i k e l y  b u t  will be s t rong ly  dependent on genetric va r%at ion  associ.a. ted 

with seed soui~ce .  Responses t r ~  anhient  l .evels  o E ac id  tleposi.tion a r c :  

likely to be much more complex arid may involve growth st-i.mulat:ion ~ 

p a r t i c u l a r l y  i n  height:, Ozone- -ac id  rain i n t e r a c t i o n s  a-ppear l i k e l y  at 

a c i d i t y  leve1.s subs tan t ln l ly  above current n r i b i e n t  1.eveIs in the. 

Southeas t .  A t  the kdghest 1.e.veIs of acid r a i n  and ozone,  t h e  infl.uenice 

placed on fie1.d work i n  the future .  T h e  inflluenc,e of co-iit?.nuous ].ow- 

l e v e l  exposures oecumcri.ng as a backgroimd be. tween ozone ;xddit:i DXIS in 

tihe f i e l d  should be exainiried mui-,k mort3 c:losely i n  fut:ure s t u . d i e s .  

a .dd i t ion  major emphasis s h o u l d  be placed nn  e v a l u a t i n g  responses of 

loblolly pine t o  chronic eqmsures  a t  ambient and near  ambient exposure 

doses where measurable adverse effects w e r e  observed in these stxidies I 

In 

xvi i 





1. INTRODUCTION 

1.1 PROJECT OVERVIEW 

This report summarizes results of the first year of field and 

laboratory studies on growth responses of  loblolly pine seedlings to 

ozone. 

Department of Agricu1turefl.S. Environmental Protection Agency 

(USDA/EPA) Forest Response Program and was initiated as part of the 

Southern Commercial Forest Cooperative. 

The project was undertaken in 1986 with the support of the U.S. 

The scientific basis f o r  this research was the need to evaluate 

individual and interactive effects of  ozone and acid deposition on the 

growth and physiology o f  loblolly pine. 

their relationship to exposure dose, their mechanistic basis, and the 

extent to which they varied across genetic lines are a l l  important 

areas of information needed for the evaluation of potential effects of 

regional atmospheric pollutants on growth of loblolly pine in southern 

commercial forests. 

research was initiated in April 1986 to focus on four principal 

objectives: 

The types of effects produced, 

A n  integrated prograin of field and laboratory 

1. 

2 .  

3 .  

4 .  

Quantify differences in  growth responses of 53 half-sib loblolly 

pi.ne families to the individual and interactive effects of  

simulated acid ra in  and ozone in the field. 

Characterize the physiological basis of  observed responses in 

field and laboratory studies. 

Compare and contrast r e su l t s  obtained with similar experimental 

protocols in field and laboratory approaches. 

Develop experimental protocols fo r  quantifying physiological and 

growth responses o f  large trees in the field. 

Collectively, these experiments explored the whole-plant 

physiological basis of pollutant effects under diverse pollutant 

regimes. 
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Evidence of  regional1.y synchronous changes i n  growth and v igo r  of 

some spec ies  of f o r e s t  t r e e s  i n  both  Euvope and i n  t:he e a s t e r n  United 

St:ates has accwi la ted  r ap id ly  i n  t h e  past 5 years  (McLaughlin 1 9 8 5 j .  

The types of changes,  t h e i r  t iming ,  and t h e i r  r eg iona l  d i s t r i b u t i o n  

suggest  that regi.ona1- scele influences such as c l imate  or atmospheric 

p o l l u t i o n  may be p lay ing  a r o l e  as e i t h e r  pred ispos ing  OK t r i g g e r i n g  

factors. In  Europe, the d i v e r s i t y  o f  spec ie s  a f f e c t e d ,  the  l a r g e  area 

involved,  and the ex i s t ence  of  gradient:s i n  damage i n  proximity t o  

known sources  o f  a ixospher lc  p o l l u t i o n  have l e d  t o  a genera l  consensus 

among Ei.iropcan s c i e n t i s t s  tihat atm0spheri.c p o l l u t i o n  i s  p lay ing  a r o l e  

i n  these changes,  I n  the  Unit:ed S t a t e s ,  the  mospl obvious changes i n  

r a d i a l  growth r a t e  have been noted in r ed  spruce growing a t  h igh  

e l eva t ions  i n  the  Appalachian Mountains (Johnson and Siccaina 1 9 8 3 ) .  A t  

lower e l eva t ions  i n  E a s t  Teimessee, r ecen t  reduct ions  i n  r a d i a l  

increment i n  s h o r t l e a f  p ine  have been noted (Baes and McLaughlin 1 9 8 4 ) .  

‘rhese reduct ions  co inc ide  temporally wi.tI-1 s h i f t s  t o  slower growth by 

red  spruce at high e l e v a t i o n s .  In  a d d i t i o n ,  t he  anal-ysis o f  f o r e s t  

inventory d a t a  froin permanent survey p10t:s by the U . S .  Fores t  Serv ice  

has  revealed an unexplained s h i f t  t o  slower growth r a t e s  (a 30-50% 

reduct ion  dur ing  the 30 years )  f o r  p ines  i n  t h e  Southeast  ( S h e f f i e l d  

and Cost 1 9 8 7 ) .  

The causes  o f  these  changes a r e  poorly understood. In  Europe, SO2 

is  c l e a r l y  involved i n  some i n d u s t r i a l  a r e a s ,  b u t  i n  the  broader  

r eg iona l  environment, p r i n c i p a l  t h e o r i e s  o f  a c t i o n  involve 

(1) acid-precipi.tation-induced mobi l iza t ion  of trace elements such as 

aluminum t o  levels t h a t  are tox ic  t o  r o o t  growth and leaching  o f  

n u t r i e n t s  i n  the  s o i l  (Ul r ich  e t  a l .  1980) and ( 2 )  phys io logica l  sl;ress 

a s soc ia t ed  w i . t h  ozone al?d a c i d  r a i n  impacts 011 foli-age (Krause et a l .  

7 . 9 8 3 ) .  

I n  the  United S t a t e s ,  fewer spec ie s  appear 1-0 have been a f f e c t e d .  

Because symptoms are less d i v e r s e ,  t he  case f o r  p o l l u t i o n  as a causa l  

f a c t o r  i n  observed change i.s less clear .  However, a number o f  f a c t o r s  
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support the concern about a possible role oE ozone in the pattrerns of  

reduced growth. These include (1) the occurrence in the ambient 

atmosphere of maximum atmospheric ozone concentrations that 

substantially exceed short-cerm damage thresholds (McLaughlin 1 9 8 5 ) ,  

(2) the widespread distribution of  ozone at potentially phytocoxie 

concentrations (NAS l977), ( 3 )  the appearance of visual symptoms of  

ozone damage on foliage of native herbs and trees in the field, and 

( 4 )  the documentation by the National Crop Loss  Assessment Network of 

yield reductions i n  crop species exposed to ambient levels of  ozone and 

associated gaseous pollutants in the field (Heck et al. 1984). 

The previously discussed changes in productivity of southern pine 

forests have generated considerable concern that an extremely import-ant 

economic resource may b e  at risk because of  atmospheric pollution. 

principal initial focus o f  this concern has been on responses of  

loblolly pine (the most important commercial species) to ozone, which 

is the most clearly documented phytotoxic pollutant at ambient 

concentrations. Potential interaccions of  ozone with acidic deposition 

across the region were a second area of  emphasis. 

research have been delineated in the developing Southern Cammercial 

Forest Research Program: (I) documentation of  changes in growth 

patterns in the field and (2) characterization of the genetic 

variability and associated physiological mechanisms of  resistance to 

ozone and acid rain on the b a s i s  of controlled field and laboratory 

studies 

A 

Two major areas Q E  

Laboratory studies under controlled environmental conditions 

offer some significant experimental advantages in understanding the 

interactions of genetic variability, pollutant exposure level, and 

other environmental variables in the responses of tree seedlings to 

pollutant stress. There are a lso  limitations in the extent to which 

results can be extrapolated to the responses of seedlings arid 

particularly larger trees under field conditions I For this reason, 

laboratory screening rj t i i d l e s  must advance tbe conceptual understanding 

of the physiological basis of  responses to principal erivironmental 

variables that may modify responses in the field. In this capacity, 
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such studies can help identify significant features of S0t.h pollutant 

dose and plant response. This identification can lead to improved 

understanding and more effective implementation and evaluation of field 

research. 

of  both laboratory and field approaches. 

The research described i.n this report represents a merging 

1 . 3  

1. 

2 .  

3. 

4 .  

5. 

RESEARCH STRATEGY 

This research focused on five principal hypotheses: 

The physiological attributes that have led to the selection sf 

test families of loblolly pine for superior growth under a wide 

range of environmental conditions will result in significant 

genetic differences in sensitivity of loblolly pine seedlings to 

pollutants and will be expressed as differences in response of  

total growth, relative growth of  roots and shoots, and physiology. 

Ambient levels of ozone are more phytotoxic to loblolly pine than 

are current ambient levels ~f acid deposition in the Southeast in 

low elevation forests. 

Effects of ozone and acid deposition on lobl.olly pine growth wi.1.1. 

occur both as a result of  reductions in the amount o f  carbon fixed 

and in the allocation of that carbon. 

The point of maximum sensitivity for individual and interactive 

effects of ozone and acid deposition will be the root-rhizosphere 

sys t a n  ~ 

Background levels of ozone during exposure respites will have an 

important influence on response o f  seedlings to ozone during 

exposures. 

These hypotheses have been tested by comparative analysis of 

growth responses of 53 half-sib families of  loblolly pine in the f i e l d  

and a subset of 8 of those families in the laboratory. Growth 
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measurements have been coupled with physiological measurements of a 
subsample of these families to evaluate a mechanistic basis for 
observed responses. 

1.4 TECHNICAL APpRodcH 

The four objectives o f  this project were addrassed by implementing 
closely related €ield and laboratory ahrdies designcad to incorperrte 
many c0ram-1 cultural and exprimental protocdr both within t b  studiao 
at O W L  and across collaborating siter within the Southern Commercial 

Forest Cooperative. 

families (for interrite comparisons) to O E O ~  at  three levels using the 
approximate &Sent rainfall pH level (maan pH 4.38 w i t h  a median pH o i  
4.5) as a common back8romd irrisamt. 
research site inco mating 3 open plots with no chambers and 33 
open-top chambers to exuaine indivtdual and intesemtive efFects of 
ozone and simulated acid rain. 
shown in Fig. 1.1. 

design allowed the following re~ponosr t~ be tested for the 8 CD 
families a d  the 45 additional fmilrles: 

Laboratory rtudier focwad on Eearing 
ical and growth lcsrponaes o f  eight ~omnton dsnomhmtor (CD) 

Field rCMiera used a 36-plot 

An aerial view of this t e s t  facility is 

The treatment combinatisns employed in this three-replicate 

2. - -  Tkree pU levels (medfan values oC 3 , 3 ?  4 . 5 ,  a d  

5.2) were tested using thu cburcad-fifterrd chtsmbrs to wdutr 
. a pure acid rain effect .  Total plots 9 .  

3 .  ne x acid rain u t r r r a  - -  The 3 x 3 fastorla1 design 
involving rainfall pH Irvelr 09 3 . 3 ,  4 . 5 ,  and 5.2 and ozone levels 
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7- 

Fig. 1.1. Aerial view of the field research facility facing 
North. 
(3 rows of 4 chambers each) segments extending from southeast (Block I) 
to northwest (Block 111). 
located in the largest trailer east of the center of the view. 
trees used in canopy gas exchange measurements are southeast of the 
main trailer, and the data acquisition system for those measurements is 
located in the small trailer west of the main trailer. 

The 36 plots used in these studies are heated in 3, 12 block 

Control and data acquisition systems were 
Larger 
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of CF (2 = 15 ppb), ambient + 80 ppb, and ambient + 160 ppb tested 
interactive effects of these pollutants. Total plots = 27. 

4 .  Chamber effects - -  The influence of the open-top chambers on 
growth was evaluated by comparing open plots and nonfiltered 

chamber plots, both at pH 4 . 5 .  Total plots = 6. 

1.5 EXPERIMENTAL DESIGN 

The following outline provides a brief overview of experimental 

features of the first year of laboratory and field studies that have 

been directed heavily toward screening. It should be noted that the 

timing and choices of measurement parameters were predicated upon 

increasing the number and significance of comparisons between 

laboratory and field studies. Additional details on methodology are 

provided in the sections that address system operation and results of 

analyses of growth and physiological responses, Additional information 

on quality assurance considerations with parameter measurement 

protocols is included in Appendix E. 

1. Laboratory Studies 

A. Exposure Conditions: 

- 6 CSTR chambers, artificial light, humidity control. 
- Acid rain - -  pH 4 . 3  rain applied as a common background 

(2.2 cm-wk-l) . 
- ozone - 0, 160, 320 ppb. 
- Duration - 6 h/d x 4 dayaweek x 12 weeks. 

- Dosage levels - 0, 23, 46 ppm x L. 

-1 -1 

B. Cultural: 

- 8 families (in common with collaborating laboratories). 

- 8 seedlings per family per CSTR chamber x 2 chambers per 
concentration. 
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C. Sampline. and Analysis Schedule: 

Sampling schedule 

Parameters measured (Weeks) a 

0 3 6 9 12 

Nutrient status 

Light response (Siemens) 

Mycorrhizae 

aAfter the initial 10-12 weeks o f  preconditioning growth. 

bThe number of families sampled is shown in parentheses. 

2. Field Studies 

The 36 plots were distributed across 12 treatment conditions as 

shown below. 

exclusion devices. 

Only open plots had no chambers. All plots had rainfall 

Ozone treatment 

Acid rain Open Aa CFa A + 40ppb A + 80ppb A + 160 ppb 

5.2 X 

4 . 5  Xb x x  X 

3.3 X 

~~ 

X X 

X X 

X X 

aA = ambient; CF = charcoal filtered; open plots received only 
ambient ozone. 

bX represents three chambers. 
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A .  ExDosurg- Condit ions:  

- 33 open-top (USDA chambers) and 3 open p l o t s .  

- Acid r a i n  - median pH 3 . 3 ,  4 . 5 ,  5 . 2 ;  n a t u r a l  r a i n  

excluded,  

- ozone - Ambient (open) ,  f i l t e r e d  (cont.ro1) , ambient 

chamber, ambient f 40 ppb, ambient + 80 ppb, 

ambient: + 160 ppb. 

- A l l  ozone added as square wave t o  f l u c t u a t i n g  ambient 

1eveI.s. 
-1 - Durat ion - ozone added f o r  6 had *4d*weeL~-~*12 weeks. 

- --l-_l_ I n t e r a c t i o n s  - 3 x 3 f ac to r i - a1  wi th  3 l e v e l s  o f  a c i d  

r a i n  x CF ( f i l t e r e d ) ,  ambient + $0 ppb, 

and ambient 160  ppb; al.1 o t h e r  ozo'tie 

l e v e l s  w i l A  pH 4 . 5  rai.nfal1. 

P ro jec t ed  dosage l.evelsa: 

1.evels were a n t i c i p a t e d  based on p ro jec t ed  ozone add i t ions  

and approximate r eg iona l  mea-n oxorie exposures f o r  t he  study 

s i t e .  

The fol lowing seasonal  dose 

~~ 

Chambered P l o t s  

Open CFb Ab A + 40b A + 80b A 1- 160b 

Base l ine  (pprn'h) 65 65 65 65 65 

Episodic  (pprneh) 1 2  0 1.2 20 30 6 0  
~~ 

Total. (ppm.11) 77 0 77 85 95 125 

"Calculat ions were based on a background l e v e l  o f  0 . 0 4  ppni 
and a 7-h maximum growing season average o f  0 .06 ppm. 

x 7 h e d - l  x 0 . 0 2  

bA = ambient;  CF = Charcoal f i l t e r e d ;  Chambered, 
n o n - f i l t e r e d  p l o t s  A + 4 0 ,  A +- 80,  and A + 160 i n d i c a t e  
a d d i t i o n s  t o  ambient i n  p a r t s  p e r  b i l l i o n .  

ep i sod ic  ambient a d d i t i o n  would be 1 2  weeks x 7 daweek- 1 

ppm = 13. ppm*h. 
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R I Familv-.S.glection: 

- 8 fami.lies i n  e~iiimon with l abora to ry  s t u d i e s  p lus  one 

a d d i t i o n a l  i n  t:etirsite family.  

- 44 new f a m i l i e s .  

- 8 seedl ings  pes  family per  chamber f o r  9 common f a m i l i e s .  

- 4 - 6  seed l ings  per  family pe r  chamber f o r  44 f a m i l i e s .  

s-is Schedule : 

S amp 1 inp, S eked- 

I......___.__ Parameters measured (Weeks) a 

0 

Biomass a .  DestructIive x (10) 

b. D2H X ( a l l )  

Carbon a1 1 oea t ion  

Photosynthesis  (Licor)  x (1.0) 

Nutr ien t  a n a l y s i s  

Light  response ( S i  emens) 

Myc o r rh i z ae x ( 9 )  

aMeasured on a subsample of f a m i l i e s ;  t he  number o f  f a m i l i e s  
i s  shown i n  parentheses, 

3 .  Cul tu ra l  and Plan t  Measurement Protoco1.s 

The fol lowing p r o t o c o l s  were used t o  grow seedl ings  and t o  

measure growth and physiology. 

Cu l tu ra l  p-racl:i.ces - Seedlings were grown i n  7 . 5  x 8 x 27-cm-deep 

con ta ine r s  i n  a 3 : 1  vermiculate  p e n t  mixture f o r  1 2  weeks p r i o r  

t o  exposure.  Nut r ien ts  f o r  l abora to ry  seedl ings  were suppl ied  

biv7eekl.y wi th  a. s tandard  n u t r i e n t  s o l u t i o n ,  while  f i e l d  grown 

seedl ings  were f e r t i l i z e d  i n i t i a l l y  wi th  a p e l l e t i z e d  s low-re lease  

f e r t i l i z e r  ( 1 7 - 6 - 1 0  with mic ronu t r i en t s ) .  See Sect. 3 .  



Growth measurements .. Ste in  diameter w a s  measured be? ow the  

cotyledonary scar ,  and h e i g h t  w a s  mt?asui-ed t o  t h e  base  o f  t he  

a p i c a l  bud. Seedl ings were measured i n i t i a l l y  and a t  the end of 

t h e  experiment,  wi th  up t o  t h r e e  i n t e r v a l  measurements being 

obta ined  for more i n t e n s i v e l y  sampled s u b s e t s .  See Sec t .  3 .  

Photosynthesis  - Three different :  techniques were used t o  

measure photosynthes is :  (1) Licor  6000 measurements i n  the  

greenhouse under a r t i f i c i a l  l i g h t  usi.rig the  te rmina l  60 mm 

(+20 mm) of s h o o t ;  ( 2 )  Siemens S i r i g o r  (open f l o w  under 

c o n t r o l l e d  l igh t ;  and tempera ture) ;  and ( 3 )  a gross measure o f  

r e l a t i v e  uptake o f  C 0 2  dur ing  141: tagg;iog s t u d i e s .  

S e c t s .  4 and 5 and Appendix C f o r  a comparison o f  txchniques.  

See 

L__ Carbon metabolism - 111 these  s t u d i e s  seed l ings  were exposed ‘to 

l 4 C 0 2  i n  t he  greenhouse followed by subsequent subsampling of  

t i s s u e s  a t  day 1 and day 7 t o  determine pa t t e rns  o f  movemenil: of  

photosynthate  between plant p a r t s .  Analysis  o f  s t a r c h  i.n the  

r o o t  systems used as R measure o f  changes i.n storage reserves .  

See S e c t .  5 .  

f4.iycoy~!2.i?;zal assessment: - These s t u d i e s  a s ses sed  the  percentage of 

mycorrhizal  i n f e c t i o n  of  r o o t  systems a t  harvest o.vulation of  Ei.nt? 

r o o t ;  coarse  r o o t  f r a c t i o n  w a s  done f o r  a l l  s eed l ings  on which 

carbon metabolism rneasimreirrerits were taken .  See S e c t .  6 .  

h .  Control  and I)T.stribution o f  P o l l u t a n t s  (See S e c t .  1) 

Ozone g e r c r a t i o n  and conr ro l  - Ozone w a s  de l ive red  t o  open-top 

chambers i n  the  f i e l d  us ing  a s e r i e s  o f  t h ree  p re s su r i zed  

manifolds i n  which a i r  s t reams ozonized by an u l t r a v i o l e t  

ozone genera tor  w e r e  mixed with car r ie r  a i r  t o  add 4 0 ,  80 ,  o r  

160 ppb o f  ozone t o  ambient a i r  i n  appropr i a t e  chambers. 

Control  of t h e  ra te  o f  dcJ.ivery o f  ozone was efC<:(:txd by a 
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computer-based, shared-time monitoring and control system 

operating in a feedback control l o o p  (McEvzrs et al. 1988). 

Ozone was monitored in all p l o t s  by a series of three Dasibi 

Model 1003PC fluorescent ozone monitors. Monitoring tXtita were 

s (;(>red on computer arid subsequently reduced and summarized by 

automated procedures (McEvers et al. 1 9 8 8 ) .  This sys~ern was 

developed jointly by this project and a re lated research project 

funded by the Electric Power Research Instltute and the Tennessee 

Valley Authority. 

In the laboratory, ozone generation was accomplished by 

ultraviolet irradiation as in the field; however, bott:led- 

oxygen was used as the source gas f o r  the laboratory exposure. 

Control. of ozone concentrations was performed manually to achieve 

desired set points o f  160 and 320 ppb. Plants were returned to 

the greenhouse and charcoal-purified air on the three days between 

exposures. 

Acid deDositiofi.-_control and application - All 36 field 

chambers were equipped with rainfall addition/exclusion 

devices to exclude natural rain events and allow a systematic 

addition of  rain stimulant twice each week. Rainfall. acidities 

were controlled by addition t o  deionized water of stock solutions 

( 5000~) containing background concentrations of ions typical of 

rainfall in eastern Tennessee. Acidities were adjusted to 

provide final pH values of  approximately 5.2, 4 . 5 ,  and 3 . 3  by 

adding a 2:l (molar ratio) mixture o f  SO4:NO3 to deionized water 

and stock ions i.n 500-gal mixing vessels. Simulated rainfall was 

provided to a depth of 1.1 cm with each rain event, giving a 
total o f  about 2.2 cm/week. Rainfall addition in the laboratory 

studies was implemented by the saine mixing chemistry; however, 

all additions were at medim pli 4 . 3  using the rainfall simulation 

S Y S ~ ~ I I L  described by Shriner et al. 1 9 7 7 .  
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5 .  Exploratory Research on Whole Canopy Exposure/Response System 

In  an explora tory  p r o j e c t ,  a canopy- leve l ,  open-flaw 

photosynthes is  system w a s  deve7.oped and t e s t e d  as a technique f o r  

measuring gas exchange of  l a r g e r  t r e e s  under ambient cond i t ions  i n  the  

f i e l d .  'l'his work cons i s t ed  o f  developing a system of smal l ,  

inexpensi-ve I l igh tweight  cuve t t e s  t h a t  could be pl-aced wi th in  a t r e e  

ca.nopy i n  t h e  f i e l d  to ineasure gas exchange processes  on a i:e<il-t:ime 

b a s i s .  An IBM d a t a  logger  coupled with an i n f r a r e d  d i f f e r e n t i a l  gas 

ana lyzer  w a s  used i n  t h i s  system. 
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N .  T .  Edwards arid M .  El .  Adams 

2 . 1  OZONE B'UMIGATION - -  FIELD SITE 

The 36 f i e l d  p l o t s  u t i l i z e d  i.u these  s t u d i e s  were exposed t:o 

6 d i f f e r e n t  levels o f  ozone. Three "Open" p l o t s  were n o t  covered by 

chambers and were exposed t o  ambient ozone 1.eveJ.s. T h e  remaining 33 

p l o t s  were covered by open-tup chamhers and were exposed t o  ozone 

Concentrat ions as f o l l o w :  ambient ( h b )  concent ra t ions  t h a t  w e r e  

n o n f i l t e r e d  (NF),  amb + 40-ppb ozone (Amb -+ 4 0 ) ,  amb + 80-ppb ozone 

(Amb + 80),  amb + 160-ppb ozone (Ad, + 1601 ,  and ambient a i r  f i l t e r e d  

through charcoa l  f i l t e r s  (CF) .  Three chambers rece ived  NF, 

t h r e e  receivec? hnb + 4 0 ,  ni.ne rece ived  Amb + 8 0 ,  nine rece ived  h b  4. 

160,  and nine rece ived  CF. D e t a i l s  o f  the ozone-generat ion subsystem 

a r e  i l l u s t r a t e d  i n  F igure  2 . 1 .  The NF, t h e  Amb -+ 4 0 ,  and the "Open" 

p l o t s  rece ived  a r t i f i c i a l l y  mixed pI1-4.3 r a i n .  The o t h e r  ozone 

f imiga ted  p l o t s  and t h e  CF p l o t s  were watered with pH-3.3 r a i n ,  y t l -4 .5  

r a i n ,  o r  pH-5.2 r a i n  (i . e .  , t h r e e  d i f f e r e n t  pII l e v e l s  p e r  ozom? 

concent ra t ion)  . Ozone concent ra t ions  a t  a l l  p l o t s  were monitored us ing  

a computer -cont ro l led ,  shared-  time sampling and monitoring system t h a t  

sampled each p l o t  f o r  70 seconds th ree  t imes each hour throughout the 

experiment.  D e t a i l s  o f  t he  ozone d a t a - a c q u i s i t i o n  subsystem are 

i l l u s t r a t e d  i n  Figure 2 . 2 .  

2 . 1  ~ 1 Instrument  ~ - -chmber ,  and SampJ-e Line Calibriiti.ons 

A Dasibi  Model 1003PC Ozone Analyzer,  c a l i b r a t e d  by Environmental 

P ro tec t ion  Agency designatxed equ iva len t  method E Q O A - 0 5 7 7 - 0 1 9  (reference 

s tandard  t r aceab le  t o  the  Nat ional  Bureau of  St:anda.rds) w a s  used t o  

c a l i b r a t e  a Pro toca l  CSI  3000 ozone gene ra to r ,  which i n  t u r n  w a s  used 

t o  c a l i b r a t e  the t h r e e  Dasibi Model 1008-AH Ozone Analyzers used t o  

monitor t he  ozone concent ra t ions  duri-ng this experiment.  The former 

c a l i b r a t i o n  was performed just p r i o r  t o  the begi.nning of  the  experiment 

and aga in  on September 9 ,  1986.  The l a t te r  c a l i b r a t i o n s  were performed 
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120 VAC 
K e g t i i a t e d  

Power line 
C 0 nd i t i o n e r 

i 1 K e y b o a r d  1 
I n a u s t r i a l  A T  
Co;.iputer ~ 

, 
E n r e g u l a t e d  Line j V 
V o l t a g e ,  90-135 VAC 

4-20 illl cantroi 45 C3anne:s 

C o n t r o l  V a l v e s  

Signals t o  t o  SiimplG' 
S t r e a m  
Set e c t  ion 
V a l v e s  

-1 1 
i i l  I 

1 2 3 

From "one A n a l y z e r s  

Zoqtrol  aqd D a t a  AcqL, slt on S u b - S y s t e m  3 e t o l l  

3 Channeis t o  
Man i fo ld  Sweep 
V a i v e s 

Fig .  2.2. Details of ozone data-acquisition subsystem. 
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a t  t he  beginning of  the  experiment and a t  weekly i n t e r v a l s  dur ing  

October 1986 (Table 2 . 1 ) .  

Hor izonta l  ozone concentrati .on v a r i a b i l i t y  wi th in  chambers was 

determined by comparing ozone concent ra t ions  drawn from 1 3  l o c a t i o n s  

wi th in  a s i n g l e  chamber. The f i l t e r e d  ends of 13 sample l i n e s  were 

sys t ema t i ca l ly  pos i t ioned  i n  the  chamber a t  seed l ing  canopy h e i g h t .  

Ozone i n  the a i r  pumped through these  sample l i n e s  w a s  s e q u e n t i a l l y  

analyzed a t  5-min i n t e r v a l s .  The c o n t r o l  va lves  were s e t  t o  d e l i v e r  a 

f i x e d  concent ra t ion  of ozone, The r e s u l t s  are depic ted  i.n F ig .  2 . 3 .  

The coef f ic ien t :  of v a r i a t i o n  was 7 % .  

Ozone l o s s  r a t e s  on sample l i n e s  (Teflon tub ing  6-mm t l i a m  x 60-rn 

I.ong and f i t t e d  wi th  Teflon dus t  f i l t e r s )  were determined by measuring 

ozone generated i n  known concent ra t ions  by a ProtocaP CSI 3000 

genera tor  and introduced i n t o  the  ends o f  t he  sample l i n e s  l o c a t e d  i n  

each chamber. Loss r a t e s  averaged 14.4% with a 36% c o e f f i c i e n t  of 

v a r i a t i o n  (Table 2 ~ 2 ) .  

2 .1 .2  Times and Durations.. of Ozone Fumirr.ations 

Ozone exposure were begun on August 7 ,  1986 immediately a f t e r  a l l  

p l a n t s  were placed i n  the p l o t s ,  measured and f e r t i l i z e d ,  exposures 

were cont inued intermit tentzly u n t i l  t he  f i n a l  p l a n t  h a r v e s t  on November 

10 ,  1986. For the f i r s t  5 d exposures were run cont inuous ly  (24  h/d) ,  

bu t  a t  only ha l f - concen t r a t ion  l e v e l s  a s  a precaut ionary  measure dur ing  

i n i t i a l  ope ra t ion  o f  the  new ozone systems. 

i n t e r r u p t e d  u n t i l  August 1 9 ,  1986 f o r  adjustments  on t h e  c o n t r o l  

system. During t11:i.s i n t e r v a l  p l a n t s  received e i t h e r  ambient a i r  o r  i n  

the case  of  CF t rea tments  charcoa l  f i l t e r e d  a i r .  

August, exposures were continued a t  ha l f - concen t r a t ions  l e v e l s  6 h/d,  5 

d/week. 

Ozone exposures were then 

Through the  r e s t  o f  

Fu l l - concen t r a t ion  ozone exposures were begun Septeniber 1 and 

cont inued i n t e r m i t t e n t l y  untsil November 10. During September and 

October,  p l a n t s  were exposed t u  ozone an average of  6 h/d dur ing  15 d 

each month f o r  a t o t a l  of 90 h/rnonth. I n  November p l a n t s  were exposed 

to ozone 6 h/d during 4 d.  Exposures were done between 9 : 3 0  A.M. and 

3 : 3 0  P.M. ,  Monday through Thursday, except  when the  ozone system was 
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Table 2.1. Calibrations of ozone analyzers, 1 9 8 6  

Date 

Dasibi 
Pho t o c a l  analyzer Analyzer 
settings readings ID ## 

(PPb) (PPb) 

10/9 

10/17 

10/24 

1 

0 

0 

200 

201 

196 

0 

0 

0 

199 

203 

205 

0 

0 

0 

199 

201 

200 

1 

0 

-1 

194 

199 

1 9 0  

-4  

1 

- 2  

1 9 0  

1 9 6  

1 9 6  

-1 

- 2  

-1 

1 9 5  

201 

198 

58005 

58006 

58007 

58005 

58006 

58007 

58005 

58006 

58007 

58005 

58006 

58007 

58005 

58006 

58007 

58005 

58006 

58007 
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Table 2 .2 .  Ozone sample l i n e  c a l i b r a t i o n s ,  October 1 3 ,  1986a 

Line 
Photocal Analyzer d e l i v e r y  Loss  

( PPb) (PPb) % % 
Chamber # output  reading  e f f i c i e n c y  on l i n e  

10 

11 

1 2  

14  

15  

1 7  

2 1  

22 

24 

27 

30 

31  

32 

33 

36 

37 

39 

40 

41 

42 

43 

Mean 

S t  dev 

100 

99 

99 

100 

99 

101 

102 

99 

101 

101 

101. 

100 

100 

101 

101. 

101 

99 

100 

102 

99 

100 

100.24 

0 .97  

88 

83 

82 

84 

80 

95 

95 

85 

83 

97 

91  

82 

81  

84 

83 

87 

73 

85 

93 

81 

90 

85.81 

5.78 

88.00 

83 84 

82.83 

84.00 

80 .81  

94.06 

93.14 

85.86 

82.18 

96.04 

90.10 

82.00 

81  * 00 

83.17 

82.18 

8 6  ~ 14 

73.74 

85.00 

91.18 

81.82 

90.00 

85.57 

5 . 2 1  

12.00 

16 .16  

17.17 

16 00 

19.19 

5.94 

6 . 8 6  

14.14 

17" 52 

3.96 

9.90 

18 .00  

19.00 

16.83 

17 e 82 

13.86 

26.26 

15.00 

8 .82  

18.18 

10.00 

14 .43  

5 . 2 1  

aOzone f rom the Protocal CSI 3000 was in t roduced  i n t o  the ends of  the 
sample l i n e s  i n  the i n d i v i d u a l  chambers a t  t h e  c o n c e n t r a t i o n s  
i n d i c a t e d  i n  the table. 
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turned o f f  f o r  c a l i b r a t i o n  o r  r e p a i r .  Reduced ozone t rea tments  

werecontinuous throughout t he  experiment ( i . e . ,  charcoa l  f i l t e r s  were 

l e f t  i n  place all the  t ime) .  

2 . 1 . 3  Monitored Ozone Concentrations and Calculated Dosages 

Monitored average, minimum, and maximum ozone concen t r a t ions  i n  

the  var ious  treatiaent combinations during c o n t r o l l e d  exposures at half  

concent ra t ion  and f u l l  concent ra t ion  a r e  shown i n  Figures  2 .4  and 2 . 5 ,  

r e spec t ive ly .  Figure 2.6 shows average,  minimum, and maximum ozone 

concentrat ions by ozone treatment l e v e l  during Prhe e n t i r e  experiment 

( i . e . ,  24 h/d f o r  the e n t i r e  96 d of  t he  experiment) .  Numerical da t a  

f o r  these f igu res  a r e  provided i n  Table 2 . 3 .  

Ozone dosage is  summarized by t reatment  i n  Table 2 . 4 .  The daytime 

ozone dose was ca l cu la t ed  assuming 12 h (0800-2000) of d a y l i g h t  per  

day. 

remaining hours .  The CF chambers received the s m a l l e s t  daytime dose,  

19353 (average ppb x dayl ight  h exposed). The Open, N F ,  Amb -I- 4 0 ,  

Amb + 80, and Amb + 160 chambers dosages exceeded the  CF dosage by 

f a c t o r s  of  1 . 7 x ,  1 . 9 ~ ~  2.1x,  3x, and 4 . l x ,  r e s p e c t i v e l y .  Note t h a t  the  

dosages a r e  given a s  uncorrected and co r rec t ed .  The c o r r e c t e d  dosage 

assumes an average 14.4% l o s s  o f  ozone i n  the  sample l i n e s  between the  

chambers and the  ana lyzers .  The importance of  r e s p i t e  dose t o  the  t o t a l  

dose received i n  these experiments is r e a d i l y  apparent  i n  Table 2 . 4 .  

Respite dose amounted t o  approximately 67% of  t he  t o t a l  r ece ived  i n  NF 

chambers, and ranged from 50% ( A 4 0 )  t o  about 30% of  t h e  t o t a l  suppl ied  

i n  chambers i n  which ozone was added t o  ambient l e v e l s .  

The r e s p i t e  dose was ca l cu la t ed  a s  t h a t  occur r ing  during a l l  

2 . 2  OZONE FUMIGATION - -  LABORATORY STUDIES 

Ozone was generated i.n the labora tory  s t u d i e s  us ing  an Ozone 

Research and Equipment Corporation Model SP 38-0 ozone genera tor  

incorpora t ing  u l t r a v i o l e t  i r r ad ia t i -on  of oxygen suppl ied  from a 

compressed gas supply tank.  Ozone generated from t h i s  system w a s  

d i s t r i b u t e d  t o  i n l e t  ducts  of  each Continuously S t i r r e d  Tank r e a c t o r  

(CSTR) chamber using manually ad jus ted  f low va lves .  Ozone monitoring 
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Fig. 2.5. Average (12h, 0800-2000h), minimum, and maximum ozone concentrations during 
full concentration exposures at different rain pH levels. 
CF = charcoal filtered; NF = nonfiltered (ambkent); 0 = open p l o t s ;  A + 40 = ambient + 40 
ppb ozone; A + 80 = ambient + 80 ppb ozone; and A + 160 = ambient + 160 ppb ozone. 

Rain pH is shown above the bars. 
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F i g .  2 . 5 .  Average (P2h, 0800-2500h), mini~w.1, and maximum ozone concentrations in t rea tment  
p l o t s  from August 7 to November 10, 1986.  Values f o r  times when chambers were not fumigated are 
included. CF = charcoal f i l t e r e d ;  NF = nonf i l t e r ed  (ambient) ;  Open = open p l o t s ;  
ambient + 43 ppb ozone; A -t- 80 = ambient -1- 80 ~ p b  ozone; and A -t 160 = ambient + 160 ppb ozone. 

A -+ 40 = 



Tabte 2.3. Ozone averages by treatment, S m r  1986 

Mean 

Std Qv 

Max 

nin 

Mean 

Std dev 

flax 

Fsin 

Mean 

Stb Ckv 

Max 

#in 

CF.3.5 

13.98 

8.47 

$9.5 

2.4 

'I 8 

8 

105 

2 

18 

a 

s 05 

2 

During growins season 

2 3 4 5 6 9 8 9 10  9 7  12 

CF,4.3 CF,5.0 MOH-F,4.3 OPEN,4.3 A+40,4.3 A+80,3.5 A+80,4.3 A+80,5.0 k9160.3.5 A+160,4.3 A+160,5.0 

14.9 '14.73 25.94 23.91 3 2 . a  37.47 39.83 39.79 53.76 52.79 54.26 

9.31 9.35 17.01 16.82 93-43 35.31 36.88 37.37 60.94 57.92 62.65 

78.2 75.8 100.2 90.46 124.69 183.4 190.7 19% 308.1 293.4 315.4 

2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 

3 n g  exmsure period only I fu lL concentration Sept. 1 - Mov. I O .  a b u t  6h/day for  34 days1 

75 16 36 34 61 107 1 08 117 9 76 167 1 76 

10 10 18 17 21 32 32 32 45 41 52 

105 119 1 74 9 05 125 183 197 193 308 293 315 

2 2 2 2 15 27 29 27 54 46 49 

During h a l f  concentration exmsure (Atqust - -  5 days continuous. 9 days - -  6h/dl 

15 16 36 34 45 75 80 81 120 110 117 

10 ?O 18 17 15 21 25 24 28 26 31 

405 119 174 4 65 81 179 169 ! 98 257 235 298 

2 2 2 2 15 29 27 29 54 51 47 



27 

Table  2 "  4 .  Mean Ozone dosage characteristics per tireatment for 
day time exposures  (12h, 0800-2000h) 

CF Open Ambient A d- 40 A + 80 A -t 168 

Day t ime Exp e r iine nt 
duration (h) 

Daytime exposure 
at 1/2 conc.(h) 

Daytime respi.te 
at 1/2 conc.(h) 

Daytime exposure 
at f u l l  conc. (t i)  

Daytime respite 
at f u l l  cone" (h) 

Mean ozone during 
half conc ~ (ppb) 

Mean daytime ozone 
during respite 
half conc.(pph) 

Mean ozone during 
f u l l  con@.(ppb) 

Mean daytime ozone 
during resp i te  
f u l l  cone.(ppb) 

Dose (ppb x h) 
d u r  i.ng exposures 

Daytime respite 
dose (ppb x h) 

T o t a l  daytime 
dose (ppb x h) 

Corrected 
total daytime dose 
(ppb x h/0.856) 

Experiment duration 
day I- night (h) 

Mean ozone conc. 

Total dose 

Corrected 

(ppb x h/0.856) 

( W b )  

(PPb x h) 

total dose 

1 , 1 5 2  

114 

186 

204 

648 

18 

1.3 

1.8 

1 3  

5 ,724  

10 ,842  

16 ,566  

19 ,353  

2 ,304  

1 4  

32,256 

37 687. 

1 , 1 5 2  1 , 1 5 2  1 , 1 5 2  1 , 1 5 2  1 , 1 5 2  

114 114 114 114 114 

186 186 186 186 186 

204 2 04 2 04 2 04 2 04 

648 648  648 648 648 

34 36 4 5 79 116 

22 24 21. 23 24 

3 4 36 6 1  109 173 

22 24 2 1  23 94 

10 ,812  11 448 17 ,574  31,242 47,516 

18 ,348  20,016 1 7 , S l 4  19 ,182  20,016 

29,160 31,464 35,088 50,424 67,532 

34,065 36,757 4 0 , 9 9 1  58,907 78,893 

2 ,304  2 , 3 0 4  2 , 3 0 4  2,304 2,3011 

24 26 32 39 54 

55,296 59 ,904  73 ~ 728 89 ,856  124,416 

64,598 6 9 , 9 8 1  86 ,131  104,972 145,346 
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was accomplished with a sequential sampler that automatically cycled 

between chambers providing one measurement of  three-min duration every 

30 min Tor each chamber during the 6-h exposure period. A Monitor Labs 

Model 4510 chemiluminescent ozone analyzer was used to measure ozone 

concentrations at the exhaust port of each chamber. Data were recorded 

on a chart recorder and reduced by hand. Chamber temperature and 

relative humidity were measured at hourly intervals and humidity was 

increased by steam addition as needed to maintain levels above 6 0 % .  

The ozone monitor was calibrated once before, six times during, 

and one time after the 12-week study interval. The ozone monitoring 

instrulnent was found to be quite stable as shown in Table 2.5. 

A summary of  the monitored ozone, temperature, and humidity levels 

in the CSTR chambers is included in Table 2.6. The measured 

concentrations represent a running mean of one 7-rnin sample per hour 

for those days including the approximately 25-min period of increase to 

steady state conditions. 

desired setpoint concentrations within 5%. Typical peak 

concentrations exceeded these mean values by 5 10% as a technician was 

always nearlay to manually adjust control valves. 

exception to this range was produced when, due to an instrument 

malfunction associated with loss of ethylene pressure i n  the 

supplyline, the ozone monitor produced erroneausly low readings and it 

is estimated that chamber concentrations may have exceeded set points 

by a factor of 2 on that occasion. 

week of exposure and produced some visual injury but no apparent 

effects on growth or physiology. 

injured in family 6 and a minimum of 4% occurred for family 3 at the 

highest ozone level. Maximum injury for the ambient + 160-ppb treatment 
was estimated at 2.5% o f  foliage area affected. 

Resultant mean concentrations reproduced the 

One approxlmately 2-h 

T h i s  occurred during the second 

A maximum of 14% of foliage area was 

2.3 SIMULATED RAIN CHEMISTRY 

2.3.1 Field Site 

All 36 chambers were equipped with rainfall exclusion/addition 

Ambient rainfall was detected with a systems as shown in Fig. 2.7. 
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Table 2.5.  Dates and r e s u l t s  of  c a l i b r a t i o n  t e s t s  with 
the Monitor Labs Model 4510 ozone analyzer used 

i.n laboratory studies 

Date Setpoint concentration Monitor reading Comments 
( PPb 1 ( PPb) 

7/23/86 886 860-900 

9/4/86 300 305 Readjust. span 
and gain 

9/18/86 

10 /2 /86  

10/10/86b 

300 300 No change 

300 300 N o  change 

0 
193 
240 
307 

0 
193(205) 
240(255)  
307 (322) 

Zer5 s t a b l e  
Span was 
Changed 
2 . 4 3  t o  2.28 

10/16/86 

10/23/86 

11/20/86 

307 307 N o  change 

307 307 No change 

320 
151 

0 

300(293) 
145 (138) 

0 

Zero unchanged, 
Span increased 
2 . 2 8  t o  2.36 

ahitid c a l i b r a t i o n  was done through the sample l i n e s  between 
chambers and the  monitor.  Subsequent c a l i b r a t i o n  w a s  d i r e c t l y  i n t o  
the moni-tor based on the absence of  a l i n e  effect:. 

bReadings a r e  as found except f o r  those on 10/10 and 11/20. The "as 
found" values for those dates  are included i n  parenthesis  as 
estimates based on gain s e n s i t i v i t y  of  the instrument amplif ier  and 
recorded gain adjustmentx required t o  obtain reported readings.  
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Table 2 . 6 .  Ozone, t e m p e r a t u r e ,  and humidity data from CSTR 

over the 12-week study in te rva l  
exposwe chambers averaged f o r  10 d dis t r ibu ted  

Date 

8/22/86 
8/28/86 

Mean 

9/4/86 

10/1/86 
i o p / a 6  

9/15/86 
9/23/56 

160 ppb 

8 1 . 3  
8 0 . 3  
80.6 

156 
153 
149 
123 
1 5 2  

10/1.5/86 156 
10/27/86 162 
11/6/86 163 

Hean 152 

40 

Ozone Setpoi-nt 

320 ppb Temperatuse( " 6 )  Humidity(%) 

Half c o n c e n t r a t  ion *e-sposureg 

158 3 4 . 9  59.9 
1 6 1  3 2 . 3  63.3  
I 6 0  33.6 61.. 6 

Ful i c o iic en t r a t I on...e.Xp sure  s 

319 
304 
301 
295 
306 
309 
299 
317 
307 

3 5 . 1  
33.0 
35 . O  
34-1. 
35.0 
33 ,7  
3 3 . 8  
33.8  
3 4 . 1  

E s t i ma t e d To t a 1 D_O.SCI uu m a h ) 

81 

54.0 
6 0 . 0  
6 2 . 1  
6 8 . 3  
6 1 . 0  
53 .7  
5 0 . 8  
55 .7  
5 8 - 9  
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rain sensor (Wong Laboratories, Cincinnati, OH 45209).  When the 

rainsensor became wet, a signal was sent to a controller unit which 

caused door openers to pull the covers into place over the chambers. 

When the rain event ended, as the rain sensor dried, the door openers 

were reactivated in the reverse direction, off of  the chambers. 

The rain simulant dispensing system consisted of three components: 

(1) the water supply, (2) the simulant mixing tank, and (3) the rain 

simulant delivery system (Fi-gure 2.8). Process system water (non- 

chlorinated) was pumped into a 5000-gallon tanker, which was driven to 

the field site. Water was then pumped from the tanker through a pair 

of deionizing columns (Culligan Water Systems, Knoxville, Tennessee) 

into 2000-L polyethylene storage tanks. The deionizing columns were 

replaced when the resistance of the water was less than 1. megohm, as 

measured with an in-line resistance meter located downstream from the 

columns. The storage tanks were located in a covered, 1.5-m deep 

trench to minimize temperature fluctuations, and were painted silver to 

limit algal growth in the simulant solutions. 

After the storage tanks were filled with deionized water, the rain 

simulant solutions were mixed to approximate rainfall chemistry of pH 

5.0, 4 . 3 ,  and 3.5, as described by Irving (1985) .  (See Table E - 2 ,  

Appendix E for ionic concentrations.) Stock solutions were mixed to 

5000x for each rain simulant. The stock solutions were injected, using 

a peristaltic pump, into a water stream pumped from the rain simulant 

storage tank past the mixing station, and back to the storage tank. 

Additions continued until the p1.l of the solution approached the desired 

level. 

from the bottom of the tanks and subsequent return to the top. 

Mixing of the simulant solution was achieved by pumping water 

"Rain" was applied twice a week from August 14, through 

October 31, 1986, f o r  30 min each time (approximately 1.25 cm per 

application). Solutions from the storage tanks were pumped to the 

field plots where they were distributed by stainless steel wide-angle, 

full.-cone spray nozzles mounted beneath the exclusion covers so as to 

be approximately over the center of each plot. 
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During the  mixing of s tock  sol.utiotis wi th  deionized wa te r ,  s i n a l l  

samples (approximately 50 mL) were taken from the mi.xing stream and the  

pl-1 of the  sample measured. Addition o f  s tock  s o l u t i o n  w a s  e i t h e r  

cont inued o r  ceased as needed. The pH of t h e  f i n a l  s o l u t i o n  w a s  

checked s e v e r a l  times a t  2 t o  5-min i n t e r v a l s  t o  he s u r e  a s t a b l e  pH 

had been achieved p r i o r  t o  app l i ca t ion .  The pH meter used f o r  t h i s  w a s  

c a l i b r a t e d  a g a i n s t  c e r t i f i e d  b u f f e r  ss l .ut ions o f  pH 7 .0  and 4 . 0  ~ 

During a " r a i n "  even t ,  t he  de l ive ry  system on each of the  36 p l o t s  

was checked f o r  proper  l i n e  pressure  arid t o  be s u r e  the  nozzle  was 

opera t ing  proper ly .  

chambers (randomly s e l e c t e d )  of  each pH l e v e l  p r i o r  t o  the  r a i n  event .  

The four  samples p e r  chamber were cornposited and the  pII of the bulk  

sample measured. Samples of r a i n  rece ived  i n  the  chambers were t e s t e d  

once dur ing  each "batch" of r a i n  s imulant  (once per  week). 

Four 50-mL g l a s s  beakers  w e r e  p laced  i n  four  

Overa l l  s t a t i s t ' i c s  f o r  t he  13-week exposure pe r iod  are given i n  

Tables 2 .7 .  Three d i f f e r e n t  "rai.n" t rea tments  w e r e  achieved,  though 

t h e  mean pH d i d  vary  somewhat. The mean pH of the  4 . 3  t rea tment  w a s  

s l i g h t l y  h igher  than  tihe des i r ed  va lue ,  while  t he  pII va lues  of t he  5 .0  

and 3 .5  t reatments  were s l i g h t l y  lower than des i r ed .  Figure 2 . 9  shows 

the  d i s t r i b u t i o n  o f  r a i n  pH f o r  each of  the  t h r e e  t r ea tmen t s .  Recause 

the  mean va lues  are s t rong ly  inf luenced by extreme va lues  from only a 

very  few r a i n  even t s ,  the  median pH va lues  were deemed more 

r ep resen ta t ive  of r a i n  "exposures".  Median pH va lues  produced were 

3 . 3 ,  4.5, and 5 . 2 .  These va lues  a r e  used throughout t he  remainder of 

t h i s  r e p o r t  t o  desc r ibe  pH exposures f o r  the f i e l d  experiments .  

(See Appendix E ,  "P ro jec t  Qual i ty  Assurance" f o r  f u r t h e r  

c h a r a c t e r i z a t i o n  of r a i n  d a t a ) .  

2 .3 .2  CSTK- 

Rain s imulant  of pW l c . 3  w a s  app l i ed  twice weekly (1.25 cin pe r  

approximately 30-min app l i ca t ion )  usimg a r a i n  s imula tor  (Figure 2.10;  

For a more complete d e s c r i p t i o n ,  s ee  Shr iner  e t  al. 1977 . ) .  The 

s imulant  w a s  made from a s tock  s o l u t i o n  ( t h e  same as descr ibed  above 

f o r  pH 4 .3 )  t h a t  w a s  mixed t o  a 50x concen t r a t e ,  tilien d i l u t e d  i n  the  
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T A I ~  2 .7 .  Mean rain simulant H" concentration axad y11 
by treatment - -  f i e l d  study 

Mean 

Target W+I error rain events PH Range 
Treatment Mean of Standard of pH Standard Median 

(pH) 

5 . 0  4 . 6 3  0.097 5.11. 0 a 118 5 . 2  3 . 8  - 6 . 3  

4 . 3  4 . 3 8  0 . 0 6 3  4 . 5 6  0 (. 093 4 . 5  3 . 6  - 6 . 2  

3 . 5  3 . 2 6  0 . 0 3 7  3 . 3 3  0.073 3 . 3  2 . 9  - 4 . 0  
-I-I.__ 
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Rain Simulant pH Distribution 
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Fig. 2 . 9 .  Frequency d i s t r ibu t ion  of Ph of  r a in  simulant by 
d i f fe ren t  r a i n  pH treatments. 
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O R N L - - D W G  76- (7853 

SOLUTION 
I N JEC T ION 
PUMP 

SEE NOTE 

N O T E :  THE SYSTEM CONSISTS OF THREE l D E N T l C A L  SOLUTION 
D I S T R I B U T O R S .  FOR C L A R I T Y ,  ONE IS SHOWN 

Fig. 2.10. Schematic of the simulated rain delivery system used 
in the CSTR study. 
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ra in  simulator through mixing with d i s t i l l e d  water. 

calibrated p r i o r  t o  r a in fa l l  application by drawing small a l iqus ts  from 

the stream and checking the pW with a cal ibrated pH meter. Two beakers 

were placed on each o f  the t w o  rain tables p r i o r  t o  one "rain" event 

per week, and the contents of t;he t w o  beakers were combined a f t e r  

therain event f o r  measurement of pH by table .  

r a i n f a l l  pH for  the two tables were 4.18 and 4 . 3 7 ,  with a median pH of 

4 . 3 .  Plants were randomly located on the two tables  over time so tha t  

any variations caused by differences between the t w o  tables  and the i r  

respective systems would be minimized. 

Mixing pumps were 

The overall mean 
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3 .  ANALYSIS OF GROWTH RESPONSES ‘ro OZONE AND ACID RAIN 

P .  A. Layton, S .  R .  McLaughlin, N .  T .  Edwards, 

E .  G .  O‘Nei l l ,  and W .  K .  Roy 

A major ob jec t ive  of t:he f i r s t  year  o f  research  i n  the Southern 

Commercial Fores t  Research Cooperative (SCFRC) was t o  t e s t  f o r  t h e  

responses of 1.ohlolly p ine  spec ie s  t o  a c i d  r a i n  and ozone. To address  

t h i s  o b j e c t i v e ,  heavy emphasis was p laced  on c h a r a c t e r i z i n g  responses 

ac ross  a wide range of commercially important f a m i l i e s  of  l o b l o l l y  p ine  

a v a i l a b l e  from the  seed orchards o f  forest: i n d u s t r i e s  throughout t h e  

r eg ion .  A l i s t  o f  209 o r t e t s  from which more than 1000 open-pol l ina ted  

seed were a v a i l a b l e  w a s  initia1.l.y i d e n t i f i e d  by t h e  SCFRC. A subse t  of  

10 :Eamilies w a s  chosen f o r  concent ra ted  e f f o r t  and as such were common 

tio more than  on research  s i t e .  Three of t hese  f a m i l i e s  from the  

c o a s t a l  p l a i n  o f  North Caro l ina ,  were chosen f o r  t h e i r  a c c e p t a b i l i t y  a t  

t h e  Duke Forest: s i t e  where in t ens ive  f i e l d  research  w a s  i n i t i a t e d .  The 

o the r  seven common f a m i l i e s  were d i s t r i b u t e d  ac ross  l o b l o l l y ’ s  

commercial range.  

(:he th ree  l a b o r a t o r i e s  [Oak Ridge Nat ional  Laboratory (ORNL) ~ U .  S . 
Department of  Agr icu l ture  (USDA)/North Carol ina S t a t e  Un ive r s i ty ,  and 

Texas A&M Univers i ty]  engaged i n  these i n i t i a l  s t u d i e s  i n  an at tempt  t o  

sc reen  a t  l ea s t  100 f a m i l i e s .  The research  p l a n ,  reached through 

d i scuss ions  between c o l l a b o r a t i n g  l a b o r a t o r i e s  and management of t he  

SCFRC, w a s  designed t o  provide a b a s i s  fo r  comparison o f  t h e  10 common 

f a m i l i e s  ac ross  a l l  t e s t  s i t e s  and methodologies. A t  t he  satlie t i m e ,  

the a d d i t i o n a l  f ami l i e s  from a regional.ly r e p r e s e n t a t i v e  c r o s s  s e c t i o n  

were d i s t r i b u t e d  t o  each l abora to ry  i n  accordance wi th  t h e i r  capac i ty  

t o  incorpora te  them i n t o  tiheir p r o j e c t s  and f a c i l i t i e s .  

Other randomly chosen f ami l i e s  were d i s t r i b u t e d  t o  

ORNL performed two d i f f e r e n t  b u t  r e l a t e d  s t u d i e s :  a l abora to ry  

s tudy and a f i . e ld  s tudy .  The l abo ra to ry  s tudy included the  families 

common t o  a l l  tzhree p r o j e c t s .  I t  involved exposing seed l ings  i n  a 

cont;inuously s t i r r e d  tank r e a c t o r  (CSTR) t o  c h a r c o a l - f i l t e r e d  (CF) a i r  

and a i r  conta in ing  ozone at 2 levels ,  160 ppb and 320 ppb. The f i - e ld  



41 

study actually included two experimental components. The first was a 

comparison of loblolly families to five different regimes of  ozone: CF, 

ambient air, ambient +40 ppb ( A 4 0 ) ,  ambient 1-80 ppb ( A 8 0 ) ,  and ambient 

+l60 ppb (A1.60) .  The second was a factorial experiment exposing 

loblolly pine families to three levels of ozone (CF, A80 and A 1 6 0 )  and 

rain at 3 pI-l levels (median pH values of 3 . 3 ,  4 . 5 ,  and 5 . 2 ) .  

Because the ORNk site had a large field facility, a total of 55 

families was supplied to t h i s  site in March, 1956. The list shown in 

Table 3 . 1  includes the 10 common families and 45 families unique to the 

OWL site. While seed of all fam1.1.ies were germinated, germination 

success was low for two families (1 and 2 2 ) ,  and they were not: included 

in either of the studies. Survival of seedlings of two additional 

families ( 5 4  and 5 5 ) ,  was poor, reducing some of our overall analyses 

to a total of 51 families. Because of the dimensions of our laboratory 

exposure chambers and poor  germination, we used only 5 of the 10 common 

families for  these studies. In the fi.eld, we were able  to incl-ude 9 of 

the 10 common fami.lies, and growth analyses were performed on these 9 ,  

plus either 42 o r  44 unique families, 

The growth data collected in this study were of two types: 

(1) seedling diameter and height were obtained €or all seedlings at 

least twice, at the initiation and at the end of t he  experiments, and 

(2) biomass data were collected f o r  all common families grown i n  the 

field and in the laboratory. 

estimate seedling volume because of the large number. of  seedlings in 

this study and the desirability of obtaining repeated measurements on 

the same seedlings. Common families in the field were measured after 

0, 6, and 12 weeks, whereas seedlings grown in the laboratory were 

measured at 0 ,  3 ,  6, 9, and 12 weeks. 

Diameter and height data were used to 

In analyzing these data we attempted to examtne several. dimensions 

of observed growth patterns: (1) comparisons among families to 

describe the range in magnitude of their observed responses; 

(2) comparisons among different indices of growth to evaluate their 

utility in describing whole-plant growth patterns and their use as 

indicators of the dimensions of growth response; and ( 3 )  comparisons 
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Table 3 . 1 .  Identifying flUT[Lhei-s and seed sources origins 
for half-sib fainilies examined in these studies 

0 RNL Family 
Codes Source Code State County 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
1 4 
1 5  
16 
1.7 
1.8 
19 
20 
21  
22 
23 
24 
25 
26 
27 

29 
30 
3 1  
32 

33 
34 
35 
36 
37 
38 
39 
40 
4 1 
42 

28 

NCWb (1974) 
NCSU (1987) 
NCSU (1987) 
NC S [I 

WCFTIP 
WGFTIP 
Wey erhaeus e r 
Weyerhaeuser 
Weyerhaeuser 
G ~ O K  ia Kraft 

NCSU (1974) 
NCSTJ (1974) 
NGSU (1974) 
NCSU (1974) 

NCSU (1981) 
NCSU (1981) 
NCSU (1981) 
NCSU (1981) 
NCSU (1982) 
NCSU (1981) 
NCSU (1981) 
NCSU (1981) 
NCSU (1981) 
Union Camp 
Union Camp 
Union Camp 
Union Camp 
Union Carny 
University 
of Florida 
WGFTIP 
WGFTIP 
W G U T P  
WGFTXP 
WGFTIP 
WGFTIP 
WCFT L P 
WGFTIP 
W G  FTI P 
WGFTIP 

WGFT I pC 

IPCO 5 

NCSU (1981 Rust) 

1 - 6 8  
24-4 
25-74 
7-34 
1061003 
1341002 
1131012 
8-80 
8-130 
8 - IO3 
15 - 9 1  
7-58 
1-532 
1-527 
1 2 - 5  
20- 521 
20 - 504 
15-47 
23-28 
1 5 - 1  
1-529 
19-2  
22 - 1 4  
5-63  
19 - 17 
5 - 6 4  
5-64 
12-13 
10-37 
5 -19  
1.0 - 506 

1 - 8 1  
4031001 
1121040 
1021024 
1711077 
1341026 
1.1.2 10 1 5  
1051009 
1131032 
1341094 
17  1.100 2 

Georgia 
Alabama 
Florida 
S .  Carolina 
Texas 
Arkansas 
Louisiana 
N. Carolina 
N. Carolina 
N. Carolina 
C, e o r g i a 
S .  Carolina 
S, Carolina 
S. Carolina 
Alabama 
Virginia 
Virginia 
Georgia 
Mississippi 
Georgia 
S .  Carolina 
Mississippi 
Florida 
S .  Carolina 
Mississippi 
S. Carolina 
Georgia 
A1 ab aiua 
Georgia 
Georgia 
A1 ab ama 

Florida 
Texas 
Louisiana 
Texas 
Arkansas 
Arkansas 
Louis i ana 
Texas 
Imuisiana 
Arkansas 
Arkansas 

Gwinnett 
Wilcox 
Marion 
Georgetown 
Liberty 
Lafayette 
Livingston 
Gates 
Beaufort 
Ons low 
Chattahooche 
Mar ion 
Chesterfield 
Union 
CLeburne 
Lunenburg 
Northmberla 
Gilmer 
Greene 
Monroe 
Newberry 
Tishoiningo 
Dixie 
All endal e 
Monroe 
Berkeley 
Greene 
Tallapoose 
Carnden 
Linc o 1 ti 
Covington 

Nassau 
Nacogdoches 
Grant 
Cherokee 
C leburne 
Cleveland 
Desora 
Newton 
Allen 
Ashley 
H o w a r d  
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Table 1. (continued) 

OWE Fnm i ly 
Code" Source Code S t a t e  County 

43 
44 
45 
4 6 
47 
48 
49 
50 
5 1. 
52 

53 
5 4 
55 

WGFTIP 
WGFTTP 
Weyerhaeuser 
West Virg in ia  
West Vi rg in i a  
West Vi-rginia 
West Vi rg in i a  
West Virg in ia  
West Vi rg in i a  
West Virg in ia  

Weyerhaeuser 
Weyeshaeuser 
Weyerhaeuser 

(1985)  

1341012 
1061019 
8 - 146 

G O .  3-512 
co.  11-143  
C O .  11-709 
c o .  1-60 
c o .  6-33 
C O .  2 0 - 5 2 4  
co . 

11 - 41 
2 -16  
8 - 6 7  
17-43 

Arkansas 
Texas 
N .  Carol ina 
Alabama 
Virg in ia  

Alabama 
N .  Carol ina 
Vi rg in i a  

TenKWS St?€? 

S. Carol ina 
N .  Carol ina 
N .  Carol ina 
Alabama 

Clark 
San Jacinto 
P i t t  
Walker 

Henderson 
Marshall 
Durham 
D i n w i d d i e  

Pittsyl VRXL ia 

Dorchester 
Bertie 
Craven 
Clarke 

aFamilies 2,  3 ,  4 ,  5 ,  6 ,  8 ,  9 and 10 were usedl i n  l abora to ry  studies.  
A l l  families except  1 and 2 2 ,  which had poor germination, were used 
i n  the field. Famil ies  54 arid 55 had poor  s u r v i v a l  and were n o t  
included i n  the growth analyses  o f  the ozone only experiment because 
o f  the i r r e g u l a r  replication. 

bNorth Carol ina S ta te  Univers i ty .  
CWestern Gulf Forest Tree Improvement Program. 
'international Paper company . 
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between results of laboratory and field studies as a test 

ofmethodological differences involving both growing conditions and 

exposure levels. 

3.1 METHODS 

Seed stratification, germination, and seedling growth protocols 

were developed by the SCFRC and used by all three projects. 

used in thi.s study were grown for ORNL by Phyton Technologies, a 

commercial plant propagation laboratory in Oak Ridge, Tennessee. Seeds 

were stratified at 5°C for 6 weeks, planted on April 10, 1986, and 

germlnated in trays in a 3:l vermiculite-peat mixture. After three 

weeks they were transplanted to the Marx V containers (3 x 3.5 x 11 in. 

outside dimension) containing a 3:l vermiculite-peat mixture as 

specified by the SCFRC. 

cooled greenhouse for approximately 12 weeks. Spore pellets of 

Pisolithus tinctorius (Pers.) Coker ti Couch provided by the SEFRC were 

used to inoculate the seedlings and, thereby, attempt to standardize 

the initial ectomycorrhizal status. At the beginning of the 

experiments, root colonization by the fungus averaged 39 .9  ;i: 18.1% for 

the 9 common families. Further discussion of this can be found in 

Sect. 6. Nutrients and irrigation were applied to the seedl.ings during 

first 12 weeks as prescribed by the SCFRC. 

the seedlings were sufficiently large to begin both field and 

laboratory experiments. 

Seedlings 

Seedlings were grown in a CF, evaporatively 

By the end of July 1986, 

3.1.1 Field Study 

On July 29-31, 1985, seedlings were loaded into 40-  by 30-in. 

wooden pallets and transported to the field site, These facilities and 

the protocols used in ozone and acid rain applications are described in 

Sect .  2. The pallets each contained up to 48 seedlings ( 4  rows of 12 

each) with G pallets being placed in each o f  the 36 chambers o r  open 

plots (Fig. 3.1). The 36 test plots, were allocated into 3 blocks of 

1 2  each. 

family being represented with a seedling pair in at least 2 of  the 6 

pallets in each chamber. 

Seedling arrangement was spatially stratified with each 

Common families were represented in 4 of the 
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Fig. 3.1. Containerized seedlings from 44 to 53 l o b l o l l y  p ine  
famil.ies were placed t n  a wooden p a l l e t  p e r  chamber f o r  exposure t o  
ozone and ac id  r a i n .  
t rea tment ,  block, and replicate. 

Each pallet contained 48 plants coded by fami ly ,  



6 p a l l e t s ,  but they appeared only i n  the 9 treatments ( 2 7  chambers) 

comprising the acid r a i n  x ozone fac.torial  portion of the experiment 

( 3  r a in  pH levels  x 3 ozone leve ls )  as  sham i n  Table 3 . 2 .  

unique families appeared i n  all treatments, althcugh famil ies  54 and 

55  were only i n  2 blocks of  treatments. The arrangement of seedlings 

within p a l l e t s  was s l i gh t ly  d i f f e ren t  fo r  the three treatments ( 9  

chambers) not ineluded i n  the f a c t o r i a l  design, with seedling pa i r s  

being represented i n  three of the s i x  p a l l e t s ,  and consequently, there 

were a t  l e a s t  s i x  seedlings per family p e r  chamber. 

numbered and the arrangement of  the s i x  p a l l e t s  within each chamber was 

the s a m e  across a l l  chambers. Pa l le t s  were rearranged twice during the  

12-week exposure period to ininimize edge e f f ec t s  of p a l l e t  x row 

posi t ion within the chamhers 

t rees .  

l i qu id  f e r t i l i z e r  every three weeks. 

the f i e l d  study dictated a change i n  t h i s  procedure. 

f e r t i l i z e d  with 11 g of a pe l le t ized  slow-release f e r t i l i z e r  

(17-6-10 NPK, Sierra  brand). F e r t i l i z e r  was added t o  the surface o f  

the s o i l  of a l l  pots on August 4 ,  1986 ,  j u s t  before the i n i t i a l  

measurement of height and diameter, 

t h i s  and the SCFRC recommended l i q u i d - f e r t i l i z e r  method w i l l  be 

discussed i n  another section. 

The 44 

Pa l l e t s  were 

The design described required over 9,000 

SCFRC protocol ca l led  for  seedling f e r t i l i z a t i o n  with a 

The large number of  seedlings i n  

Each seedling was 

A comparison study made between 

Seedlings were i r r iga t ed  with 1 crn of a r t i f i c i a l  r a i n  a t  the 

appropriate ykl (Sect. 2 )  a t  l e a s t  twi.ce weekly. Median pH values f o r  

the artifi.ci.aJ. r a in  were 5 . 2 ,  4 . 5 ,  and 3 . 3 ,  and the corresponding mean 

pH values were 4 . 6 3 ,  4 . 3 8 ,  and 3.26. Discussions i n  t h i s  sec t ion  w i l l  

r e fe r  to median pH values. 

covering the chambers. 

Natural r a i n f a l l  events were excluded by 

Measi.irements of d i m e t e r  were made using d i g i t a l  ca l ipers  oriented 

t o  measure diameter along the pallet: row axis  and positioned 

approximnte3.y 1.-2 mm below the cotyledonary leaf  scar  I 

was measured with a p l a s t i c  ru l e r  to the nearest  0 .5  mm based on the 

distance from the p o t  ri . in t o  the base of the apical  bud. 

was used as  a constant reference rather  than the surface of the potting 

Seedling height 

The p o t  r i m  



Table 3 . 2 . .  The experimental design f o r  the f i e l d  study demonstrates 
how the ozout? and ozone X aci.d rain experiments are connected 

Ozone levels" 

H e d i m  
acid r a in  Open Charcoal Ambient: Ambient Ambient 
pH 1eveI.s p l o t s  Ambient f i l t e r e d  +40 ppb +$Q ppb +160 ppb 

5 . 2  
4.5  
3 . 3  

X X x 
X X X X X x 

X X X 

represents 3 charnbers per experimental treatment ~ 
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medium because the potting medium surface is subject to shrinking 

andswelling changes and had surface irregularities associated with both 

the distributton of  the potting medium and the fertilizer pellets added 

to that surface. Seedling volume was estimated as the square of 

diameter times the height. 

To accomplish the measurement of  this large number of  seedlings in 

a short period of time, teams of  measurers were used. Measurement 

variability across six observers was determined by each measuring ten 

standard plants. A s  indicated by the coefficient of  variability for 

mean height and diameter, this variabi1it:y was approximately 3 . 1 %  for 

height and 4 . 5 %  for diameter. Appendix E contains details of this 

procedure. 

Six-week measurements were made on September 19-22, 1986 ,  on a 

subset of the seedlings. 

harvested at that time and brought back to the laboratory for further 

study and biomass measurement. This process was similar to that 

described for the final harvest. 

Half of the common family seedlings were 

Final measurements were made on November 13-14, 1 9 8 6 ,  after which 

seedlings to be harvested (those representing common families) were 

moved to the CF greenhouse f o r  physiological measurements (completed 

within 1 week) and then into cold storage. Biomass separation and 

measurements varied in intensity, with the simplest involving 

separation of  seedlings into roots and shoots. 

physiological measurements were taken. The most intense measurements 

included a biomass breakdown that distinguished components in three 

classes: (1) immature terminal needles, primary and secondary needles, 

and stem tissues included in measurements of gas exchange; 

(2) subsamples (three) of  needles removed for time lapse studies of I4C 

metabolism; and ( 3 )  fine and coarse root samples. The most detailed 

biomass separati-on was reserved for seedlings for which both 14C 

metabolism and photosynthetic gas exchange measurements were obtained. 

For those seedlings no 

3.1.2 Laboratory Studv 

Seedlings from eight of the common families were brought to ORNL 

from Phyton. Family 7 did not have enough seedlings to be included in 
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both the f i e l d  and labora tory  s tudy ,  so  i t  was excluded i n  the  

l abora to ry .  

s tudy ,  and two seedl ings  f rom each of the  e i g h t  f ami l i e s  were placed i n  

each wire baske t .  

i n t o  a CSTR chamber f o r  exposure. 

a t  ORNI, refer t o  Taylor e t  a l .  (1983) and Fig.  3.2. Ozone 

concent ra t ion  was determined using an ozone analyzer  (Monitor Labs 

Ozone Analyzer, Model 8410). Temperatures i n  the  chambers were 

recorded a t  hourly i n t e r v a l s  and genera l ly  ranged from 32 t o  36°C. 

Photosynthet ic  photon f l u x  dens i ty  wi th in  the  chambers at. a he igh t  of  

32 cm ranged from 240 pE a t  the  outs ide  edge of t he  chamber t o  610 pE 

a t  the  c e n t e r .  Rela t ive  humidity was monitored a l s o  and ranged from 50 

t o  70%. During the  f i r s t  two weeks of  exposure t o  ozone, i t  w a s  

decided t o  halve the  t a r g e t  l e v e l s  of  160 ppb and 320 ppb. This 

dec i s ion  was based on v i s i b l e  in ju ry  observed on seedl ings  i n  the  f i e l d  

a t  40 ppb and 80 ppb above ambient levels during t h e i r  f i r s t  few days 

of  exposure. When no f u r t h e r  i n j u r y  w a s  noted,  l e v e l s  were increased 

up t o  the  t a r g e t  l e v e l s .  

l e v e l s  were maintained. See i n  the Appendix E for a more complete 

desc r ip t ion  o f  v a r i a t i o n  i n  chamber condi t ions .  

Wire baske ts  were e spec ia l ly  cons t ruc ted  f o r  the  l a b  

The baskets  were designed s o  t h a t  four  would f i t  

For desc r ip t ion  of t he  CSTR system 

For the  rest of t he  experiment t he  t a r g e t  

Seedlings were placed i n  the  CSTRs four  days a week and exposed t o  

ozone f o r  6 h/d. Af te r  two exposure days they were re turned  t o  the  CF 

greenhouse overnight  for i r r i g a t i o n  on an a r t i f i c i a l  r a i n  t a b l e ,  

l e v e l s  i n  the  chambers were too low t o  maintain t h e  seed l ings ;  

t he re fo re ,  on the  th ree  days each week when they were not  exposed t o  

ozone they were kept  i n  a CF greenhouse and were i r r i g a t e d  again. 

Light 

Baskets of seedl ings  were r o t a t e d  i n  the  chamber each day. Each 

week baske ts  were moved t o  a new chamber t o  ameliorate  chamber e f f e c t s .  

Two baske ts  of seedl ings  formed a r e p l i c a t i o n  and were kept  toge ther  

throughout the  experiment. 

Seedlings were i r r i g a t e d  t w i c e  each week with approximately 

1 cm/event of an a r t i f i c i a l  r a i n  a t  pH 4.3. 

w a s  conducted every two weeks using 140 mL of a s tandard n u t r i e n t  

s o l u t i o n  s p e c i f i e d  by the  SCFRC protocol .  A s p e c i a l  group of  seedl ings  

F e r t i l i z a t i o n  of  seedl ings  



Fig. 3 , 2 .  Continuously stirred tank reactors each contained 6 4  
seedlings respresenting 8 common families at: the beginning of the 
laboratory experiments" 
first 6 weeks of exposure. 

Hal f: of the seedlings were harvested after the 
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was  no^ exposed t o  ozone; they were left i n  the greenhouse th~:ciughout 

the durati.on of the  experiment.  Ha1.f of t hese  seed l ings  were 

f e r t i l i z e d  wi.th the  s low-re lease  f e r t i l i z e r  used in the f t e l d  s tudy  and 

half w i t h  t he  1iqui.d f e r t i l i z e r  used on t he  l abora to ry  s tudy  seed l ings .  

T h e  seedl.i.xigs were measwed p e r i o d i c a l l y  f o r  coinpa risnn of t h e  t w o  

f e r t i l i z e r  methods (Appendix E ) .  

Seedl.ings i n  this  experiment were measured i n  the same manner as 

those i n  the f i e l d  experi.inent; however, all seedl.ing:; w e r e  measured 

every t h r e e  weeks. 

3 . 2  RESULTS AND DISCUSSION 

Because the s i z e  o f  these experiments precluded obtaiiiirig weight 

data f o r  all s e e d l i n g s ,  we compared the four  growth parameters 

[ h e k g l ~ t ~  d iameter ,  weight ,  and volunie (the square o f  diameter times 

h e i g h t ) ] ,  t o  determine how well each of  t he  t;hr-ee dimensional. 

measurements compared wi th  seedl i .ng weight ~ F i g .  3 I 3 shows comparative 

va lues  of  these  4 paramt?t:ers f o r  approximately 15 seed l ings  per  fami ly ;  

t h i s  r ep resen t s  each o f  t he  9 cornon f a m i l i e s  grown i n  CF air i.n t he  

field. 'rhe d a t a  show t h a t  t h e  rnngriitutPe of  f l u c t u a t i o n s  i n  t o t a l  

seedli.11g weight among f a m i l i e s  was ty-pi.call_y s imilar  i n  d i r e c t i o n  f o r  

the t h ree  dimensional parameters ~ with  diameter be ing  the  m o s t  

c o n s i s t e n t  i n d i c a t o r  of both the magnitude and di . rec t ion  of  d i f f e r e n c e s  

i n  weight among fami l ies .  

d i f f e r e n c e s  in seed l ing  weight arnoiig f a m i l i e s ,  p a r t i c u l a r l y  f o r  

Famil ies  4 and 6 .  While ~ t ?  t y p i c a l l y  have examined grow+h responses t o  

p o l l u t a n t  exposure usitit?; all t h r e e  dimensional var iab l .es ,  i t  appears  

t h a t  diameter may be the rnost appropr i a t e  indicator o f  veighti changes 

when nondes tuu~c t ive  sampling is  d e s i r e d .  In  ge[ieriIl. t he  h e i g h t  of  

1oblol.l.y 1 9 i t i e  i s  a more h igh ly  h e r i t a b l e  t r a i t  than d iameter ,  dkameter 

being  affected t o  A greater extent by environment. 

Both he igh t  and vol.wnie overest imated the  
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3 . 2 . 1 . 2  Growth Trends 

Another cons ide ra t ion  i n  examining growth responses i s  t h e  o v e r a l l  

p a t t e r n  of growth observed over t i m e  and across  condi t ions  i n  t h e  

l abora to ry  and f i e l d  po r t ions  of t hese  s t u d i e s .  

s eed l ings  was q u i t e  good wi th  a mean increase  i n  diameter of  300%, a 

50% inc rease  i n  h e i g h t ,  and an 800% increase  i n  volume. There was a 

l a r g e  amount of v a r i a t i o n  among fami l i e s  i n  volume growth (measured as 

D2H) (F ig .  3 . 4 ) .  Growth w a s  a l s o  approximately l i n e a r  throughout the 

e n t i r e  12-week per iod  f o r  bo th  l abora to ry  and f ie ld-grown seed l ings .  

I n  the  f i e l d  growth w a s  t y p i c a l l y  g r e a t e r ,  and the  effects  of  adding 

ozone were more wel l -def ined  than  i n  the l abo ra to ry  ( F i g .  3 . 5 ) .  

The growth o f  

3 . 2 . 1 . 3  Growth Responses t o  Ozone 

Summary d a t a  f o r  h e i g h t ,  diameter ,  and volume growth f o r  

approximately 4000 seedl ings  ( r ep resen t ing  42 f ami l i e s )  t h a t  w e r e  grown 

i n  t h e  f i e l d  i n  s i x  ozone t reatment  l e v e l s  and one a c i d  r a i n  l e v e l  

(median pH 4 . 5 )  are noted i n  Table 3 .3 .  Growth changes o f  ind iv idua l  

s eed l ings  over t h e  1 2  weeks of  t h e  study w e r e  the basis of t h e  average 

growth d a t a  f o r  these  ana lyses .  Data repor ted  i n  Table 3 .3  show t h a t  

compared t o  growth i n  c h a r c o a l - f i l t e r e d  a i r  reduct ions  i n  h e i g h t ,  

diameter ,  and volume growth of 2 6 ,  5 ,  and 14%, r e spec t ive ly ,  occurred 

i n  ambient a i r ;  t he  response t o  ambient a i r  was q u a n t i t a t i v e l y  the  most 

s i g n i f i c a n t  response observed i n  any of the  t rea tments .  Seedl ings i n  

open p l o t s  grew the  l a r g e s t  of a l l  t rea tments ,  i n d i c a t i n g  t h a t  t h e r e  

was an adverse chamber e f f e c t  on growth (F ig .  3 . 6 ) .  

Because d i f f e rences  i n  s e n s i t i v i t y  t o  ozone among families w a s  a 

major emphasis f o r  t h i s  r e sea rch ,  comparisons across  f a m i l i e s  i n  

response t o  ambient, A40, and A160 exposures are shown i n  

F igs .  3 .7 -3 .9 .  Differences i n  growth i n  he igh t  (a) and diameter (b) 

f o r  t h e  t h r e e  t rea tments  are p l o t t e d  r e spec t ive ly  i n  F igs .  3 .7 ,  3 . 8 ,  

and 3 . 9  us ing  t h e  CF t reatment  as a re ference  point:. 

r ep resen t  a f r a c t i o n a l  change i n  growth from t h a t  measured i n  t h e  CF 

t reatment  ( i . e . ,  -0 .25  = 25% reduc t ion ) .  The cons is tency  of  t he  

response o f  f a m i l i e s  t o  ambient a i r  is r e a d i l y  apparent  i n  F ig .  3 .7  

Thus, d a t a  
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Fig.  3 . 6 .  A comparison of  44 l o b l o l l y  p ine  f a m i l i e s  f o r  t h e  r a t i o  (minus 1.0) Of 
t h e i r  volume growth i n  open p l o t s  t o  t h a t  i n  chambered p l o t s  wi th  ambient ozone l e v e l s .  
A value of  0 i n d i c a t e s  equal  growth i n  open plots and chambered p l o t s ,  and 0.20 i n d i c a t e s  
20% more growth i n  open p l o t s  ( a l l  t r e e s  i r r i g a t e d  wi th  pH 4.5 a r t i f i c i a l  r a i n ) .  
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E 
Fig, 3 . 8 .  A comparison o f  44 loblol ly  pine families for the r a t i o  

(Minus 1 . 0 )  of t he i r  height and diameter growth i n  ambient -t40 ppb 
ozone to tha t  i n  charcoal filtsered chambers, where a value o f  0 
indicates equal growth r a t e s ,  and a value of - 0 . 2 0  indicates 20% be t te r  
growth i n  charcoal f i l t e r e d  air ( a l l  seedlings i r r iga t ed  with pW 4 . 5  
a r t i f i c i a l  ra in) .  
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I 

(Ambient 4760 vep Charcoal Filtered) , I I i i I I I-r-r-r-q-r- ..,.. 7..~11 ..,. .,...I ..,...,.. f.T , 

0.2 
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-0.1 
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-0.6 

(E 7 12 17 23 28 33 38 43 48 53 

Fig. 3.9. A comparison of 44 loblolly pine faroil.tes for the ratio 
(mitius 1.0) of thei.r hej.glit and diameter growth in ambient -1-160 ppb 
ozone t:o that i.n charcoal filtered chambers. A value of 0 indi-cates 
equal growth rates, and a value of -0.20 indicates 20% b e t t e r  growth in 
charcoal f i - l t e r e d  air (al.1. seedlings irrigated with pM 4 . 5  artificial 
rain). 
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Table 3 . 3 .  Mean heights, diameter ,  and volume gxrowth of 
42 l o b l o l l y  p ine  f a m i l i e s  across ozone t rea tments  

during the  13-week f i e l d  s tudy .  

Height Diameter Volume” 
Volume Ozone dose ___ 
t r e a tme n t (ppb h x lo3>  Change (mm> (mm) (m& 

Charcoal f i l t e r e d  
(CF) 

Ambient chamber 
(AC) 

Ainl:,i.ent t40 ppb 
( A 4 0 )  

Ambient +80 ppb 
( A 8 0 )  

Ambient +160 ppb 
( Al. 60 ) 

1 9  a 46.32 

3a b 3 4 . 4 0  
- 2Sb 

4 7 . 7 7  b 34 
+ 3  

41 b 48.10 
t4 

59 b 40.39 
- 13 

7 9  b 3 6 , ~ a  
- 2 1  

2 .75  

2 . 6 2  
- 5  

2 . 7 7  
+I 

2.53 
- a  

2.59 
- 6  

2 . 5 3  
- a  

2495 

2140 
- 14 

2687 
+8 

2382 
- 5  

2212  
-11 

2189 
- 1 2  

a l le ight ,  diameter ,  o r  volume a t  t he  end of  the experiment (November 7 )  
minus i n i t i a l  va lues  determined on August 2 ,  3 ,  and 4 .  Volume w a s  
i nd ica t ed  by the parameter D 2 H .  

bPercent  change f o r  a parameter compared t o  t h e  va lue  of t h a t  parameter 
f o r  t h e  CF t rea tment .  
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with 39 a f  42 families contributing to the 26% mean reduction in height 

noted in Table 3 . 3 .  The maximum reduction noted was about 50%. 

Diameter reductions included a maximum of  25% and were less consistent 

across families with 30 of  42, families responding negatively. 

As the level of  ozonc? increased to A40,  diameter reductions became 

more consistent across families (36 O C  4 3 )  but height growth responses 

shifted to more positive values (Fig. 3.8) (the mean response was 

+ 4 % ) .  Further increases in the ozone level resulted in a shift to 

negative height responses [Fig. 3.9(a)], while diameter reductions 

remained fa5rly constant at -8% [Fig. 3.9(b)]. 

The shape of  the ozone dose response surface for effects on 

diameter growth for four families (Fig. 3.10) illustrates both 

similarities and differences in the levels, response patterns and 

consistency of  ozone responses among families. These results formed 

the basis of  t:he ozone x family internctlon noted in Table 3.4 and 

indicated that further analysis of the basis €or differences among 

Families was warranted. A major consideration in these analyses has 

been exploring the genetic basis (seed source origin) and physiological 

basis (growth characteristics) of these differences ~ 

3.2.1.4 Statistical Analysis 

With these response patterns in mind, the statistical analysis of  

the growth data can be viewed in better perspective. Analyses o f  

observed differences in height, diameter, and volume growth over the 

entire study interval (Table 3.3), were performed using an analysis of 

covariance. The statistical model took the form: 

+ 0j  f ijkl + e  

where B = Block, 0 = Ozone, F = Family, C = covariate, and e = error. 

The experimental design was a sp1.j.t plot with blocks and ozotie 

levels as main effects. The main plot was the large chamber to which 

one of five ozone levels was applied. Wtthin each chamber there were 

up to 53 families, althoush only 42 families were considered in this 
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Table 3 . 4 .  Analysis o f  c o v a r i a n c e  o f  the change in h e i g h t ,  
diameter, and volume growth o f  l o b l o l l y  p i n e  families 

effects of  5 ozone levels 
during a 12-week pe r iod  i n  a field study of the 

I-_. _.I._ 

Source df Type I T 1  ss F value PR>F 
____I__ 

Height di f ferenee 

Block ( B )  2 
Ozorle (0) 4 
B e 0  8 
Family (F) 41 
O a F  164 
I n i t  ial. lilt? igh t 1 
Error 3,046 

Block ( B )  2 
Ozone ( 0 )  4 
B e 0  8 
Family (F) 41 
O e F  164 
Initial diameter 1 
Error 3,077 

Block (B) 2 
Ozone (0) 4 
B e 0  8 
Family ( F j  4 1  
0 . F  164 
I n i t i a l  volume 1 
Error 3,004 

5 , 820 0 ,a9 0.  $373  

124,785 37.08 0.0001 
624,735 28.29 0.0001 
88 324 1 . 2 8  0.0109 

105,861 251.64 0.0001 

95,510 1 . 5 3  0.2815 

P , 181,422 

D i m e  t e r d i-ffe r en@ e 

20 
17 
8 1  

1.30 
49 
17 

689 

VoI.um d i f f e r e n c e  

1.00 0.4097 
0.42 0 I 7906 
45.64 0.0001 
1 0 . 6 9  0 I 0001 
1.35 0,0023 

77.32  0.0001 

50,511,838 0 . 7 9  0.4849 
58 ,181 ,275 0.46 0.7657 
254,648,076 41.. 68 0.0001 
850,998,370 1 7 . 4 6  0 .0001 
194,986,933 1 . 5 6  0.0001 
608,864,107 797.21  0 .0001 

2,294,273,250 
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analysis because of design imbalances introduced by including 11 of the 

5 3  families. Nine of these were the common families that appeared only 

in the factorial portion of the experiment, and the other two were 

families 54 and 55, which had poor survival. The height, diameter, and 

volume of each seedling at the beginning of the experiment were used as 

covariates in the analysis. The dependent variables, height, diameter, 

or volume difference, were calculated by subtracting the initial 

height, diameter, or volume of the seedling from the final height, 

diameter, or volume. In these analyses, block and family were 

considered random effects. The covariate, initial height, diameter, or 

volume, had a substantial impact on the growth change. This would be 

expected because there were only 12 weeks between the initial and final 

measurements and the compounding effects of seedlings size are 

important for smaller rapidly growing seedlings. 

concerning the validity of the highly significant covariates, a test 

for heterogeneity of slopes was performed as described by Freund and 

Littell (1981). There was no evidence from this test to suggest that 

the covariate was inappropriate. The analyses presented in Table 3 . 4  

were for chamber plots only. There were significant differences in 

growth between the open plots and the chamber plots supplied with 

ambient air (Fig. 3 . 6 ) .  An analysis of height-growth differences 

between these two treatments was performed using the above model, 

confirming the statistical significance of this difference ( p  < - 0.01). 
However the purpose o f  these experiments was to test ozone effects, not 

effects caused by chambers; consequently, open plots were eliminated 

from all further analyses. 

differences was very low. 

To satisfy questions 

- 

The power of this analysis to detect 

As can be seen in the analysis of covariance (Table 3 . 4 ) ,  the 

ozone by family interaction was highly significant for all three 

measurements. Because this interaction was significant, an 

interpretation o f  the main effec.ts was not possible. 

because of the large number of families and their genetic backgrounds, 

it was important to look at analyses of ozone differences (the main 

effect) on a family-by-family basis. The analysis of covariance 

Therefore, 
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results for each family can be found in Appendix R ,  

these analyses was more simple and included the effects of  block,  

ozone, and the covariate (y 

Black WRS a random effect, and ozone was fixed. All 53  families were 

analyzed in this manner. 

ozone, and families 11 to 55 were exposed to 5 levels. 

diameter changes for each family treatment combination can be found in 

Appendix A. 

The model for 

= B i  I- Oj + (I3 0 0)ij + rC ijk + e i jk )  * ijk 

Families 2 to 10 were exposed to 3 levels of  

Mean height and 

The variances in these analyses were large and therefore in 

general only statistical difference between treatment means of  greater 

than one standard deviation could be detected (ie 22  mm). In the 

height analyses, the block effect was significant (p < - 0.05) only three 
times. In 20 of  the 53 families, the ozone effect on height was 

significant (p < 0.05). The influence of initial height as a covariate 

was significant (p < 0.05) in 30 of the 53 families. I n  the analysis 

of diameter growth, block effects were significant 18 of 5 3  times, 

ozone effects 9 o f  53 times, and initial diameter 11 of 53 times. 

Since, height is generally considered a more heritable trait than 

diameter, it is logical that the relati.onship betwecn initial. vs final 

measurements was stronger. This is supported by the fact that the 

number of families with significant initial height effects  was almost_ 

three times greater than those with significant inirial diameter 

effects. 

= 

== 

For the nine common families analyzed, only one family had 

significant (p < I 0.05) height-growth response to ozone exposure. In 

the case of  diameter growth, three of the nine families responded 

significantly (p < - 0.05) t o  the ozone exposures. 

3.2.1.5 Growth Response to Acid Rain and Ozone 

_ _  

- 

A summary of the mean height, diameter, and volume growth data for 

53 families included in the f ac to r i a l  acid rain by ozone interaction 

portions of tlhis sttidy is shown in Table 3 . 5 .  The interactive effects 

of acid rain (levels 5.2, 4 . 5 ,  and 3 . 3 )  and ozone (levels CF, A 8 0 ,  and 

Al60) on growth over the entire study interval are characterized across 

each treatment combination by comparing growth under each treatment 
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Table 3 . 5 .  Interactive e f fec ts  of  aci.d ra in  and ozone on 
mean height,  diameter, and volime growth of  

5 1  loblolly pine families 

Median 
acid ra in  Ozone treatment 

PH Growth CF A8 0 A160  

-. Height ( m m l  

5 . 2  a 3 8 . 8  3 5 . 4  3 8 . 1  

4 . 5  a 46 .4  4 2 . 0  3 7 . 8  
- 9  - 2  

+20 +8 - 3  

- 1 9  - 9  +8 
3 . 3  a 31.4 3 5 . 4  4 2 . 0  

2 Diameter (mm -1 

5 . 2  

4 . 5  

3 . 3  

2 . 5 9  2 - 6 5  2 . 4 2  

2 . 7 4  2 . 6 1  2 . 5 3  

2 . 5 3  2 . 7 0  2 . 5 9  

+2 - 7  

-9.5 +1 - 2  

- 2  +4 0 

Volume (nm 3 ) 

5 . 2  a 2307 2557 2147 
4-11 - 7  

2508  2 2 7 9  2 2 1 0  4 . 5 
+9 -1 - 4 

2097  2395  2286 3 . 3  
- 9  a4 -1 

a 

a 

aA% expresses percent change from values f o r  CF chambers a t  ptI 5 . 2 .  
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combination t o  tha t  of seedlings i n  the CF p l o t  exposed t o  pH 5 . 2  

r a i n f a l l .  From these data  there  appears t o  be a si ihstant ia l  and 

typical.ly antagonist ie in te rac t ion  between acid r a i n  and ozone, with 

the grea tes t  inh ib i t ion  of  growth occurring under CF conditions a t  pH 

3.3.  Increasing the ozone concentration typ ica l ly  reduced t;he growth 

impact of acid r a i n  compared t o  t h a t  observed under C F  a i r .  

Conversely, ozone impacts were always grea te r  at higher r a i n f a l l  

pHvalues than a t  pH 3.3.  These data also  indicate  t h a t  the pr incipal  

e f f e c t s  of  ozone were on height growth. 

typica1.l.y observed w i t h  acid r a i n  x ozone combinations is shown more 

clea.rly with the diameter growth data f o r  Families 7 and 8 (Figs.  3 . 1 1  

and 3 . 1 2 ) .  These responses included both almost l i n e a r  decreases w i t h  

increasing ozone (Family 7 ,  pH 4 . 5  and 5 . 2 )  and threshold responses 

(Family 8 ,  p N  4.5  and 5 . 2 )  and k m t h  convex and concave bimodal 

responses a t  the pM 3 . 3  l e v e l .  The uniqueness oE the response surface 

observed a t  the lowest pH l e v e l  w a s  apparent with both famil ies .  

The range of  responses 

A n  examination o f  the v a r i a b i l i t y  i n  responses of  height growth t o  

acid r a i n  across the 53 families included i n  this f a c t o r i a l  experiment 

i s  shown i n  Fig. 3 . 1 3 ,  When comparisons are made under CF conditions 

between growth a t  pH 5.2 and a t  e i t h e r  pH 3 . 3  [Fig.  3 . 1 3 ( a ) ]  o r  pN 4 . 5  

[ F i g .  3.13(b) ] , the bimodal nature of  the response surface is  apparent ~ 

Substant ia l  differences among families were a l s o  qui te  apparent. From 

these comparisons i t  can be seen t h a t  36 of  53 families responded 

pos i t ive ly  t o  a pW decrease f rom 5 . 2  t o  4 . 5 ,  and 43 of 51 responded 

with poorer height  growth as the pN leve l  was lowered t o  pH 3 . 3 .  

3.2.1.5 S t a t i s t i c a l  Analysis 

With these response pat terns  i n  mind, the s t a t i s t i . c a 1  analysis  of 

che g r o w t h  data can he viewed i n  b e t t e r  perspective.  

observed differences i n  height and diameter growth over the en t i r e  

study i n t e r v a l  (Table 3 . S ) ,  were performed using an analysis  of 

covarfance. The s t a t i s t i c a l  model took the form: 

Analyses of 

= B i  + O j  + Rk + (R a 0 l i j  t (0 a Rjjk t (€3 e 0 a K ) i j k  f 
'i j kl m 

F1 +- ( 0  F j j l  + (R Vkl + ( 0  Q K njk1 + rCijklm ijklm ' + e  
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3 

2.9 

2.8 

2.7 

2.6 

FAMILY 7 

ORNL-DWG 002-9271 

pH 3.3 - 
pH 4.5 

pH 5.2 

- - -  

.... .... 

Charcoal Ambient Ambient 
Filtered +80 ppb +I60 ppb 

OZONE LEVELS - FIELD STUDY 
F i g .  3.11. Mean diameter growth of lob lo l ly  pine Family 7 exposed t o  three levels of 

ozone and acid rain i n  a f i e l d  study. 
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3 
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-0.7 hmu--u 

2 7 12 17 23 28 33 38 43 48 53 

A comparison of 53 lob lo l ly  pine families f o r  the F ig .  3.13. 
r a t i o  (minus 1 . 0 )  of t h e i r  height growth a t  pH 3.3 o r  pH 4.5 t o  that: a t  
pM 5.2. A value of 0 indicates  equal. growth rates, and a value of +0.20 
indicates 20% be t t e r  growth i n  the lower pH r a in .  
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where B - Block, 8 = Ozone, W = Rain, F - Family, C - the covariate ,  

and e = error .  

The fac . tor ia l  experimental design was a s p l i t  p l o t  with blocks,  

O Z O A ~  l eve l s ,  and ra in  pH leve ls  as  main e f f e c t s .  The main p l o t  was 

the large chamber to which one of the three ozone levels and one of 

thethree r a in  pH leve ls  were applied. A l l  53 famil ies  wsrc considered 

i n  these analyses. 

The height and diameter of each seedling a t  the beginning of the 

experiment were used as eovariates in the analysis. The depersdemt 

var iables ,  height ,  or diameter difference were calculated by 

subtracting the i n i t i a l  height o r  diameter o f  the seedling from the 

f i n a l  height o r  diameter, In these analyses, bot:h block and. f a d l y  

were considered random e f fec t s .  The covalrlate was tested En a manner 

similar  t o  t ha t  described previous1.y f o r  the ozone analyses and, as 

before, there was no evidence from these t e s t s  t o  suggest t h a t  the 

covariates were inappropr ia te .  Unfortunately coimputer memory was not 

large enough t o  include a l l  53  families i n  the same ;inalysIs.  

Therefore two  analyses: w e r e  conducted .for each variable : one f o r  

families 2 t o  25 and another f o r  families 26 to 55. Pseudo-f te:zts 

were performed t o  determine significance (Hicks 1973). 

S t a t i s t i c a l  analysis of these data (Tables 3 . 6  and 3 . 7 )  using 

ANCOVA procedures indicated that there was a signifi.c.ant family e f f e c t  

on r e l a t ive  growt3-1 r a t e s .  There w a s  m t ,  however, a signtfi.camt OZCJII.E: 

x family interncCion as w a s  found i n  the previous a n a l y s i s  of 5 ozone 

treatments. The ambient and A40 treatments which many times had the 

I .owest  and highest treatment means r e s p c c ~ i v e l y  i n  the ozone alone 

analysis were n o t  incI.uded i n  t h i s  factorii3l experiment Separate 

analyses f o r  each family were performed (Appendix B ) ,  A summary of the 

~ ~ b e r s  of families fo r  w h i c h  height o r  diameter differences were 

significant f o r  both the f a c t o r i a l  and previously discussed ozone-only 

studies  is  provided in Table 3 . 8 .  E'ami.1.y mean. heights diameters at 

each treatment l eve l  are i n  Appendix A .  

When applied t o  the t e s t  o f  ozone effects, these data reflect Che 

subs tan t ia l  iiif3.uence of differences i.n statistical power of the 
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Table 3.6. Analysis of covariance of the change in height growth of 

field experiment using 3 levels each of acid rain 
and ozone 

53 loblolly pine families during a 12-week period in a factorial 

Source df Type I11 SS F value 

Block (B) 
Ozone ( 0 )  
Rain (R) 
R O O  
B @ R  
B a O  

Family (F) 

R a F  

Initial Height 
Error 

B . R . 0  

O b F  

R e O b F  

Block (B) 
Ozone (0) 
Rain (R) 
R e 0  
B o R  
€ 5 . 0  
B b R . 0  
Family (E') 

R a F  
R e O e F  
Initial Height 
Error 

0 . E '  

Families 2-25 

2 
2 
2 
4 
4 
4 
8 
22 
44 
44 
88 

1 
2,451 

15,577 
5 140 
18,543 
12,679 
14,719 
23,270 
14,666 
457 242 
19,425 
17,808 
43,882 
98,135 

1,032,321 

Families 26-55 

2 
2 
2 
4 
4 
4 
8 
29 
58 
58 
116 
1 

3,365 

2,687 
6,064 
13,505 
59,128 
21,726 
26,673 
23,902 
633,064 
30,090 
28,792 
49,651 
70,735 

1,664,704 

4 .  25a 
0.44 
2.52 
1.73 
2.01 
3.17 
4.35" 
41. 6ab 
0.88 
0.81 
1.18 

233. OOb 

0.45 
0.24 
0.54 
4. lla 
1.78 
2.23 
6. 04a 
44. 13b 
1.05 
1.00 
0.87 

142. 9gb 

aSignificant at the 5% level.. 
bSignificant at the 1% level. 
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Table 3.7. Analysis of covariance of the change in diameter 
growth f o r  53 loblolly pine families grown in a 12 week 

each of\acid rain and ozone 
field study in a factorial design using 3 levels 

Source df T y p e  IT1 ss F value 

Block. (B) 
Ozone ( 0 )  
Rain (R)  
R e 0  
B e R  
B e 0  
B . R . 0  
Family (F) 

R @ F  

In i t i a 1 d i aiiic? t e r 
Error 

0 . F  

R . 0 . F  

Block (R) 
Ozone ( 0 )  
Rain (R) 
R e 0  
B e R  

B a R . 0  
Family (F) 
0 . F  

R . 0 . F  
Initial diameter 
Error 

B . 0  

R * F  

2 
2 
2 
4 
4 
4 
8 

2.2 
4 4 -  
44 
8 8  
1 

2490 

2 
2 
2 
4 
4 
4 
8 
29 
58 
58 
116 
1 

3426 

-_II- Families 2-25 

18 a39 
10 " 445 
1.440 
12.825 
2.793 
4.548 
31 _I 880  
89.11.3 
9. I62 
9.230 

1 6  842 
2 ~ 630 

601.220 

Farntlies 26-55 

9.486 
11.742 
3.407 
9.472 
4.399 
1 . 6 8 5  
29.774 
179.826 
14.744 
2 0 . 6 4 9  
3 6 . 9 3 1  
11.926 
850.349 

2.36 
1.31 
0.18 
0.80 
0.18 
0.29 

1.6,50a 
16. IOa 
0.86 
0.87  
0.79 
10 ~ 8ga 

1 , 2 7  
1.58 
0 .45  
0 .63  
0.29 
0.11 
14 I99" 
19, SO" 
0.80 
1.12 
1.28 

48 I 05a 

"Significant a t  the 1% level. 
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Table 3 . 8 .  Resul ts  of s t a t i s t i c a l  ana lys i s  oE d i f fe rences  i n  height  
and diameter growth associated with a 12-week exposure 

of field-grown l o b l o l l y  pine seedl ings t o  ozone 
only o r  ozone and ac id  r a i n  

Data s e t  

Numbers o f  f ami l i e s  
a t  s i gn i f i c an t 1 eve ~b 

Effect" Paraineter 290 - >95 299 

Ozone alone Ozone Diameter 1 6  9 2 
Height: 27 20 8 

Ozone x acid r a i n  Ozone Diameter 1 5  10 3 
Height 5 2 1 

Acid ra in  Diaiiieter 10 6 1 
Height 1 3  6 2 

Ozone x ac id  r a i n  Diameter 1 3  6 2 
He i ght 1 6  11 3 

Charcoal f i l c e r e d  Ozone 
vs ambient 
charnb e r s 

Di.ame t e r  5 4 3 
Height 7 7 6 

aAtialyses o f  ~ % o n e  alone effects were conducted across  5 ozone levels 
(CF, A C ,  A40, A80,  and A160). Ozone x PLR e f f e c t s  were s i m i l a r l y  
t e s t e d  wi th in  a 3 x 3 f a c t o r i a l  of 3 ozone l e v e l s  (CF, A 8 0 ,  and A160) 
arid 3 ac id  r a i n  l e v e l s  (pH 5 . 2 ,  4 . 5 ,  and 3 . 3 ) .  A l l  comparisons were 
t e s t e d  with ANCOVA. 

bNumbers of  f ami l i e s  involved i n  the  th ree  da ta  s e t s  were 4 4 ,  53 ,  and 
4 4 ,  r e spec t ive ly .  
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comparisons involved because the  number of s i g n i f i c a n t  e f f e c t s  

decreased as s t a t i s t i c a l  comparisons were focused on success ive ly  

smaller subse ts  of t he  l a r g e r  experimental  design,  The percentage o f  

faillilies with s i g n i f i c a n t  d i f f e rences  (using a Less r igorous 

s ign i f i cance  l e v e l  ;g < z 0.1)  was h ighes t  i n  the  ozone-only data set 

( 3 6 %  h e i g h t ,  61% d iameter ) ,  in termediate  i n  the  fac tor ia l .  experiment 

(28% h e i g h t ,  9% diameter) and lowest i n  an ana lys i s  (not  presente.d 

here)  of  ambient ai.r vs CF a i r  i n  the  ozone-only experiment (11% 

h e i g h t ,  1 6 %  diameter) .  The l a t t e r  comparison provided the  

l a rges td i f f e rences  i n  growth r e l a t i v e  t o  the CF base l ine  (Table  3 . 3 ) ,  

w i t h  a 26% mean redi-iction i n  he igh t  growth and c o n s i s t e n t  responses 

across  f ami l i e s ;  however, these d i f f e rences  were not  s t a t i s t i c a l l y  

s i g n i f i c a n t  f o r  most f ami l i e s  due i n  l a r g e  part: t o  t he  low power of 

de tec t ion .  

There was no evidence of s i g n i f i c a n t  i n t e r a c t i o n s  f o r  r a i n  x 

fami ly  o r  r a i n  x ozone x family.  There w a s ,  however, a si .gri if ieant 

block x r a i n  x OZOIW effect .  

r e s u l t e d  from the  way i n  which seedl ings  were o r i g i n a l l y  placed i n  

chambers wi th in  blacks. Analysis of var iance  of t h e  i n i t i a l  

measurements i nd ica t ed  t h a t  a sinal-l b u t  statistically s i g n i f i c a n t  

ozone x block e f f e c t  w a s  p resent  even a t  t h e  beginning of the 

experiments before  t reatments  were appl ied .  It i s  important t o  

remember when i n t e r p r e t i n g  those da ta  t h a t  s ta t i s t ica l  s ign i f i cance  was 

found fo-r  very s m a l l .  he ight  di..Eferences . 
diameters across f ami l i e s  f o r  the  th ree  blocks i n  the  ozone-only 

exper-i.ment were l . 7 9 ,  1 . 7 7 ,  and 1.89 fo r  and 1 .81 ,  1 .77 ,  and 1 . 8 2  mm 

f o r  the  ac id  r a i n  x ozone study f o r  blocks I ,  T I B  and I T 1  r e spec t ive ly .  

I n i t i a l  he igh t s  were 7 8 . 3 ,  82 .3 ,  84.0 and 8 5 . 0 ,  90.6 ,  and 88 .0  f o r  

these  same comparisons. When dea l ing  with l a rge  d a t a  s e t s  grown under 

such coridFtion and st i3t : iSt ical ly  with many degrees of  f r e e d ~ n ,  very 

s m a l l  d i f f e rences  can be found t o  be s i g n i f i c a n t .  Block e f f e c t s  were 

IIOC found t o  be s i g n i f i c a n t  I n  the ana lys i s  o f  ozone e f f e c t s  

P a r t  o f  this  i n t e r a c t i o n  e f f e c t  may have 

Overa l l  mean i n i t i a l  

( see  'Table 3 , 4 ) .  
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Acid rain eEfects, both individually and in interaction with 

ozone, were statistically significant ( p  < - 0.1) for approximately 20% 

of the 53 families tested. Itx general, height responses to acid rain 

and diameter responses to ozone were mare easily detected within the 

factorial analysis. 

3.2.1.7 Differences in Sensitivitv Based on Seed Source 

A s  noted earlier, one focus o f  these initial studies was to 

examine the. variation in sensitivity of loblolly pine across its 

commercial range. 

fast-growing, commercially planted sources from 209 counties 

distributed across 12 states within the southeastern region. To 

determine whether systematic differences occurred within this area, 

families were separated into Coastal Plain and Piedmont sources of 

origin. Results given in Table 3.9 summarize the average differences 

in response to ozone in height and diameter and the frequency of 

statistically significant differences of  families from these two zones 

and for the nine common families. The growth data are based on change 

in growth after the final measurements at the 12-week harvest, and 

growth responses i n  amhi-ent and A160 chambers are presented as 

apercentage of that observed in CF chambers. 

based on the individual family ANCQVA tests of an overall ozone effect 

The seed sources selected by the SCFRC represented 

Tests of significance are 

(p 5 - 0.1). 
Results indicate that the Piedmont families were affected 

comparably to those from the Coastal Plain in ambient air 

(approximately 25% in height and 3-5% in diameter reduction). A s  ozone 

was increased to the A160 level, height reduction of Piedmont families 

was comparable to that in ambient air, but for Coastal families, the 

height response was reduced by approximately 0.5 to 12.0%. These 

differences in response to the higher ozone levels resulted in a much 

higher frequency of significance ( 6 4 % )  of  the overall ozone effect 

among the Piedmont families. Diameter growth was not very different 

between regions and was at least 92% of the growth observed in CF 

chambers. 

significant than those observed in eit:her regional subgroup. Eight of 

Responses observed within the nine common families were less 



Table 3 .9 .  A comparison of  response t o  t w o  ozone levels f o r  ’Loblolly 
p ine  families from the  Coastal. P l a i n  and Piedmont a reas  of 

the sou theas t e rn  United S t a t e s  and a summary of 
responses f o r  common families t e s t e d  

i n  f i e l d  chambers a t  ORNL 

Percentage of 
f a m i  1 i e s w i t h  
s t a t i s  t i c a l l y  
s i g n i f i c a n t  

Seed Numb e r Mean growth response - -  responses t o  
source of f ami l i e s  percentage of  growth i n  CF a i r  ozone l e v e l s  

Ambient Ambient + 160 PP’O (D <- 0 .1 )  
Height Diameter Height Diameter Height Diameter 

Piedmont 25 75.93 97.41 78.46 93.51 64.00 28.00 

Coastal  28 77.65 94.52 88 .62  92.16 3 9 . 2  32.1 
- CQt’MlOn 9 93.45 92.16 11.1 11.1 
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nine common families were Coastxl. P l a i n  seed so~irces  and their 

responses were included in trhat grouprs calcul.ation. 

A similar comparison was made to eval.uate regional differences in 

response to acid rain as shown in Table 3.10, The growth data in this 

table are based on change in growth deterrni.ned at the 12-week harvest 

and growth responses compared are for CF chambers with median rain pWs 

of 4.5 and 3.3 and (Table 3.10) as a percentage of growth ohserved In 

CF chainbers with a rain pH of 5.2. 

statistically significant differences (p < =,? 0.1) in height in response 

to ac5.d rain and the acid r a in  by ozone interaction is also given. 

Although there was a higher percentage of Piedmont families with 

statistically s i .gn i f icant  differences, the actual differences in growth 

between the seed sources in CF environments was small, Both height and 

diameter growth were consistently enhanced by a r a t n  pN of 4 . 5  and 

The number of families w i t h  

depressed at PH 3.3. 

3.7 . .  1.8 LaborattoAy Studies 

The laboratory studies with seedlings exp~szd in CSTR chambers 

provicled the most complete data set because the height arid diameter 

measurements were obtained on 5 dates, and all seedlings were harvested 

(one-half at 6 weeks and one-half at 12 weeks). A s  previously shown in 

Fig., 3.5, growth rates of  seedlings in the CSTR experiments were 

generally slower than those under field conditions, and responses to 

added ozone were less significant. Comparisons of height, diameter, 

root-shoot ratio, and total weight responses to ozone of the eight 

families c o m o n  to hoth  CSTK and field experiments are shown in Table 

3 . 1 1 .  

response and was frequently positive, even at the 320 ppb level. 

Diameter responses were less variable among families; they were 

positive in 5 of 8 cases at 320 ppb. 

were about equal ly  divided between positive and negative a t  both 160 

and 320 ppb and, on the average, were negligible across all families. 

The most consistent response observed, however, was the reduction in 

These data indicate that height growth was the most variable 

Responses in total plant weight 
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root-shoot: ratio that occurred in about 75% of the families. This 

reduction occurred frequently when height or diameter responses were 

positive; therefore in many cases in the CSTR studies, it appeared that 

decreased root growth or a diminished balance between root and shoot 

growth may have been the predominant negative response to ozone 

additions under the CSTR exposure conditions. 

Growth trends 

Diameter growth trend data for Families 4 and 9 ,  which showed the 

most negative responses, and Family 5, with the most noted weight 

stimulation by ozone exposure under CSTR conditions, are shown in 

Figure 3.14 (a), (b), and (c). Family 4 [Fig. 3.14(a)] grew more 

slowly with increasing ozone, while Family 5 [Fig.3.14 (b)], as was 

previously shown with djaiiieter trends for Family 8 (Fig. 3 . 5 ) ,  showed 

the opposite response. Family 9 [Fig. 3.14 (c)] was the fastest 

growing family and had a response similar to Family 4 .  Some common 

features of the timing of  these responses are apparent. For all 

families, the ozone-treated seedlings began to grow at an altered rate 

after three to six weeks of exposure. Differences generally increased 

after that time, 

evaluated in relationship to the final harvest weights reported in 

Table 3.11. The diameter trends shown in Fig. 3.14 indicate generally 

good agreement with final seedling weight responses to ozone recorded 

in Table 3.11 for Families 4, 5, and 9 .  Overall, the observed growth 

response trends indicate that  response thresholds do exist as a 

function of total time of exposure and that observed effects would 

likely have further increased with extension of the length of the 

experiment. 

These observed growth trends can be more meaningfully 

Statistical analysis 

The model for analysis of covariance in the laboratory study was 
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Fig. 3.14. Diameter growth of (a) Family 4 ,  (b) Family 5, and 

( c )  Family 9 seedlings grown in CSTR chambers with 0, 160, and 320 ppb 
ozone. 
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Table 3 . 1 1 .  Mean responses of 8 l o b l o l l y  pine f ami l i e s  exposed t o  
ozone a t  160 ppb or 320 ppb f o r  1 2  weeks i n  CSTR chambers. 

Data compare responses a t  each ozone l e v e l  t o  responses 
from CF chambers 

I_~ PercentaEe Change from CF a t  Harvest  

Family Height Diameter R:Sa Weight Height Diameter R:S  Weight 

2 

3 

4 

5 

6 

8 

9 

10 

+52 

-4  

- 2 1  

- 9  

+7 8 

t-4 9 

- 10 

- 22 

Mean response +lLc 

+ll 

-1 

- 1. 
+ l 6  

1-10 

+28 

- 2 1  

+1.l 

-1-7 

-8  - 6  

c2 - 3  

- 6  -13 

-4  +IO 
- 7  +4 

- 3  - 3  

- 3  +3 

- 6  - 5  

-5  - 2  

+6 6 

-t-33 

- 22 

+20 

-t-3 8 

c6Q 

- 26 

+2 

+2 1 

+10 -11 +7 

+4 -10 +9 

- 18 -11 - 1 6  

+1 +4 +11 

-8  - 1 3  - 5  

+12 - 3  +1 

- 30 +6 - 6  

+5 - 1 7  1-4 

- 3  - 7  +I 

aRoot : shoot r a t i o  
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where 0 = ozone, R ( 0 )  = r e p l i c a t i o n  wi th in  ozone, F = farni.ly, C = 

c o v a r i a t e ,  and e - e r r o r .  

Analysis of covariance of he igh t  and diarneter growth da ta  a t  

ha rves t  (Table 3 . 1 2 )  i nd ica t e s  t h a t  there  was no s igni f icant :  o v e r a l l  

ozone t reatment  e f f e c t ,  e i t h e r  i nd iv idua l ly  o r  i n  i n t e r a c t i o n  with 

families.  Pseudo-€ tests were performed. (Nicks 1 9 7 3 ) ,  and the only 

s i g n i f i c a n t  v a r i a b l e  was family.  Separate t e s t s  of  s ign i f i cance  f o r  

ind iv idua l  f ami l i e s  (Appendix B) revealed that  only Family 9 showed a 

s l i g h t l y  s i g n i f i c a n t  negat ive response (p < = 0.09)  i n  dinmctxr growth, 

and there were no s i g n i f i c a n t  responses i n  he igh t  growth. The powers 

o f  the  tes ts  were low and l imi t ed  the a b i l i t y  t:o d e t e c t  s i g n f i c a n t  

d i f f e rences .  

3 . 2 . 1 . 9  F i e ld  An-d-Laboratorv Comparisons 

Hecnuse the  p r i n c i p a l  ob jec t ive  of  these  s t u d i e s  was the  

comparison of t:es t i n g  methodologies, t he  d i f f e rences  i n  response of the 

common fami l i e s  between f i e l d  and labora tory  pro tocols  w a s  of major 

interest:.  While it w a s  apparent from measured growth p a t t e r n s  t h a t  

t r e e s  were more s e n s i t i v e  t o  ozone under fie1.d condi t ions ,  i t  was 

important t o  know whether such d i f f e rences  were caused by d i f f e rences  

i n  the  t o x i c i t y  o f  appl ied  dose due t o  the  coiieent.ration p a t t e r n s  

( k i n e t i c s  of  exposure o r  presence of ambient background l e v e l s  during 

r e s p i t e s )  or t o  d i f f e rences  i n  the growth p a t t e r n s  of  the  seedl ings  

themselves. 

To examine rei-ative response p a t t e r n s  Q €  the e i g h t  common families 

under the  two t e s t  regimes, treatment e f f e c t s  on t o t a l  p l a n t  weight at 

harves t  (expressed as weight r a t i o s  of ozone- t rea ted  seedl ings  vs  CF 

c o n t r o l )  were compared f o r  the two h ighes t  ozone t reatments  i n  each 

regime ( F i g .  3 . 1 5 ) .  Responses t o  A80 ( f i e l d )  and 160 ppb ( labora tory)  

a r e  shown in  F ig .  3.15(a), and responses t o  t he  h ighes t  f i e l d  and 

labora tory  concentrat ions (A160 and 320 ppb) are shown i n  F ig .  3 . 1 5 ( b ) .  

The patterns shown i n  these  figures indi-eate that fami ly- to- fami ly  

v a r i a t i o n s  i n  growth responses t o  ozone were genera l ly  similar between 

laboratory (CSTR) and f i e l d  exposed seedl ings .  The observed p a t t e r n  
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Table 3.12. Analysis of covariance of the change in growth 
of  loblolly pine families during a 12-week period 

in response to 3 levels o f  ozone 

Source df Type 111 S S  F value 

Ozone (0) 2 
Rep ( 0 )  a 9 
Family (F) 7 
O o F  14 
F 0 Rep(0)a 63 
Intial height' 1 
Error 89 

Ozone ( 0 )  2 
Rep(()) 9 
Family (F) 7 

F*Rep ( 0 )  21 
Diab 1 
Error 93 

0*F 14 

HeiPht 

147 
942 

49,677 
5,623 
13,577 
1,027 
26,702 

D i ame t e r 

0.388 
1.824 
6.733 
2.120 
7.087 
2.310 
9.596 

0.18 
0.35 
17. 66b 
1.34 
0.72 
3.42 

0.80 
1.80 
6. 35b 
1.34 
1.09 
22. 3gb 

aRep(0) = rep]-ication within ozone treatments. 
bSignif icant at the 1% level. 
%ovariate. 
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supports similar relative sensitivtty between these families in the 

field and laboratory situations, even though the degree of inhibition 

of growth was much less in the laboratory. 

The most notable exception t o  this general. pattern was Family 9 ,  

which was most sensitive to ozone under CSTR exposure conditions. It is 

interesting that this is the only family showing a faster growth rate 

in the CSTR chambers than in the field. 

An examination of the sensitivity of seedling root-shoot ratios is 

included in Fig. 3.16 to evaluate similarity of ozone effects on whole 

plant allocation of dry matter. Comparative plots of responses t o  

lower [Fig. 3.16(a)] and higher [Fig. 3.16(b)] levels of added ozone 

show that at lower ozone levels root-shoot ratios were on the average 

more consistently depressed in the laboratory. 

response patterns among families were more comparable between the 

laboratory and field, indicattng similar relative sensitivi-ty at these 

generally lower root-shoot ratios. At the highest ozone level, root- 

shaot ratios of field-grown seedlings were shifted relatively more 

downward than those for laboratory-grown seedlings. 

At higher ozone levels, 

3 . 3  DISCUSSION 

Statistical analysis of these data indicated that ozone affected 

growth of trees differently in the 53 families in both the level of 

response and the shape of the response surface. The variability was 

sufficiently large and the power of the tests to detect was low so that 

the response to ozone of  loblolly pine as a species was not significant 

at the 95% significance level. However, there were notable trends 

related to seed source observed across families including a substantial 

and rather consistent reduction in inean height growth (26%) in ambient 

air, stimulation of growth at lowest ozone additions, further reduction 

of growth by further increasing ozone levels, and a generally greater 

sensitivity of height than di.arneter responses. Effects of  ozone on 

height were significant for about 40% of the families, and significant 

diameter effects were found on approximately 15% of those families 

tested. 
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The lack of a linear dose response surface and the evidence of 

stimulation of height growth by ozone addition at lower levels 

[Fig. 8(a)] cannot be explained at this time. Stimulation of growth by 

low levels o f  ozone has been reported occasionally in the literature 

(EPA 1984). In this study we hypothesize that the manner in which 

ozone was added, a rather abrupt increase to desired levels over a 

45-min period, may have induced partial closure of stomates during the 

period of addition. 

(1) restriction of entry of ozone and C02 through stomates and 

(2) reduced loss of water in transpiration. The net effect of such a 

process would be dependent on the balance between the effects of any 

additional ozone influx at higher external ozone doses, reduced carbon 

influx in photosynthesis caused by stomatal stricture, and, possibly, 

beneficial effects of wat:er conservation. The fact that there were 

typically 5 or more hours of daylight after the termination of ozone 

additions at around 1530 h suggests that post-fumigation Compensatory 

photosynthetic uptake under generally lower ambient levels of ozone and 

more optimal temperature and moisture conditions might favor 

diminishment of the effects of added ozone. The period of time during 

which ozone was being added to test plants represents only 

approximately 25% of  the total daylight hours such that hypothetically, 

even if stomates were completely closed during this time and reopened 

immediately after exposure, only 25% of gross photosynthetic production 

would be lost. In actuality, total closure and immediate return to 

full opening would be unlikely, and compensatory increases due to 

altered source sink relations (McLaughlin and Shriner 1980) would 

probably occur. 

documented in the literature (Mansfield and Majernik 1984, Rich and 

Turner 1972). 

submitted) indicates that  stress ethylone produced by exposure of 

plants to ozone plays a major role in inducing observed reductions in 

net photosynthesis and transpiration. 

relatively more effective in inhibiting transpiration than reduc.iIlg 

photosynthesis (Gunderson & 1988 submitted) supports the possible 

The effects of such a closure would be twofold: 

Closure of stomates by high levels of ozone is well 

Recent research at our lab by Taylor et a1 (1988 

The fact that ethylene is 



8 9  

role of our mid-day exposures in the field causing potentia1.l.y 

favorable shifts in water s ta tus  at: the cost of relatively less 

significant reductions in net photosynthesis. 

One concern in evaluating responses of plants grown in charcoal 

filtered and ozonated air is possible differences in nitrogen nutri.tion 

induced by the influence of the ozonator on NO, levels in the supply 

air. 

by induction of reactions between nitogen in the supply a i r  and the 

ozone generated (Harris et: al, 1982). en ambient air, such as we 

used, is the supply air, this can be more of a problem than when pure 

oxygen is used. Ozone-induced nitrogen oxide formation, however, 

cxnnot be considered a si.gnificant factor in these experiments for t w o  

principal reasons. First, the amount generated would be: greatly 

diluted by the mixing required to produce final chamber ozone 

concentrations. Based on published generation rates (I-larris et a l  ~ 

1982) ,  it can be calculated that only about 1. ppb of NO, 

been added to ambient levels of about 8 ppb in our area by ozonation. 

Second, the foliar nutrient levels reported in Section 5 indicate, that 

nitrogen levels were actually lower in the foliage of ozone treated 

seedlings than in those grown under charcoal filtration. 

Some ozonating systems can produce a mixture of nitrogen oxides 

would have 

The predominant effect of simdated acid rain in these studies 

was on height growth, as was noted with ozone. 

typically stimulated at near ambient gEI levels and reduced by an 

average o f  13% at pH 3 .5  when seedlings were grown in C F  air. 

Sensitivity to acid rain was not significantly influenced by fami.1.y 

origin; however, there was a significant overall interaction between 

ozone and acid rain for some families, and this influence did vary 

significantly across farni.l.ies. 

Height growth was 

The antagonistic interaction between acid rain and ozone noted i.n 

this study is interesting because Ta: implies a physiological inhibition 

of the phytotoxicity of these pollutants when they occur together at 

high levels. The physiol.o.gica1 basis of this interaction cannot be 

ascertained at this time; however, the addition of nitrogen in ac id  

rain may be beneficial to plants stressed by ozone if reduced transport 
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of carbon t o  the r o o t  system i s  one of the s i g n i f i c a n t  adverse e f f e c t s  

o f  ozone (McLaughlin and McConathy 1983).  The inf luence  of  a c i d  r a i n  

and ozone 01-1 photosynthesis ,  carbon a l l o c a t i o n ,  and f o l i a r  n u t r i t i o n  

are discussed i n  l a t e r  sect:i.ons of t h i s  document, 

The cons i s t en t  respo-nse of  f ami l i e s  t o  ambient: l e v e l s  of ozone, i s  

one o f  the  most i n t e r e s t i n g  r e s u l t s  o f  t h i s  s tudy.  This may be 

r e l evan t  t o  the measured slowdown of r a d i a l  increment-. t h a t  has  been 

repor ted  f o r  southern pines  based on analyses  of continuous f o r e s t  

inventory da t a  by the  U.S. Forest  Service (She f f i e ld  and Cost 1987). 

Analyses of  da t a  from continuous inventory p l o t s  across a wide 

d i v e r s i t y  of s i tes  wi th in  the region show t h a t  diameter growth of  

southern p tnes  has dropped by 30- 50% below expec ta t ion  across t he  

region.  Earlier r epor t s  ind ica ted  t h a t  the  radial  s~owdown w a s  more 

pronounced i n  the  Piedmont region (She f f i e ld  and Knight 1983) than i n  

c o a s t a l  a r eas .  However, these  more r ecen t  analyses  ind ica t e  a s i m i l a r  

o v e r a l l  magnitude of reducti-on during the las t  th ree  decades (She f f i e ld  

and Cost 1.987). More recent  analyses of  t he  r o l e  of  c l imate  and 

competit ion in the  observed growth responses ind ica t e  t h a t  a 

s u b s t a n t i a l  po r t ion  (> lo%)  of t he  observed dec l ine  cannot be explained 

by these  va r i ab le s  (Zahner and Meyers 1 9 8 7 ) .  Such evidence provides 

i n f e r e n t i a l  S U ~ ~ O K ~  but  does not  prove the  involvement of atmospheric 

pol lut i .on i n  the  observed growth dec l ines .  

I 

Reductions i n  growth of l o b l o l l y  pine seedl ings  grown i n  open-top 

chambers have been reported f o r  l o b l o l l y  pine i n  t h i s  reg ion .  Shafer 

e t  al. (3.987) est imated t h a t  growth o f  1.oblolly pine would be reduced 

by 10% i n  ambient a i r .  This estrirnate w a s  based on ozone-dose-response 

r e l a t i o n s  der ived from s t u d i e s  with four  open-pol l inated fami.l ies t h a t  

were exposed t o  ozone i n  open-top chambers near  Raleigh, North 

Carol ina.  Shafer e t  a l  grew t h e i r  seedl ings  d i r e c t l y  i n  the  s o i l ,  

whereas, i n  the present  s tudy ,  the  use of seedl ing  conta iners  placed 

aboveground i n  e i t h e r  the greenhouse or f i e l d  s e t t i n g  r a i s e  quest ions 

about poss ib le  changes i n  sens i t i v i . t y  t h a t  might: be induced by 

increased s o i l  temperatures assoc ia ted  with seedl ing  con ta ine r s .  For 

t h i s  reason,  we conducted a second-year study i n  which n ine  seedl ings  
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from each of  E Q U ~  sensit : ive families and two resistant families W B K ~  

grown directly in the soil in three charcoal-filtered and three non- 

filtered chambers. These seedlings, which were from the same initial 

group planted in a CF grec-nhouse the previous year, were allowed to 

grow in ambi-ent air in all plots for 80 days before chambers were 

installed in m i d -  July. During the fol-lowing four  months ~ those 

seedlings growing in ambient air experienced an approximate 20% 

reduction in diameter growth and a 10% reduction in height growth 

relative to the CF COPE~POIS .  These growth reductions indicated a 

generally greater sensitivity of diameter growth than height: growth f o r  

these 1-year-old seedlings compn.red to mean respcmses (8% diameter and 

20% height suppression) observed during the first year with these same 

families grown as containerized seedlings. These data, which will be 

discussed more completely in a siibsequemt report suppor t  the validity 

of both the experimental protocob and the results of  the larger study 

during t:he first year. 

The pri.mary uses of growth and sensitivity data from t h i s  study 

are twofold: (1) as an indicator o f  relative sensitivity across 

1oblol.ly pine families and within loblolly pine as a speci.es a.xitl (2) as 

a measure of expected responses f o r  the larger trees i n  the field. Our 

resul t:s indicate that there are substantial differences between 

families i.n sensitivity to both ozone and acid ri3i.n. Comparisons of  

sensitivity rankings for the nine C~IIIII~CXI families involved in the 

interlab studies indicate that the sensitivity of seedlings to ozone in 

the OWL studies w a s  1.ower than that observed at either the USI>A/North 

Carolina State o r  Texas A M  sites (Dick Rheinert and Frank Fong, 

personal contmnmication) . The relative sensieivity between s i t e s  was 

Comparable. T h i s  leads us to suggest .that inters i t c :  coniparisons may 

provide useful  data f o r  evaluating relative sensitivity among families; 

however, these comparisons must be evaluated carefully in terms of 

estimating actual levels of response. The generally good agreement 

between the growth responses observed for our seedlings between first- 

and second-year studies and the previous resul.1:~ of  Shafen- et al. 

(1987) support the validity o f  responses we measured in ambient air. 
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In the evaluation of growth responses of mature trees to ambient 

ozone levels, differences in carbon allocation strategies between 

seedling and mature trees would be a major factor in limiting direct 

extrapol-ation. However, the seedling growth stage is an important 

growth stage for all forest trees, and alterations in the rate or 

characteristics of growth at this stage may have major economic or 

ecological consequences later in the growth cycle, even if larger trees 

are relatively resistants to pollution stress. 

3.4 SUMMARY AND CONCLUSIONS 

These studies have examined growth and physiological responses of 

53 families of loblolly pine selected from among families planted in 

significant quantities across the southeastern United States. As 

expected, there were large differences in inherent growth rates among 

these families and in their responses to ozone and acid rain. Analyses 

of growth and physiological responses of these families to acid rain 

and ozone have led to the following principal eonclusions: 

1. Exposure to ambient air, in which ozone is the principal 

phytotoxic component, reduced average height ( - 2 6 % ) ,  

diameter ( - 5 % ) ,  and volume (-14%) growth compared to 

growch of seedlings exposed to a 50% lower dose as a 

result of charcoal filtering supply air. 

2. Increasing ozone levels above those in ambient air 

resulted in growth responses that were occasionally 

stimulatory at the lowest level, varied widely between 

families, and although they became increasingly 

inhibitory at the highest levels, did not significantly 

exceed growth reductions found in ambient air. 

Acid rain caused a general stimulation of height growth 

and reduction of diameter growth across families at 

ambient levels (pH 4.5) while both height and diameter 

growth were reduced at a median pH of 3 . 3 .  

3 .  

4 .  Significant interactions between rainfall acidity and 
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ozone were detected principally in responses sf height 

growth. In general, acid rain effects were greatest in 

CF air and decreased as the level of ozone increased. 

5. Generally seedlings were more sensitive to changes in 

both growth and physiology followi.ng ozone exposure in 

field experiments than when exposed in the laboratory. 

Collectively, these studies indicate that adverse growth responses 

of  loblolly pine seedlings to ambient levels of atmospheric ozone are 

very likely but will be strongly dependent on genetic variations 

associated with seed source and on associated levels of acid rain. 

Responses to ambient: levels of acid deposition are likely to be much 

more complex and may involve growth stimulation , particularly in 
height. Ozone and acid rain interactions appear likely, but in most 

cases, the influence of combined exposures was antagonistic rather than 

additive or synergistic. 

The more obvious growth responses observed in the field compared 

to results of laboratory studies argue for increased emphasis on field 

work in the future. A major difference between the lab and field 

studies may have been the influence of continuous low-level exposures 

that occur between ozone additions in the field. This "respite dose" 

contributed approximately 40% oE the total daytime dose received at the 

highest ozone treatment level in the field ( see Table 2 . 4 )  arid may 

well have played a major role in responses observed, The influence of 

respite dose (Section 1) should be examined much more closely in future 

studies. 
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4. NET CARBON DIOXIDE EXCHANGE CHARACTERISTICS OF PINUS TAEDA L.SH00TS 

P. J. Hanson and S .  B .  McLaughlin 

4.1 INTRODUCTION 

Evidence of regional changes in growth and vigor of some species 

of  forest trees in both Europe and the eastern United States has 

accumulated in the past 5 years (McLaughlin 1985). 

States unexpected changes in radial growth rate and mortality have been 

noted in red spruce (Picea rubens Sarg.) growing at high elevations in 

the Appalachian mountains (Johnson and Siccama 1983; McLaughlin et al. 

1987). At lower elevations, recent reductions in radial increment have 

been observed in shortleaf pine (Pi-nus echinata Mill.) in East 

Tennessee (Baes and McLaughlin 1984), which coincide in time with 

shifts to slower growth by red spruce at high elevations. In addition, 

analysis of forest inventory data from permanent survey plots by the 

U.S. Forest Service has revealed an unexplained decline (approximately 

25% during the past decade) in softwood growth in the piedmont regions 

of South Carolina (Tansey 1984) and Georgia (Sheffield and Knight 

1984). Shef€ield and Cost (1987) analyzed the decline evidence f o r  

natural pine forests in the southeastern United States but were unable 

to attribute the decline to any single causal factor. 

In the United 

The recent reductions in growth rate have been suggested to result 

from a combination of stress factors (i.e., drought, pathogens, 

anthropogenic pollutants) or from reductions in site fertility 

resulting from years of intensive management. Atmospheric pollutants 

have been implicated as causative agents for growth reductions in 

coniferous forests in the United States and Europe (McLaughlin 1985). 

Because ozone is known to reduce growth and productivity of  inany plant 

species (Reich and Amundson 1985; Heck et al. 1984) and is present on a 

regional scale (Pinkerton and Lefohn 1987; Taylor and Norby 19841 ,  it 

is thought to be a contributing cause of the declining growth rates of 

pines in the southern United States (McLaughlin 1985). 

Anthropogenically altered precipitation ("acid rain") is also found on 



a regional scale and thought to have the potential to affect plant 

growth (Johnson and Siccama 1983). 

Air pollutants have been shown to directly affect the C 0 2  exchange 

rate [CER (in pmol g-l s-l)] of many forest tree species (Reich and 

Arnundson 1985), and altered CER (i.e.* photosynthetic and respiratory 

processes) can be expected to affect dry matter accumulation of plants. 

Because CERs represent both primary carbon fixing and respiratory 

processes in plants, CER should be a sensitive indicator of changing 

plant health. The objective of the current study was to investigate 

the effects of ozone and rain chemistry on the photosynthetic and 

respiratory processes of loblolly pine (Pitius taeda I..) seedlings froin 

two half -sib families. 

4.2  MATERIALS AND METHODS 

4.2.1 Plant Material and Exposure Conditions 

Loblolly pine seedl.i.ngs were obtained from a parent study 

conducted during the late sumiiier and fall of 1986 (Sect. 2). The 

seedlings were grown from seed in a charcoal-filtered greenhouse under 

well-watered and fertilized conditions f o r  approximately 6 months p r i o r  

to beginning the experimental treatments. In the parent: study, vari.ous 

treatment combinations of ozone (03 )  and rain chemistries were applied 

to loblolly pine seedlings from 51 different seed sources under field 

conditions (field study) and to seedlings from 8 of the 51 fami.l.ies i n  

the laboratory (lab study). We used seedlings from two families: 

"family 8'l from Gates County, North Carolina (Weyerhaeuser Company 8 -  

80) , and "family 9" from Beaufort County, North Carolina (Weyerhaeuser 

Company 8-130). 

All field exposures were made in open-top chambers outfitted with 

sliding covers f o r  the exclusion o f  ambient rain (Johnston et al. 

1986) , and laboratory exposures were executed in continuously sti.i:red 
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tank reactors (CSTRs) (Taylor et al. 1983). Laboratory-treated 

seedlings were grown in a charcoal-filtered greenhouse during all 

respite periods between exposures in the CSTRs.  

Detailed information on the application of ozone and rain 

treatments is given in Sect. 2 .  Field application of elevated ozone 

treatments varied from week to week (e.g., no additions during natural 

rai.n events), but , during a typical week, exposures were provided 
4 d/week from 0 9 3 0  to 1 5 3 0 .  Laboratory ozone exposures were also 

conducted 4 d/week at the same time. Rain  chemistries having a 

su1fate:nitrate ratio of approximately 2 : l  were applied weekly in 1-cm 

events. 

Field seedlings from combinations of  ozone (charcoal filtered = 

1.4 ppb ozone, or ozonated = 167 ppb ozone) and rain pH treatments 

(pHs of 3 . 3 ,  4 . 5 ,  and 5 . 2 )  and lab seedlings exposed to pW 4 . 3  rain and 

three levels of ozone (0, 160, and 320  ppb) were measured after 6 and 

12 weeks o f  exposure. The 167 ppb field ozone treatment was 3 to 

4 times mean ambient air concentrations of ozone at the field site; and 

rain pHs of  3 . 3 ,  4 . 5  and 5 . 2  approximated rain from polluted, ambient, 

and pristine environments, respectively. Actual ozone concentrations 

applied, mean ozone concentrations during exposures, total dose data 

(ppm,h), arid i-nformation on exposure durations for treatments used in 

our study are summarized in Table 4.1. 

4 . 2 . 2  Measures o f  Carbon Dioxide ExchanPe Rates 

Following 6 or 1 2  weeks of exposure to their respective 

treatments, whole-shoot CER, were measured as a function of  

photosynthetic photon flux densities (PPFDs) on seedlings from the 

fi.eld and lab studies. Measurements of CER-PPFD relationships were 

made during a 1-week period following the last ozone treatment. O n e  

seedling from each treatment was measured daily in a random order ( 3  OK 

4 seedlings per day), until all seedlings had heen utilized ( 3  o r  4 

seedlings per family-treatment combination). Whole-shoot CERs were 



Table 4 . 1 .  Ozone exposure d a t a  by subsrudy and t reatment .  Dose l e v e l s  a t  6 weeks were 
approximately h a l f  of  those l i s t e d  below. 

Number Total Daytime filean 03 Mean 03 Total 
Experiment of daytime r e s p i t e  expo sure respire 0 3  

Treatment dura t ion  exposure exposure dura t ion  1 eve E 1 eve 1 dose 
(d )  (d) (h3 (h) Ppba pPba PPm-h 

F i e l d  s tudy b 

CFb 96 49 328 5 3 3  14 2 9 14 3 3 19 

Ozonated 96 49 328 833 167 41  26 1 7  79 

Lab studyd 

0 (nia-103) 56 49 294 720 Ir, 2 9 14 f. 9“ 14 

160 (nLl-lO3) 86  49 2 94 720 160 2 15 14 9 57 

320 (nLl-‘Ojj 86  49 2 94 7 2 0  320 2 30 14 2 9 104 

W 
W 

“Exposure 03 levels are l i s t e d  as tlie mean 2 standard dev ia t ion .  
bFie ld  exposures were normally a p p l i e d  f o r  6 h (0900 to 1500) on weekdays when no 
p r e c i p i t a t i o n  w a s  taking p lace .  

‘CF - c h a r o c o a l - f i l t e r e d  chamber. 
%ab exposures were made 5 h/d 4 times p e r  week, independent of e x t e r n a l  weather 

“Assumes charocoal  f i l t r a t i o n  i n  the l abu ra to ry /g reen~ouse  erwiroriment i s  equally efflcent 
condi t ions .  

as i n  the f i e l d  chamber system. 
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measured in an open infrared gas analysis system (Koch et al. 1968) at 

six descending levels of PPFD (1600, 800 ,  410, 60, 33,  and 0 pmol m-2 

s - l ) .  Four high-pressure sodium vapor lamps (General Electric, Lucalox 

- LU400/BU) were used to illuminate the plants during measurements, and 
combinations of  neutral density filters (Lee Filters, Andover England, 

#209, 210 and 211) were used to produce the range of PPFDs. Shoots 

were sealed in the cuvette of the gas analysis system between 0830 and 

0930 hours eastern daylight time and allowed to acclimate under a PPFD 

of 1600 pmol m-* s-' before starting subsequent CER measurements. 

Calculations of CER in units o f  pmol C02 g-' s-I were made as described 
by Long and Hallgren (1985)  using total needle mass to normalize data 

between seedlings. Cuvette temperatures were 25  5 2°C for all 

measurements. Needle temperatures, measured with a hypodermic 

thermocouple inserted into the needle, were within 2 5 1°C of cuvette 

temperatures. C02 concentrations of  air exiting the cuvette (i.e., the 

effective ambient C02 concentration) were between 330 and 350  ppm. Dew 

points of the air entering and exiting the cuvette were monitored (EG&G 

Model 660 dew point hygrometer), and the data were used to calculate 

leaf diffusive resistance to water vapor (Long and Hallgren 1 9 8 5 ) .  Air 

flow through the cuvette was maintained at approximately 10 L/min. 

Approximately 2 h was required to generate a single CER-PPFD curve for 

each shoot. 

needles for 2 d at 65°C. 

Dry weight of needles was obtained after drying the 

Estimates of light-saturated CER [Pmax (in pmol C02 g-' s-l)] , 
light compensation point [LCP in pmol photons rn-2 s - l ) ]  , and CER at 
zero PPFD [dark respiration (Rd) in pmol C02 g - l  s-l)] were obtained 

from the following equation [modified from the original (Hanson et al. 

1987)] and nonlinear regression techniques: 

(~-PPFD/LCP)~~ 
CER = Pmax [ 1 - (1 - Rd/Pmax) 1 (1) 

The parameter "xx" in the equation is a constant that allows a better 

fit to the "whole-shoot" data. The regressions were run on the pooled 

data from seedlings of an individual treatment. 
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4.2 I 3 Statistical Ana1vsi.s 

CER-PPFD relationships of seedlings between treatments were 

compared using an F test that is approximate for nonl.inear situations 

(Manson et al. 1988). The comparison tests for differences in shape of 

the CER-PPFD response surface. 

one-way analysis of variance. 

Dry weight data were analyzed with a 

4.3 RESULTS 

4.3.1 Field Study 

Compared with plants exposed to charcoal-filtered air, 

ozone-treated family 8 seedlings exhibited mean reductions in CER at 

saturating PPFD (2000 pin01 m-2 s-l) of 12.5 and 25% for plants measured 

at 6 and 13 weeks, respectively (Fig. 4.1). At 6 weeks, the CER-PPFU 

relationships were not significantly influenced by the rain chemistry 

treatments (Table 4.2). However, after 12 weeks, pH 3.3 and 4.5  rain 

treatments enhanced mean CER at saturating PPFD by an average of  S 2 %  

over that observed for seedlings exposed to the pH 5.2 treatment 

(Fig. 4 . 2 ) .  It should also be noted that CER decreased by up to 50% in 

the field and 40% in laboratory studies between the 6 and 12 week 

measurements. 

treatments (Figs. 4.1 and 4.2; Table 4.3). Water vapor exchange 

observations taken during measurement of CER-PPFD relationships showed 

no statistical.ly significant treatment-related changes in stomatal 

conductance (data not shown). 

No differences in Rd or TXP were detected between any 

4.3.2 Lab Study 

Family 8 seedlings exposed to 320 ppb ozone showed a 12% reduction 

in CER at saturating light. after 6 weeks but  not after 13 weeks, and 

family 9 seedings showed the opposite response - -  no reductions at 
6 weeks but a 14% ozone induced reduction in CER at 12 weeks 

(Tables 4.2 and 4 . 3 ) .  No differences in Rd or ECP were detected 

between any treatments (Table 4.3). 

Whereas the lab seedlfngs exhibited few significant responses to 

ozone, fami.1~ CER-PPFD characteristics did vary with time. No 
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F i g .  4.1. Mean CER-PPFD relationships of control and ozone- 
treated " f i e l d "  seedlings after 6 O K  12  weeks of exposure. 
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Table 4.2. Statistical. significance of paired comparisons between 
the CER-PPFD response surfaces of seedlings exposed 

to the indicated 03 and/or rain pW treatments. 

Treatments F- statistic P-value Percent change in Pmaxa 

compared df(x,x) - F 
_.___ 

Field study (Family 8) 
6 weeks 

CFb vs Ozonated 
pH 3.3 
pH 5.2 

CF 
Ozonated 

5.2 vs 3.3 pI1 

12 weeks: 
CF vs Ozonated 
4.5 vs 3.3 pll 
5.2 vs 3.3 pll 
5.2 vs 4.5 pH 

6 weeks: 
Family 8 

0 vs 160' 
0 vs 320 

160 vs 320 

0 vs 160 
0 vs 320 

160 vs 320 
Family 8 vs 9 

Family 9 

0 

Family 8 
1 2  weeks: 

0 vs 160 
0 vs 320 

160 vs 320 

0 vs 160 
0 vs 320 

160 vs 320 
Family 8 vs 9 

Family 9 

0 

(4,16)-3.21 0.041 
(4,16)-2.74 0.065 

( 4 ,I 6 ) =l. 6 4  0.213 
(4,16)=0.48 0.750 

(4,64)-3.24 0.017 
(4,40)-0.45 0.772 
(4,34)=21.47 0.000 
( L s ,  34)==3.80 0.012 

Lab study (Families 8 and 9) 

(4,28)-1.02 0.414 
(4,28)-6.84 0.001 
(4,28)-6.30 0.001 

(4,28)-0.70 0.600 
(4,28)-0.15 0.960 
(4,28)-1.01 0.420 

(4,28)-0.33 0.855 

(4,28)-0.06 0.990 
(4,28) -0.16 0.957 
(4,28)-0.08 0.988 

(4,28)-1.83 0.151 
(4,28)-1.74 0.169 
(4,28)-0.08 0.988 

(4,28)-12.28 0.000 

- 16 
- 9  

+12 (ns?) 
ns 

- 25 
ns 

1-46 
-457 

ns 
- 12 
- 8  

11s 

ns 
ns 

ns 

ns 
ns 
ns 

-1.4 (ns?) 
-14 (ns?) 
ns 

+51 

aThe percentage of change of CER under l l g h t  saturation (Pmax; PPFD =- 2000 p m ~ l  

bCF = charcoal - fil tered 
cO, 160, 320 - Xxxppb 03 

E . I - ~  s-l) i s  provided to indicate the direction of the treatment e f f e c t .  
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Table 4.3.  P r e d i c t e d - l i g h t  s a t u r a t e d  CER (haax), l i g h t  compensationpaint 
(UP) ~ and dark r e s p i r a t i o n  (Rd) obtained from nonl inear  regressions 

ai 3 t o  4 p l a n t s  p e r  t reatment .  

6 weeksa 
CF - pH 3.3 
CF - pH 5.2 

150 03 - pH 3 . 3  
160 03 - pH 5.2 

1 2  weeks 
CF - pN 3 . 3  
CF - pH 4 , 5  
CF - pH 5 .2  

160 03 - pH 4 .5  

6 weeks 
0 

160 
320 

1 2  weeks 
0 

160 
320 

0.266 
0.188 
0.177 
0.173 

(0 .059)b 

0.136~ 
0.132 
0.084 
0.097 

(0.033) 

0.187 
0.177 
0.174 

(0.019) 

0.107 
0.115 
0.116 

(0.034) 

na 
na 
na 
na 

(na) 

0.192 
0.1.70 
0.180 

(0.030) 

0.163 
0.141 
0.142 

(0.027) 

F ie ld  s tudy 

19 
15 
1 9  
20 

(16) 

1 7  
14 
10 
16 
(15) 

I Lab sttidy 

9 
9 
3 

(5) 

16 
1 7  
14 
(24) 

-0.023 
-0.012 
-0.013 
-0.020 
(0.015) 

na -0.013 
na -0.014 
na -0.011. 
na -0 ~ 014 
(na) (0.013) 

10 -0.013 
LO -0.013 

9 -0.008 
(11) (0.008) 

19 -0.015 

1 7  -0.016 
1 7  - 0 .  018 

(16) (0.026) 

na 
n a 
na 
na 
(na> 

-0.013 
-0.010 
- 0.013 
(0.016) 

-0.021 
-0.011 
-0.022 
(0.020) 

aFie ld  data a t  6 weeks r e p r e s e n t  the mean of fami l ies  8 and 9 .  
bThe value  i n  parentheses  subtenddng a column of numbers is the  mean one-sided 95% 
confidence i n t e r v a l  f o r  those  t reatments .  
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differences between families were evident after 6 weeks of exposurs,but 

hy 12 weeks family 9 seedlings had higher CER over a range of PPFDs 

(Tables 4 . 2  and 4 . 3 ;  Fig. 4 . 3 ) .  

4 . 3 . 3  j'inal Seedlinq DD- Weights - 

The dry weight data showed no statistically significant consistent 

trends with respect to pH or ozone treatments in either the field o r  

lab studies (Table & . 4 ) ,  bu t  there were inherent differences between 

families. Family 9 seedlings had consistently less needle, stern, and 

root dry matter than Eamily 8 in the field study. As with the dsy 

weight data, root:shoot ratios (Table 4 . 4 )  and height and diamct.er 

growth (Table 4 . 5 )  showed differences due to seed source but not to the 

pH or  0 3  treatments. 

4 . 4  DISCUSSION 

Our field data indicate that ozone I.evels approximating peak field 

concentrations (i.e., 167  versus ambi.ent peaks of  approximately 100 to 

1.20 ppb ozone) reduced the photosynthetic capacity of loblolly pine 

shoot systems without changing mitochondrial (dark) respiration of the 

same tissue. The reductions in CER at saturating YPFD (approximately 

2 0 % )  correspond to previous reports of reduced photosynthesis f o r  other 

tree species (Carlson 1 9 7 9 ;  Coyne and Bingham 1 9 8 2 ;  Kress et al. 1982; 

Reich and Amundson 1985). Reich (198 '7)  summarized a large number of  

studies reporting effects of ozone on conifer photosynthesis and showed 

up to 30% reductions in CER over a range of total dose (0 to 

1.60 ppbah). 

Previous studies of white pine [Pinus strobus L. (MeLaughlin et 

al. 1 9 8 2 ) ] ,  Scots pine [Pinus sylvestris L. - (Skarby et al. 1987)], 

and hybrid poplar (Reich 1 9 8 3 )  provided evidence o f  increased 

respiration rates in response to ozone exposures. In contrast, o i n  

data on shoot CER and those of Reich et al. (1986a) for soybean leaves 

showed no change in mitochondrial respiration with ozone exposure. T h e  

increased respiration in Reich' s hybrid poplar leaves was present in 

the younger leaves but not i n  leaves that were 40 d old. The majority 
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Table 4 . 4 .  F i n a l  mean dry weight  (DW) d a t a  of  selected t reatments  For 
field and 1aborat.ory-treated s s c d l i n g s ,  Average standard deviations 
about the mean dry weights i n  the field study w e r e  0 .59  f o r  needles, 
0 . 3 1  for stems, and 0 . 4 1  f o r  r o o t s  and 0 . 6 3 ,  0 - 2 9 ,  and 0 . 3 2 ,  
r e spec t ive ly ,  f o r  the l a b o r a t o r y  experiment. 

Needle DIJ Stem DW Root DW Root/shoot 
Tre atmerit ( g )  ( g )  (8) ratio 

8 9 a 9 8 9 8 9 
Family No. _._ . 

__I_.--..-. F i e l d  s t u d y  (n- 7-112 

Charcoal filtered 

PI-1 3 ~ 3 2.82  1 . 9 3  1 . 4 0  0 .76  1 . 7 7  1 . 3 3  0 .42  0 . 4 9  
pH 4.5  3 . 5 1  2.24 1 . 7 8  0 . 6 6  2.09 1 . 5 6  0 . 4 0  0 . 5 4  
pH 5 . 2  3.27 1 . 9 5  1 . 7 0  0 . 8 3  2.09 1 . 2 4  0 .42  0 . 4 5  

Ambient 4- 160 ppb 

pN 3 . 3  3 .47  2.02 l , 6 7  0 . 9 0  1 . 9 1  1 . 2 9  0 .37  0 . 4 4  

pH 5 - 2  3 . 5 8  2 , 2 6  1 . 5 4  0 .98  2 . 0 1  1 . 1 6  0 .39  0 .36  
pw 4 . 5  3 .02  1 . 7 5  1.45 0.76  1 . 8 5  1.09 0.42  0 . 4 3  

Lab s t u d y  (n-8) 

0-p1-I 4 . 3  2 . 7 0  3 .08  1 . 1 3  1 . 2 3  1 . 0 3  1 . 0 2  0 . 2 7  0 . 2 4  
160-pH 4 . 3  2 . 5 6  3 .22  1 . 2 6  1 . 2 7  0 . 9 7  1.14 0 . 2 5  0 . 2 5  
320-pB 4 . 3  2 . 7 3  3 , 0 0  1 . 2 2  1.11 1 . 0 2  0 . 9 7  0 .26  0 . 2 4  
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Table 4.5. Height  and diameter growth o f  selected t r e a t m e n t s  
f o r  f i e l d  and l a b o r a t o r y - t r e a t e d  s e e d l i n g s .  Although 

t r e n d s  i n  the da ta  are evident,  o n l y  e f fec ts  o f  
fami ly  can b e  declared s t a t i s t i c a l l y  

s i g n i f i c a n t .  

Treatment  
Family No 

Height  growth 
(mm> 

Diameter growth 
(mm> 

8 9 8 9 

F i e l d  s t u d y  ( n  - 8-16)  

Charcoal  f i l t e r e d  

pH 3 . 3  29.'7 40.2 

pH 5 . 2  36.7 59 .3  
pl-1 4 . 5  4 0 . 9  58.8 

Ambient -+ 160 ppb 

pH 3 . 3  
p1-I 4 . 5  
pH 5 . 2  

38.2 
37.7 
4 8 . 1  

6 8 . 4  
73.9 
44.7 

Lab s t u d y  ( n  = 8 1  

0 - pB 4 . 3  23.5 8 0 . 5  
160 - ~ € 3  4 . 3  3 5 . 1  72 .3  
320 - pH 4 . 3  37 .5  5 9 . 9  

2 .83  2 . 4 1  
2 . 9 9  2 . 5 1  
2 . 8 1  2.54 

2.86 2.60 
2 .53  2 . 4 1  
2 . 5 3  2.32 

1 . 3 4  1 . 9 6  
1 . 7 2  1 . 5 4  
1 . 5 0  1 . 3 7  
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o f  the needles on our loblolly pine shoots were fully expanded and, 

therefore, would have exhibited little growth respiration. Perhaps our 

shoot CER measurements did not detect altered respiration rates becausc 

of a limited amount of developing tissue present in our shoots. 

However, the data €or white pine, an "ozone-sensitive" species 

(McLaughlin et al. 1982) ,  and Scots pine (Skarby et al. 1987) did fitid 

increased respiration for fully expanded needles as an apparent 

response to atmospheric ozone. Additional research will he needed to 

explain why ozone increases respiration rates in some studies but not 

in others. 

In contrast to the ozone-induced reductions in shoot  CER, rain 

chemistries o f  pH 3 . 3  and 4 . 5  resulted in enhanced shoot CEIC over 

pH 5.2-exposed plants that was o f  a similar inagtiitude to the ozone- 

induced CER reductions. This observation suggests that there is a 

potential €or  low pH chemistries (i.e.9 nitrogen o r  sulfur 

fertilization) to counteract the deleterious effects of ozone under 

combined exposure conditions. Previous studies have shown no effect, 

reductions, o r  enhancements o f  CER as a result of exposing plant 

materials to low pH rain. Studies of oak and maple [Quercus and Acer 

(Reich et al. 1986b and Jensen 1987, respectively)], ash [Fraxinus 

(Elliott et al. 198/)], and tulip poplar [Liriodendron (Jensen 1956)] 

indicated no change in growth or photosynthesis as a function of acid 

rain treatments. Chappelka and Chevone (1986) observed reduced growth 

of  ash seedlings in response to pH 4 . 3  and 3 . 0  rain chemistries. 

Studies of red spruce (Taylor et al. 1986), loblolly pinc (Seiler and 

Paganelli 1 9 8 7 ) ,  and white pine [Pinus strobus (Reich et al. 1987)] 

have either indicated a trend toward OK documented enhanced 

photosynthesis and/or growth in response to rain pM chemist-ries below 

4 . 0 .  In the studies showing enhanced photosynthesis, the increasing 

CER has been attributed to nitrogen fertilization (nitrak ions from 

dissolved nitric acid). Wood and Bormann (1917) also attributed 

increases in productivity of  white pine to fertilization with nitrace 

ions from a low-pH rain chemistry treatment. Reich et a l .  (1987) 

demonstrated that white pine seedlings grown on nitrogen-deficient 
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s o i l s  e x h i b i t e d  a g r e a t e r  exahancement o f  photosynthesis  i n  response t o  

a c i d i c  plil r a i n  than  d i d  similar seed l ings  grown on s o i l s  of  h igh  

n u t r i e n t  con ten t .  Nu t r i en t  ana lyses  on s i m i l a r  p l a n t s  from the  pa ren t  

s tudy  showed no d i s t i n c t  t r end  i n  needle  n i t rogen  concen t r a t ion  wi th  

r e s p e c t  t o  t h e  pM t rea tments  (Sec t .  5 ,  Table 5 . 6 ) .  F e r t i l i z a t i o n  

e f f e c t s  due t o  added n i t rogen  and sulfur i n  a c i d i f l e d  r a i n  and/or 

delayed senescence of p l a n t s  t r e a t e d  wi th  h igher  r a i n f a l l  ac id i t ies  are 

p o s s i b l e  explana t ions  f o r  t he  CER enhancements. 

Ozone-induced reduct ions  i n  CER of  family 8 shoots w e r e  observed 

i n  the  " f i e l d "  s tudy ,  b u t  reduct ions  i n  CER were no t  as apparent  f o r  

f a m i l i e s  8 and 9 when they w e r e  exposed t o  s imi l a r  ozone dosages under 

l abora to ry  condi t ions  (Tables 4.1 and 4 . 2 ) .  I t  i s  unc lear  why s imilar  

dosages (Table 4 .1 )  induced a d i f f e r e n t  response i n  l o b l o l l y  shoot  CER 

under l abora to ry  cond i t ions .  However, because l abora to ry - rea red  and - 
t r e a t e d  seed l ings  were exposed t o  c h a r c o a l - f i l t e r e d  condi t ions  between 

ozone exposures ,  they  may have had a more favorable  environment f o r  

r e p a i r i n g  ozone damage during t h e i r  r e s p i t e  pe r iods .  Furthermore,  

because l abora to ry  seed l ings  rece ived  l i q u i d  i n s t e a d  of "s low-re lease"  

f e r t i l i z e r  (Appendix E) they may have had a b e t t e r  n u t r i e n t  regime 

al lowing them t o  wi ths tand  the  ozone exposures ( i . e . ,  r e p a i r  

themselves).  Our c o n t r a s t i n g  field and l abora to ry  r e s u l t s  sugges t  t he  

need f o r  cau t ion  when a t tempt ing  t o  e x t r a p o l a t e  l abora to ry  d a t a  to 

f i e l d  s i t ua t i . ons .  

Even though l abora to ry  ozone exposures d i d  not  produce c o n s i s t e n t  

a l t e r a t i o n s  i n  CER-PPFD c h a r a c t e r i s t i c s ,  family d i f f e r e n c e s  i n  CER a t  

s a t u r a t i n g  PPFD were observed. The d i f f e r e n c e  w a s  no t  apparent  a t  

6 weeks, b u t  by 1 2  weeks, family 9 s eed l ings  had h igher  CER (F ig .  4 . 3 ) .  

Dark r e s p i r a t i o n  r a t e s  were no t  d i f f e r e n t  between the two farnili-es 

(F ig .  4 . 3 ) .  Kress e t  a l .  (1982)  documented d i f f e r e n c e s  i n  

s u s c e p t i b i l i t y  of  g.i-us taeda families t o  ozone, and Weir (1977)  showed 

t h a t  seedli .ngs from fami ly  9 exh ib i t ed  a lower percentage of  v i s i b l e  

i n j u r y  r e s u l t i n g  from ozone exposures than  d i d  family 8 s e e d l i n g s .  Our 

d a m  showed l i t t l e  change i n  CER o r  growth wi th  r e spec t  t o  ozone 

t rea tments  f o r  f a m i l i e s  8 and 9 i n  t he  l abora to ry  exposures .  However, 
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the higher rates o f  photosynthesis that we have observed for family 9 

seedlings may have allowed them to avoid permanent tissue damage from 

ozone by providing additional carbon compounds for repair and could 

explain why Weir (1977) found them to be less susceptible to ozone 

under their experimental conditions. 

Altered shoot CER characteristics (e.g., reduced CER because of 

ozone) were not translated into significant differences in final 

seedling dry weights over the 12-week experiment. 

However, because these studies could logistically include only a 

very limited number of seedlings, the statistical powers of detection 

were rather low. For this reason we have examined the consistency of 

photosynthetic responses and various indices of growth i n  Table 4 . 6 .  

The observed responses include both stimulation and inhibition of 

growth and photosynthesis associated with various family + treatment 
combinations. In looking across these trends, there is an apparent 

positive correlation between changes in CER and growth responses f o r  

ozone, but not for acid rain. Of the 1.5 possible comparisons of 

responses of seedling weight, height, or diameter to measured responses 

in CER for family x treatment combinations, photosynthetic responses 

were in the same direction as growth responses on 13 occasions where 

eEEects o f  ozone were being evaluated. On the other hand, of the 15 

comparisons, photosynthetic responses and differences in plant weight 

between treatments agreed in 3 of 5 comparisons. 

involving changes in height or diameter, the photosynthetic and growth 

responses agreed in direction. Growth responses to acid rain opposite 

measured responses in CER in two of three cases. 

In  all 10 comparisons 

Previous studies of ozone and rain pW effects on forest tree 

seedlings have shown reduced growth (Kress 1982 ;  Chappelka and Chevone 

1986;  Percy 1 9 8 6 ) .  However, these studies were done on very young 

seedlings grown from seed (from 0 to 5 weeks old). Our seedlings, 

which were 15 to 20 cm tall and 3 months old prior to exposures, may 

have had a better capacity for repairing cellular damage caused by 

ozone (i.e., greater starch reserves, greater photosynthetic surface 

area). Our short-duration experiment may not have allowed us to 



Table 4 .6 .  Comparison of relative responses of net photosTpthesis and growth 
to ozone and acid rain exposure after 12 weeks exposure. 

Measured repsonse r b a  

Family Setting Treatment comparisonb Ps Total weight Height growth Diameter growth 

8 Field CF 3 . 3  17s. CF 5 . 2  +3 9 - 1 6  . 2 0  +1 

Field CF 4.5 VS. A160 4 . 5  -39 - 1 5  - 8  - 16 

8 Lab 0 vs. 160 +7 -2 +49 +2 8 

0 vs. 320 +8 +2 +60 +12 

9 Lab 0 vs. 160 - 14 +6 - 10 -21 

0 vs. 3 2 0  - 14 -5  - 26 - 31 

aResponses are expressed as % change from appropriate control treatments. 

bComparisons are indicated by both the pM of ra in treatment and the ozone treatment designation 
(160 is ambient + 160 ppb) . Lab treatments are in ppb and were all exposed to ph 4.3 
rainfall. 
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adequately document small changes in dry weight accumulation that 

longer- term experiments would have the ability to resolve. Reich 

(1987) discussed length of ozone exposure for crop, broadleaf tree, and 

coniferous tree species and demonstrated that conifers require longer 

exposures before changes in dry weight can be measured. Furthermore, 

McLaughlin (1987) emphasized tihat not only photosynthetic data but also 

data on maintenance respiration, metabolite translocation, arid growth 

are all required t:o characterize a plant's response to pollutant 

stress; therefore, lack of correlation between shoot CER and final dry 

weight: does not necessarily indicate the absence o f  a relationship 

between CER and dry matter. 

The ozone treated seedlings in our study received peak ozone 

concentrations on approximately 50% of the days throughout the 

experiment (Table 4.1). This is a higher percentrage than would be 

expected under current ambient: conditions where plants might expect to 

receive peak ozone exposures (> 80 ppb) on only 30% of the days (Taylor 

and Norby 1984; Adams and Tayl.or 1987). Because the number of ozone 

events in our study exceeded current ambient expectations ( i . .e . ,  50 vs 

30% o f  the days) and the exposures still produced only small 

alterations in CEK-PPFD responses and srnal.1 and/or variable changes in 

final dry weight, one might conclude that loblolly pine seedlings 

should be considered resistant t o  ozone under current atmospheric 

conditions. However, results of the parent s tudy  ( S e c t .  3 )  have shown 

a wide range of faini.1.y-dependent responses t:o ambient or elevated ozone 

levels and acid rain exposures, indicating that species-wide 

conclusions concerning the susceptibility of loblolly to ozone and/or 

low-pN rain chemistries should consider potentially significant 

variations in sensitivity associated with genetic background. 

4 . 5  S U W Y  OF EXPERIMENTAL OBSERVATIONS 

Carbon dioxide exchange rate (CER) was measured as a function of 

light levels (PPFD) f o r  seedlings of two loblolly pine famil-ies 

foll.owing 6 -  or 12-week exposures to two ozone (charcoal.-filtered or 

ambient air f ozone) and three ac id  rain treatments (pH 3 . 3 ,  4.5, and 
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5.2) I Treatinent effects were not consistent between field and 

laboratory-exposed seedlings. Ozone-treated “field“ seedlings 

exhibited statistically significant reductions in light-saturated CER 

of 12.5 and 25% for plants measured at 6 -  and 12-weeks, respectively. 

Lab seedlings exhibited mixed responses, with one fami1.y showing 

reduced CER only after 6 weeks and the other only after ’12 weeks of 

ozone exposure. A f t e r  12 weeks of exposure, pM 3 . 3  and 4.5 rai.n 

treatments enhanced light-saturated CER by an average of 52% over that 

observed f o r  seedlings exposed to the pH 5.2 treatment. No differences 

in dark respiration were detected between treatments. 

CEKs due to acid rain were sf the same magnitude (3 t o  5 pmol C02 g-’- 

s - l )  as ozone-induced CER reductions, suggesting the potential for an 

interaction between treatments. 

The enhanced 

Although ozone and acid rain treatments alterred seedl ing  CER,  the 

effects on plant weight and helght and diameter growth were l ess  

consistent. There were subtle growth trends in responses to some 

applied treatinents under both laboratory and fie1.d conditions. In 

general measured CER responses agreed well qualitatively wi.th those 

trends, particiilarly diameter response to ozone. Responses in CER did 

not agree with growth responses to acid rain. Future research will be 

needed to resolve interactions between the effects of ozone and acid 

rain on seedling CER and growth and should carefully c-orisider the 

potential f o r  differences in exposure patterns and asssclatftd toxicity 

of the applied dose between field and laboratory studies. 

4 . 6  DEVELOPMENT OF AN IN- SITU CANOPY PHOTOSYNTHESIS SYSTEM 

The interpretation of photosynthesis data obtained from point 

measurements taken during the course of  the growing season i s  highly 

dcpendent on+ the frequency of those rneasureriients relative t o  the 

frequency ~f principal stress events. Measurements discussed in the 

preceding section have demonstrated that differences in photosynthetic 

capacity associated with ozone treatnient: could be detected over the 

three days after seedlings were removed from the chambers in which they 

were exposed in the field. However, additional information on the 

..* 
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seasonal and diurnal kinetics of the photosynthetic response and 

recovery could not be obtained with that system for logistical reasons. 

Because patterns of photosynthetic response and recovery are very 

important in evaluating both the causes (ie. chronic vs acute 

exposures, concentration thresholds, etc.) and quantitative 

significance of pollution - induced changes in the carbon economy of 
canopies of  forest trees, we have been developing a gas exchange system 

that can be placed in the canopy for continuous in situ measurement of 

gas exchange processes. The system we developed is based on a 

prototype originally designed for use in open top chamber studies with 

soybeans (McConathy and McLaughlin, 1987). The original system was 

developed to examine the diurnal and seasonal patterns of gas exchange 

of soybean canopies. 

differences in photosynthesis as they developed over the growing season 

in response to both ozone and acidic deposition (McConathy and 

McLaughlin, 1987). It was based on measurements of changes in CO2, 

H20, and 03 in the boundary layer immediately below 10 individual 

leaflets using 10 3 mm. (OD) teflon tubes through which air was drawn 

to a single mixing manifold for each canopy sample, 

That system was used successfully to detect 

During the 1986 growing season, exploratory studies were initiated 

to adapt the system for use on field grown trees. The test specimens 

were 5 m tall open-grown loblolly pine trees growing at our field 

research site (see the location of these trees in Figure 1.1). 

Modifications made to the system to utilize pine foliage included the 

use of small glass cuvettes ( 2.0 cm in diameter by 4.0 cm long) 

designed to create a slightly wind-buffered air space around sets of  

6 - 9  individual needles. The individual cuvettes were self ventilating, 

produced only small temperature increase around the partially enclosed 

needles and were flushed approximately 8 times per minute by the 

approximately 100 cc per minute flow through each individual unit. 

They are light weight and can be mounted on the branches under study. 

Ten of these units were attached t o  a single sampling manifold and were 

used to obtain an average measurement for a particular canopy location. 
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Results from the exploratory tests with this system were very 

encouraging. 

photosynthetic as a well defined, radiation dependent signal that s tood  

out clearly from background noise induced by within canopy fluctuations 

in C02 concentrations (see Figure 4 . 4 ) .  The basic design 

considerations, test data for both the original broadleaf system and 

the loblolly prototype are discussed in a manuscript (McLaughlin, 1988) 

included in its entirety in Appendix D. In this manuscript the 

developmental concepts, scientific rational, and applications of  branch 

level measurements of carbon assimilation are discussed in relation to 

interpretation of pollution induced changes in carbon economy of trees. 

The system was able to measure the diurnal pattern of  

While the original broadleaf system was designed to provide 

qualitative measures of relative changes in the diurnal and seasonal 

cycles of gas exchange to characterize and contrast treatment: effects, 

results to date indicate that measurements obtained using the pine 

cuvette have good quantitative potential for estimating actual 

photosynthetic rates as well as characterizing differences in 

photosynthetic patterns. Additional experiments are currently under 

way to explore this potential further. 

The development of this system offers many possibilities for 

evaluating essential features of both pollutant dose and plant response 

to ambient or altered concentrations of pollutants. Of particular 

relevance are the lightweight cuvettes and the €act that they can bc 

used to integrate measurements from different portions of the canopy or 

for different age classes. 

importance as investigative efforts move increasingly t o  the field a n d  

towards the larger size classes of trees that are of imriiediate concern, 

Such capabilities will be 01 great 
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5. CARBON ALLOCATION AND NUTRITION 

M. B .  Adams 

5.1 INTRODUCTION 

In recent years, highly visible symptoms of decline of some forest 

trees have led to increased investigation of the role of air pollutants 

in forest health. 

understanding of the effects of atmospheric pollutants on tree 

physiology and functioning as a basis €or evaluating the mechanistic 

basis for st:and-level effects. One area o f  physiological research of 

particular relevance that has t o  date attracted relatively little 

research activity is that of carbon allocation. 

economy as affected by air pollutants may identify short-term 

mechanistic responses as well as longer-term responses that integrate 

seasonal or multiyear effects, Carbon allocation patterns affect, 

directly or indirectly, other physi.ol.ogical processes ( e  ~ g .  , nutrient 
uptake, reproduction) as well as tree growth and vigor (Kramer and 

Kozlowski 1979, Webb 1981, McLaughlin and Shriner 1980). 

Researchers quickly became aware of the need for an 

The study of carbon 

Elevated ozone levels may alter patterns of carbohydrate 

allocation within a plant either through changes in the various 

carbohydrate fractions (Constantinidou and Kozlowski 1979, Jensen 1981) 

or in the spatial allocation of  photosynthetically fixed carbon within 

the plant (McLaughlin et al, 1982, Wilkinson and Barnes 1973). Changes 

in allocation of carbon t o  the various Carbohydrate fractions may have 

significant implications if less carbon is allocated to reserve 

carbohydrates or is diverted t o  coinpounds used in repair of  damaged 

tissue at the expense of growth or other functions. Spatial shifts in 

allocation may also result in altered growth patterns or decreased tree 

vigor. Kecent research provides somewhat inconsistent and 

contradictory support €or  the hypothesis that altered carbon allocation 

is a major result of ozone fumi-gation (Reich et al. 1986,  Wang et al. 

1986, respective1.y). The interaction of ozone dose with rain chemistry 

further confounds the question. 
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The main objectives of  this study were (1) to examine individual 

and interactive effects of ozone and rain chemistry on whole-plant 

carbon allocation patterns of loblolly pine seedlings and (2) to 

determine whether carbohydrate reserves, in particular starch, are 

significantly affected by elevated ozone levels, acidic rain, or an 

interaction of  the two. To achieve these objectives, and to allow 

examination of possible interactions among family, ozone level and rain 

chemistry, seedlings o f  several families were used. Both field-grown 

and continuously stirred tank reactor- (CSTR-) grown seedlings were 

used to allow comparison between field and lab studies. (See Sect. 2 

for complete treatment descriptions.) Table 5.1 displays the family and 

treatment combinations used in this study. To explore the cffec%s o f  

ozone fumigation and its interaction with rain chemistry on carbon 

allocation, we examined patterns of allocation of  photosynthetically 

fixed 14C within individual seedlings. 

carbohydrate in woody plants and is predominantly stored in the roots 

(Ebell 1969). Therefore, to assess the effects of ozone and acidic 

rain on carbon reserves, starch concentrations in the rootrs were 

examined. Because tree nutrition may he affected by changes in carbon 

allocation as well as by the ionic content of acidic deposition, foliar 

nutrient concentrations of two representative families were also 

examined. 

Starch is the major reserve 

5.2 METHODS 

5.2.1 I4CO2 Allocation 

Four-month-old loblolly pine seedlings were exposed to 

I4C-enriched C 0 2  after 1 3  weeks 

and clear Teflon chamber was used to expose the plants to 14C-ex,riched 

C02 (360 ppin 602,  19 I 9 pCil-l) . High- intensity-discharge sodium vapor 

lamps (400 W) provided illumination at light-saturation conditions (500 

t o  600 pmol m-2 s-l). 

a flow rate of 6 1-l min (0.10 L s - l )  for 30 s. 

chamber ensured circulation of the g a s .  

of  treatment. A 90 X 60 X 72 em wood 

The I4CO2 gas was delivered into the chamber at 

A small fan within the 

After the initial 30 s ,  14c 
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Table 5.1 . Families utilized in the study sf carbon allocatPon" 

Rain Tre-axment (PH)  -- 
Ozone treatment 5.2 4.5 3.3 

Field stus3 

Charcoal. - filtered 899  (295) 8 , 9 , 4 0 , 4 9  ( 2 , 5 )  8 , 9  ( 2 , 5 )  

Ambient chambered 4 0 , 4 9  

Ambient .I- 80 pgb 03 8 , 9  $99 899 

Ambient -I- 160 ppb 03 8 , 9  (2,5) 8 , 9  ( 2 , 5 )  8 , 9  ( 2 , 5 )  

aSee Methods section for complete treatment an3 genotype descriptions 
Numbers in parentheses represent families used for foliar nutrient 
analysis" 
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injection was halted and the air was circulated an additional 90 S. 

Then the chamber was vented and the air wss pumped out of the chamber. 

The plants were then removed from the chamber and a representative 

sample of foliage was collected (approximately 0.02 g dry weight) from 

each seedling. (This is referred to as the day 8 sample.) The 

foliage sample was f rozen  immediately with liquid nitrogen, then stored 

frozen until dried to a constant weight in a forced-draft oven at 70°C. 

This day 0 sample was used to determine initial I4C uptake. Subsamples 

oE foliage were again collected on the day after tagging (day 1) and at 

one week (day 7). 

separated into shoots and roots, and frozen. Eater, prior to drying, 

these were further separated into foliage, stem, and fine and coarse 

root (< 1.0 mm and 2 1.0 mm, respectively) components. The plane 

components were then dried and weighed. 

stems were ground to pass a 40-mesh Wiley mill screen for further 

analysis. 

sample oxidizer. Released C02 was trapped in scintillation cocktail 

and counted in a Packard Tri-Carb 460C automatic l i q u i d  scintillation 

counting system. Carbon allocation, expressed as the percentage of  the 

original (day 0 )  I4C uptake o f  the individual seedling, and as the 

percentage of activity remaining in the plant after 7 d ,  was examined; 

and comparisons were made among plant components, across treatments and 
families, 

On day 7, the seedlings were removed from the pots, 

Fine and coarse r o o t s  and 

Samples were oxidized using a Packard Model 306 Tri-Garb 

5.2.2 Starch Assays 

Starch concentrations in the roots of the seedlings tagged with 

14C were assayed to determine sensitivity of carbon storage to ozone 

fumigation and rain chemistry. 

for the fine and coarse roots separately using an enzymatic hydrolysis 

method similar to that described by Haissi-g and Dickson (1979). 

Briefly, reducing sugars and pigments were extracted from 20-1112 

subsamples with a mixture of methanolrch1oroforrn:water (12 :5 :3 ,  v:v:v> 

and the residue dried (50°C) overnight. After rewetting the sample 

with ethanol, 4 mL of distilled water were added and samples were 

boiled for 10 min to gelatinize starch. 

Starch concentrations were determined 

Starch was then hydrolyzed to 
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glucose by a mixture of two enzymes, an alpha-amylase and an 

amyloglucosidase, during a 24-h incubation at 50°C. Glucose 

concentrations were then measured colorimetrically by means of a 

glucose-oxidase peroxidase reagent (Sigma Chemical Company 1 9 8 3 ) .  

Starch standards were prepared identically to tissue samples to 

determine that starch recovery was complete. Replicates of  "standard" 

samples wcre run with each batch of samples t o  assess variability of 

the method, and approximately 20% duplication of samples was also used. 

Data were analyzed using analysis of  variance techniques for a 

split-plot design ( S A S  Institute 1985) .  

conduct:t:tl at the p < - - 0.05 level o f  significance unless otherwise 

indicated. Because o f  selection of  differing treatment levels, 

lamilics 8 and 9 were analyzed separately from families 48 and Lb9 

(field study). 

Mean comparisons were 

5.2.3 Nutri-ent Analyses 

Two representative families (2 and 5) were selected from the 

larger study for nutrient analyses. 

combination were selected from each block. Treatments included in the 

analyses were: from the field study, charcoal-filtered, ambient air + 
160 ppb ozone, and pH 5 . 2 ,  4.5, and 3 . 3  rain; f o r  the CSTR study, 0, 

160, and 320 ppb additional ozone, rain of pH 4 . 3  (Table 5.1). 

Two seedlings per ozone-rain 

Foliage from these seedlings was dried to a constant weight at 

70°C then ground to pass a Wiley mill 40-mesh screen. Nutrient 

analyses were conducted by personnel of the University of Georgia Soil 

Testing and Plant Analysis Laboratory in Athens, Georgia. Total 

nitrogen was determined using a macro-Kjehldahl procedure. 

Concentrations o f  other nutrients ( a ,  K, Ca, Mg, Mn, Fe, Al, B, Cu, Zn) 

were determined using a direct reading emissions spectrograph ( Ja r r e l l -  

A s h ,  Inc. , Walton, Mass") 

Data were analyzed using analysis of variance procedures f o r  a 

factorial. design (SAS Institute 1 9 8 5 ) .  A l l  mean comparisons were 

conducted at the p < - 0 . 0 5  level of  significance unless otherwise 

stated. 
- 
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5 . 3  RESULTS 

Only 13-week harvest data will be reported here for families 8 and 

9 (both the field and CSTR studies), 10 (CSTR only), and 40 and 4 9  

(field study only). Nutrient data for families 2 and 5 will also be 

presented. 

5.3.1 Field Study 

9.3.1.1 Biomass 

There were no significant effects of varying ozone concentration 

or rain pH on any of the biomass components of the families analyzed 

Total plant biomass (Table 5.2) was a l s o  not affeceed. Root:shoot 

ratios declined slightly with increasing 03  level, but differences were 

not statistically significant. (See Sect. 3 for a discussion of the 

growth of these families relative to all others used in the larger 

screening study.) Significant family differences were detected, 

however. Seedlings of family 8 were consistently the largest, both 

aboveground and belowground. There were al.so significant differences 

in root:shoot ratios among the families, indicating different carbon 

allocation patterns. 

5.3. I. 2 Allocation 

During the first week after tagging, approximately 50% of the I4C 

taken up by the seedlings was lost from the foliage, either through 

translocation elsewhere in the plant, or through respiration 

(Fig. 5.1)* Much of  this reduction occurred within the first 2 4  h 

after tagging. Losses from the plant 1 week after tagging (largely due 

to respiratian, with perhaps s l i g h t  losses due to root exudation) 

varied significantly with family, averaging 10.7% for family 8 ,  27.7% 

for family 9 ,  29.3% for family 4 0 ,  and 3 3 . 3 %  for family 4 9  (Table 5.3). 

For families 8 and 9, 1 4 C  losses increased with ozone concentration, 

though this was not statistically significant (Figure 5.2). A n  

increase in I4C retention by foliage of the ozone-exposed trees was 

significant for families 40 and 4 9 .  No other significant ozone or rain 
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146 Alkxation (% of total uptake) 

Charcoal-filtered Treatment 

Coarse ROOIF 

14 20"ta 

Ambient + 80 ppb Ozone 

Cfiar50 Roots 
1 1 60% 

16 4D% 

Slem 
12 60% 

Ambient + 160 ppb Ozone 
Coarse Rools 

1 1  5 o x  

Fol lqe  

4 1  30% 

Slerri 
1 7  20% 

Fig. 5 2 Whale-plant allocation of '%-photosynthate by 1obl.olJ-y 
pine seedlings as affected by ozone treatment (field study). Note 
decreasing allocation to r o o t s  and increasing total pl.ant; losses (an 
estimate of maintenance c o s t s )  with increasing ozone concentration. 
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Table 5 . 2 ,  Biomass components o f  l o b l o l l y  p i n e  seedl.i.ngs hy f a m i l y  
a f t e r  1 3  weeks o f  t r e a t m e n t  ( f i e l d  s t u d y )  

Aboveground Fine  Coarse T o t a l  
F o l i a g e  S t e m  biomass r o o t s  r o o t s  r o o t s  R : S  

Family Means ac .o-ss  a l l  t r e a t m e n t s  ( 9 )  n = 104 ( 8 , 9 ) ,  26 ( 4 0 ,  49) 

8 3.54Aa 1 . 6 2 A  5 . 1 5 A  1.13A 0.95A 2.08A 0.397A 

9 2.23B 0.87B 3.07A 0.82B 0.49B 1.31B 0.426B 

40 2.75a 0.764a 3.509a 0 . 9 3 a  0 .44a  1..37a 0 .392a  

49 2.150b 0.796a 2.830b 0 . 8 4 a  0 . 5 3 a  l . 3 8 a  0 .474a  

Ozone Means o f  f n m i l i e s  8 & 9 a c r o s s  a l l  ra i .n  p H  l e v e l s  (g )  11-35 p e r  l eve l  

Charcoal  - 
f i l t e r e d  2.80A 1 . 2 0 A  4.00A 0.98A 0 . 7 5 8  1. 73A 0.4338 

Ambient + 
80 ppb 2.94,4 1.20A 4.14A 1.07A 0.75A 1..82A 0.428A 

Ambient t- 
160 ppb 2 . 9 1 A  1.24A 4.15A 0.95A 0.72A 1 . 6 7 ~ 4  0.410A 

Rain pH Means of  fni i i i l ies  8 & 9 across  all 03 levels (g) n = 35 p e r  level.  

5 . 2  2.94A 1.28A 4.22A 1.01A 0.77A 1.78A 0.420A 

4 . 5  2.82A 1.19A 4.0lA 1.00A 0.75A 1 . 7 5 8  0.438A 

3 . 3  2.88A 1.18A 4.OSA 0.98A 0.70A 1.68A 0.415A 

aMeaiis w i t h i n  t h e  s a m e  column are n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  
p-0.05 level  i f  t h e y  are fol lowed by t h e  same l e t t e r .  C a p i t a l  l e t t e r s  
are used  t o  i n d i c a t e  d i f f e r e n c e s  Cor fami l ies  8 and 9 ;  lower case l e t t e r s  
are used  t o  i n d i c a t e  d i f f e r e n c e s  f o r  families 40 and 49. 
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Table 5.3. Allocation of label in loblolly pine seedlings 

of initial uptake (field study) 
1 week after labeling, expressed as mean percentage 

Fine roots Coarse r o o t s  Total roots Foliage Stem Loss 
from 
plant 

Family Means across all treatments ( 8 )  n - 104 ( 8 , 9 ) ,  26 (40 ,49)  

8 17. 6Aa 14.4A 32. OA 50.5A 15.5A 10.7A 

9 15.2A 10.5B 25.7B 37.1B 15.1A 27.7B 

40 19.5a 7.2a 26.7a 62.8~1 10.5a 29.3a 

49 21.9a 11.8b 33.7b 55.0a 11.3a 33.3a 

Ozone by Family n = 18 ( 8 , 9 )  or 13 per treatment (40 ,49 )  

8 & 9  
CF 17.8A 14.2A 32 .OA 43.OA 16.4A 8.6A 

Ambient + 
80 1 6 . 8 A  11.6A 28.4~ 47.4A 12.6A 11.611 

Ambient + 
160 14.6A 11.5A 26.1A 41.3A 17.2A 1 5 . 4 A  

40 6r 49 
Ambient 13.4a 6.2a 19.6a 43. la 7.4a 30.5a 

CF 13.7a 5.9a 19.3a 41. Ob 7.2a 32.4a 

aMeans within the same column are not significantly different at the 
p - 0.05 level of significance if followed by the same letter. 
Capitral letters are used t o  indicate differences for families 8 and 9; 
lower case letters are used to indicate differences for families 40 
and 49. 
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pH effects on the proportion of  1 4 C  initi-ally taken up that was 

allocated to individual plant parts were detected for these two 

families, and differences are small. However, for both families 8 and 

9, the  percentage allocated to C O ~ P S ~  roots varied significantly 

( p  < 0.05) with rai.n pM, and was highest a t  t h ?  ambient (pH 4 . 5 )  rain 

treatment (Fig. 5 . 3 ) .  Genetic differences in allocation of the labeled 

photosynthate to the different plant components were a l s o  significant, 

with family 8 allocating significantly more carbon to foliage and r o o t s  

(coarse and total roots) than family 9, despite s2gnificantly higher 

root:shoot ratios for family 9. Families 40 and 49 differed only in 

allocation to coarse roots and total roots, with family 49 allocating a 

larger percentage o f  the ''C: to roots relative t o  family 40 

(Table 5 - 3 ) .  

x 

Of the activity remaining in the seedl.i.ngs after 7 d, 

approximately 50% was in the foliage, with the remainder di-vided 

approximately equally among the fine and Coarse roots and the stew, 

though proportions varied among the families (Table 5 . 4 ) .  Family 40 

allocated more carbon to foliage at the expense o f  the root system, 

w h i l e  family 9 allocated a larger proportion to stems. Biomass 

allocation fo l lowed approximately the same pattern as carlmn 

allocation: 4 5 %  i n  foliage, 308 in roots, 20% in the stem. No 

statistically significant ozone or rain pM effects on carbon allocation 

on day 7 were detected. 

5 . 3 . 1 . 3  Starch 

Fine-root starch concentration and content and coarse-root starch 

content were fourid t o  vary widely among families (Table 5 . 5 ) .  Starch 

concentrations and content were highest in family 8 ,  the fastest 

growing family. Differences between families 40 and 4 9  were n o t  

statistically significant, nor were differences resultXing from ozone 

levels detected f o r  families 40 and 4 9 .  For families 8 and 9, starch 

concentration o f  the coarse KOOtS and total root system starch 

concentration were found to vary significantly among ozone treatments 

at the p < 0.10 level (F ig .  5 . 4 ) .  Concentrations were significantly 

higher (by approximately 20%) in roots of  seedlings grown under the 
= 
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Table 5 . 4 .  Allocation o f  I4C label in l o b l o l l y  pine seedlings 
1 week after labeling, expressed as mean percentage of  total. 

activity remaining in the whole plant (field study) 

Fine roots Coarse roots Tota l  roots Foliage Stem 

Family means across a1.l treatments ( 8 )  n - 52 ( 8 , 9 )  o r  1 3  ( 4 0 , 4 9 )  

8 18. OAa 1 4 . 6 A  32.6A 5 1 . 8 A  1 5 . 6 A  

9 2 1 . 2 A  13.6A 3 4 . 8 8  4 5 . 2 A  20.0B 

40 19.5a 7 . 2 a  26.7a 62 .8a  1.0.5a 

49 21,9a 11.8b 33 ~ 7a 55.0a 11.3a 

Ozone by Family n = 14 ( 8 , 9 )  o r  6 - 7  ( 4 0 , ! + 9 )  per level 

8 & 9  
Charcoal - 
filtered 19 .4A  13. 8~ 3 3 , 2 A  49.714 1.7.2A 

Ambient + 
80 ppb 03 2 0 . 7 A  1 4 . 6 A  3 5 . 3 A  48.414 1 6 . 3 .  

Ambient: + 
1 6 0  ppb 0 3  18.OA 1 4 . 1 A  3 2 . 1 A  4 8 . 3 A  19.614 

40 & 49 
C h a r c o a l -  
filtered 20.9a 9 . 6 a  3 0 ,  Sa 5 8 . 5 a  11.oa 

Ambient 2 0 . 3 a  9.0a 29 3a 60.0a 10.7a 

aMeans within the same column are not significantly different at 
the p = 0.05 level of significance if followed by the same letter. 
Capital letters are used to indicate differences f o r  Families 8 
and 9; lowercase letters are used to indicate differences fo r  
families 40 and 4 9 .  
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Table 5 . 5 .  S t a r c h  c o n c e n t r a t i o n  and content of  3-oblolly p i n e  r o o t s  
a f t e r  1 3  weeks of  txeatrnent ( f i e l d  s t u d y )  

Fine roots- .__ Coarse r o o t s  . T o t a l  r o o t s  
Concentratj-on Content  Concent ra t ion  Content: C o n c e n t r a t i o n  ConLent 

(mg g - l >  (w) (mg s - 9  ( “R (me- g -9 ( m e >  

Fami l y  Means acro2.s a l l . . - t reatments  n ---- 54 ( 8 , 9 )  or 1 3  ( 4 0 , 4 9 )  

8 29.58Aa 35.37A 36,85A 35.90A 32.83A 7 1 . 2 7 ~  

9 22,93B 2 0 .  OOB 31.. 24B 16.13B 26.2l.B 36.13B 

40 23 ,05a  22.31a 26.59a 12.27.3 24.30a 34.58a 

49 21.19a 18.53a 29.60a b4.45a 24.48a 34.98a 

Rain p 3  ( f a m i l i e s  8 & 9)  11 = 18 pe r  l eve l  

5 . 2  25.39A 2 7 . 5 6 A  34.07A 28.06A 29.56A 5 5.62A 

4 . 5  2 8 . 1 1 A  29.20A 33.448 26.09A 29.92A 51.78A 

3 . 3  25.59A 26.77A 34.’73A 25.01R 29.3.5A 55.29A 

ableam within t h e  same col.urnn are n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  
p = 0 . 0 5  l e v e l  i f  f o l l o w e d  by t h e  same l e t t e r .  C a p i t a l  l e t t e r s  
compare f a r n j l i e s  8 and 9 ,  lower c a s e  l e t t e r s  compare fami l ies  40 and 
49 .  
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ambient + SO ppb ozone t reatment  than i n  seedl ings  grown under e i ther  

cha rcoa l - f i  l t e r e d  02: high (+ 160 ppb) ozone condi t ions .  This increase  

i n  s t a r c h  s torage  a t  low ozone concent ra t ions  occurred siinultnneously 

with a s l i g h t  increase  i n  t o t a l  root biomass r e l a t i v e  t o  r o o t s  of 

control. p l a n t s ,  Mean f i n e - r o o t  s t a r c h  concent ra t ions  fc'klowed a 

s i m i l a r  bimodal response p a t t e r n ,  'but the  d i f f e rences  w e r e  n o t  

s t a t i s t i c a l l y  S i g n i f i c a n t .  Rain pH d i d  not s i g n i f i c a n t l y  a f f e c t  roo t  

s t a r c h  concentrat ions o r  con ten t ,  though t o t a l  roo t  s t a r c h  content 

dec l ined  by 7% a t  the  pW 4 . 5  t reatment  (Table 5 . 5 ) .  

5 . 3 . 1 . 4  Nutr ien t  Concentratio= 

No n u t r i e n t  de f i c i enc ie s  were de tec ted  i n  any o f  t he  appl ied  

treatnicmts, based on f o l i a r  n u t r i e n t  analyses  (South and Ravey 1983) .  

With the  except ion of  i r o n  and manganese, mean n u t r i e n t  concent ra t ions  

were l o w e r  i n  the  f o l i a g e  of seedl ings  rece iv ing  the  ambieritr f 160 ppb 

ozone t reatment  (Table 5 . 6 ) .  This d i f f e rence  was s t a t i s t i c a l l y  

s i g n i f i c a n t  i n  only a few cases ,  however. S i g n i f i c a n t  d i f f e rences  i n  

f o l i a r  n i t rogen ,  potassium and aluminum concent ra t ions  were de t ec t ed  

between ozone t rea tments ,  with lower concent ra t ions  of  each o f  these  

elements i n  f o l i a g e  of  p l a n t s  grown under the  ambient -I- 160 ppb ozone 

regime, Manganese concentrat ions were s i g n i f i c a n t l y  h igher  i n  f o l i a g e  

of  t r e e s  rece iv ing  add i t iona l  ozone. 

Only f o l i a r  aluminum and manganese concent ra t ions  were found t o  

vary s i g n i f i c a n t l y  with pH of the  r a i n  simulant (Table 5 . 6 ) .  The 

l o w e s t  f o l i a r  aluminum Levels were found i n  seedl ings  rece iv ing  pW 5 . 2  

r a i n ,  while t he  lowest manganese l e v e l s  w e r e  de tec ted  i n  seedl ings  

rece iv ing  r a in  of pH 3 . 3 .  

A s i g n i f i c a n t  i n t e r a c t i o n  of ozone and r a i n  chemistry was detect-ed 

f o r  F, Fe, A l ,  and Mn (Figure 5 . 5 ) .  Phosphorus concent ra t ions  were 

s i g n i f i c a n t l y  lower i n  seedl ings  grown with 160 ppb ozone r e l a t i v e  t o  

those grown with c h a r c o a l - f i l t e r e d  a i r  a t  a rain pII of 4.5  ("ambient").  

No s i g n i f i c a n t  d i f f e rences  were de tec ted  a t  o the r  pH l e v e l s .  A t  the  

low pM t rea tment ,  i r o n  and aluminum levels were lower i n  p l a n t s  grown 

under the  160 ppb ozone regime than i n  seedl ings  grown with 
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Table 5 . 6 .  Foliar nutrient concentrations of loblolly 
pine seedlings by treatment (field study) 

Ozone n = 36 per treatment 

Charcoal - 
filtered 3.34aa 0.270a 1.415a 0.184a O.160a 5 7 . 5 ,  St.6a 

Ambient + 
160 ppb 0 3  2.96b 0.262a 1.310b 0.174a 0.158a 58.6a 46.2b 

Rain pH n - 24 per treatment 
5.2 3.11a 0.258a 1.363a 0.169a 0.157a 54.8a 37.8a 

4.5 3.22a 0.276a 1.334a 0.186a 0.160a 60.6a 5 5 . l h  

3.3 3.11a 0.265a 1.391a 0.181a 0.160a 58.8a 58.22, 

Ozone 
Charcoal - 
filtered 126.2a 13.4a 227.2a 36.7a 

Ambient + 
160 ppb 03 116.0a 8.0a 249.0b 35.8a 

Rain PH 
5.2 120.3a 8.8a 269.8a 36.3a 

4.5 121,9a 8.7a 224.8ab 34.la 

3 . 3  121.2a 14.6a 219.7b 38.3a 

a h a m  within the same column and main treatment (ozone, rain) 
are not significantly different at the p - 0.05 level if followed 
by the same letter. 



chareoal.-fi l tered a i r .  Manganese concentrations var ied  only a t  the pH 

5 . 2  t reatment .  

Si.gi-iif icaxit d i f fe rences  between Families were also de.t:ected f o r  

€01 a r  P ,  K ,  Fe, B ,  Cu and Mi, concentrat ions.  

5 . 3  2 CSTR S t u a  

5 . 3  2 . 1  Biomass 

Bfonass of fo l i age  and s t e m  var i ed  s i g n i f i c a n t l y  among the  th ree  

f ami l i e s  examined (Ya’ab1.e 5 . 7 ) .  Unlike the  seedl ings i n  the f i e l d  

s t:udy, however ~ family 9 a l loca t ed  more biomass aboveground than family 

8 ,  and the root - to-shoot  r a t i o s  o f  these tws fami l ies  were reversed i n  

magnitude from the f i e l d  stxidy. Unlike family 8 ,  family 9 grew f a s t e r  

i n  the  CSTK s tudy  than i n  the  f i e l d  study. 

r a t i o s  were generally lower  i n  the  CSTR s tudy than i n  the f i e l d  s tudy.  

Farnily 1.0 was cons i s t en t ly  the  smal les t  of the  three f ami l i e s  used i n  

the  CSTR study.  

In  addi t ion  root - to-shoot  

Of the biomass components examined only the coarse - r o o t  bi.omass 

w a s  found t o  vary s i g n i f i c a n t l y  with ozone l e v e l  ( p  < 0.1.0) ( F i g .  5 . 6 ) .  

Coarse-root biomass o f  seedl ings r=ceiving 320 ppb 03 was s i g n i f i c a n t l y  

l e s s  ( - 1 7 % )  than coarse-root biomass o f  the  cont ro l  seedl ings ;  biomass 

of  the  ambient + 160 ppb ozone WRS intermediate ( - 6 %  compared iio 

c o n t r o l ) .  I n  genera l ,  K: S rati.os were more consistent across ozone 

treatrnerrt1.s i n  the l a b  study r e l a t i v e  t o  the  f i e l d  study (See Sec t .  3, 

Fig.  7 , 1 6 ) .  4, similar p a t t e r n  of decreasing f o l i a r  was obse~ved 

biomass w i t h  Jlncreasing ozone leve l ,  h u t  no s i g n i f i c a n t  d i f f e rences  

among treatment l e v e l s  were detec ted  (Table 5 .  .7) . 

- 

A s i g n i f i c a n t  family-ozone i n t e r a c t i o n  effect upon f o l i a r  biomass 

w a s  found and i s  graphed i n  F i g .  5 . 7 .  S ign i f i can t  d i f f e rences  in the 

~ ~ e s p o n s e  by f o l i a r  biomass to varying ozone l e v e l s  were de tec ted  

primarily due t o  a r e l a t i v e l y  g rea t e r  reduct ion of f o l i a r  wei.ght a t  the 

320 ppb trei3tfiirnnt f o r  family 9 than for f ami l i e s  8 o r  10.  

exhib i ted  l i t t l e  response t o  the  160 gpb ozone t reatment .  

Family 9 
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Table 5 .7 .  Biomass components o f  l o b l o l l y  pine seedl ings  
a f t e r  1 2  weeks of  treatment (CSTR s tudy)  

Aboveground Fine Coarse Tota l  
Foliage Stem biomass roots roo t s  roo t s  R : S  

(€9 (g) (9) (g> (g) (g> 

Family n = 1 5  (8 ,9 ,10)  

8 2.88aa 1.21a 4.09a 0 ,68a  0.41a 1.09a 0.2688a 

9 3.54b 1.20a 4.74a 0.59a 0.48a 1 .07a  0.232b 

10 2.54a 0.92b 3.46b 0.60a 0.37a 0.97a 0.2&0a 

Ozone n - 15 per  treatment 

0 ppb 03 3.23a 1.08a 4.32a 0.61a 0.46ab 1 .06a  0.253a 

160 ppb 03 2.96a 1.18a 4.14a 0.65a 0.43ab 1.08a 0.265a 

320 ppb 0 3  2 . 8 1  1.07a 3.88a 0.61a 0.38b 0.99a 0.260la 

means  wi th in  the same column a r e  not  s i g n i f i c a n t l y  d i f f e r e n t  a t  the 

bMeans withirn the  same column a r e  not  s i g n i f i c a n t l y  d i f f e r e n t  a t  the  
p = 0 .05  l e v e l  i f  followed by the  same l e t t e r .  

p - 0 . 1 0  l e v e l  €f  followed by the same l e t t e r .  
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5 , 3 . 2 . 2  1-4C Allocation 

The pattern of loss/removal of the initial 14C from t he  foliage 

duri-ng the week following tagging was similar to that: observed for the 

field study trees (Fig. 5.8). A large decrease in foliar 1 4 ~  activity 

( 2 5 - 3 5 % )  during the first 2 4  h was followed by a more gradual decline 

over the remainder o f  the week. However, retention by the foliage of 

the CSTR trees was higher than that of the field study trees at day 7, 

averaging 6 2 %  compared with &4% f o r  the field study. Losses from the 

p1an.t (mostly respi.ratory losses) varied among the ozone treatments at: 

t : h  p < - 0.10 si.gnificance level (Table 5.8). 
observed, w i t h  the largest relative losses ( 2 2 % )  froiii the seedl.ings 

receiving 160 ppb ozone. No differences in relative 1 4 C  l o s s  between 

the contsrol plants and those receiving 3 2 0  ppb ozone were detected. 

This pattern was consistent: across families, though the magnitude 

varied, with family 9 showing the largest response (Fig. 5 , 9 ) .  

Families 9 and 10 had significantly higher respiration losses than did 

farni-ly 8. 

A bimodal response was ._ 

The proportions oE labeled ghotosynthatx all.ocated to coarse roots 

and foliage vari.ed significantly with ozone concentration (p 5 - 0.10) . 
For the coarse r o o t s ,  the largest percentage ( 6 . 7 5 % )  was allocated t o  

the coarse r o o t s  o f  control plants, and the percentage declined with 

increasing ozone concentration level (Table 5.8). This followed the 

same pattern as coarse-root biomass, 

foliage 1 week a f t e r  tagging al.so showed a rather consistent pattern 

across ozone concentrations. Allocation of photosynthate to the stern 

varied significantly with family (p < I 0 . 0 5 ) ,  as did allocati-on to f i n e  

rootzs ( p  < .- O . l O ) ,  reflecti-ng the differences i n  respiration losses. 

The recention of 14' by che 

- 

- 
The rei-ative distribution of 14C within the plant components on 

day 7 was somewhat different from that observed for field-grown 

seedlings (Table 5 . 9 ) .  Allocation t o  the roots was much lower (by 7 

ho 1 2 %  total. activi~ty) and foliar 1-4C retention was higher (by 15 to 

2 5 % )  in the CSTR-grown seedlings relative to field study seedlings. 

Lower light levels and less water stress j.n the GSTRs may have 
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Fig. 5.8. Comparisons among loblolly pine fami l ies  in r e t en t ion  

of 3-4C by foliage with time a f t e r  labeling with 14602 (CSTR s tudy) .  
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(PPb) 
F i g .  5 . 9 .  Labeled ( I 4 C )  carbon l o s s e s  from l o b l o l l y  pine seedl ings by 

family and ozone l e v e l  (CSTR s t u d y ) .  
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Table 5 . 8 .  A l loca t ion  of I4C label by l o b l o l l y  p ine  seed l ings  
I week af ter  l a b e l i n g ,  expressed as mean percentage 

of i n i t i a l  uptake (CSTR s tudy)  

Fine Coarse T o t a l  Loss from 
r o o t s  r o o t s  r o o t s  Fol iage Stem p l a n t  

Family Means ac ross  a l l  t rea tment  ( 8 )  n = 46 (15 per  family)  

8 5 .  98aba 5.81a 11.79a 63.90a 17 .  40ab 7.30a 

9 5.22b 6.08a 11.30a 60.91a 14.77b 11.68b 

10 6.74a 6.24a 12.97a 62.43a 13.49b 11.03b 

Ozone Means ac ross  a l l  families (%)  n = 15 p e r  t rea tment  

0 ppb 0 3  5.92a 6 .  75aa 12.67a 64.98aa 14.65a 5.72a 

160 ppb 03 6.26a 5.98ab 12.24a 51.43b 1 5 . 7 7 a  22.48h 

320 ppb 03 5.68a 5.40b 11.08a 69.38a 15.22a 4.24a 

aMeans wi th in  the  same column and main effect a r e  no t  s i g n i f i c a n t l y  

bMeans wi th in  the  same column and main e f f e c t  are n o t  s i g n i f i c a n t l y  
d i f f e r e n t  a t  the  p = 0.05 l e v e l  i f  followed by t h e  saae l e t t e r .  

d i f f e r e n t  a t  t h e  p = 0.10 l e v e l  i f  followed by the same l e t t e r .  
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Table 5 . 9 .  Al locat ion of “C i n  loblolly pine seedl ings  I 
week a f t e r  l abe l ing ,  expressed as percentage of t o t a l  

a c t i v i t y  remaining i n  w h o l e  p l an t  (CSTR study) 

Fine Coarse Total  
roots r o o t s  roots Foliage Stem 

Family Means ac-yoss a l l  treatments (%)  n - 46 (15 per family) 

8 6 .  63aba 6 . 7 5 a  13.38a 6 7 . 1 6 a  19.46ab 

9 5.58b 4.19a 11,77a 72.38a 15.85h 

10 7.76a 7.27a 14.75a 69.57a 15.40b 

Ozone Means across a l l  fami l ies  ( % )  n = 1 5  per treatment 

0 ppb 03 6.2Qa 7.05a 1 1 . 6 8 ~ ~  71.46a 1 5  I29a 

160 ppb 03 7 . 6 5 a  7.33a 14.98a 65.0Sa 19.36a 

320 ppb 03 6.00a 5.73a 13.25a 72.71a 1 5 . 5 6 ~ 1  

ablean$ within the same column and rnain e f f e c t  are not  
s ign i f i -cant ly  d i f f e r e n t  a t  the  p = 0.05 l e v e l  i f  fo’llowed by 
the  .same l e t t e r .  

s i g n i f i c a n t l y  d i f f e r e n t  a t  trhe p = 0.10 l e v e l  i f  followed by 
the same l e t t e r .  

bMeans within the same column and main effect are not  
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contributed to this difference. 

allocation among treatments 1 week after labeling were etected, though 

mean allocation to the roots was highest at 160 ppb ozone and 

a l l o c a t i o n  to f o l i a g e  lowest at the same concentration, Family 

differences in allocation to fine roots and to the stem were 

significant ( p  < - - 0.85 and 0,10, respectively), with E m i l y  9 allocating 

the least to the fkne roots. 

No significant differences in 141; 

5 . 3 . 2 . 3  Starch 

Root starch concentrations were considerably lower than those 571 

the field study and generally declined wi t lo .  inrreaslng ozone addi t i  011s 

(Table 5.10). This pattern reflects the lowering of R : S  with 

treatment. These decreases were statistically significant only f o r  

total root starch concentration, however, which was reduced 194 by the 

320 pph ozone treatment relative to the 0 pph ozone treatment. T o t a l  

starch content also differed among treatments, with the lowest levels 

found in roots of seedlings grown under the highest oznrie l eve l .  

Coarse-root starch content was decreased by 25% in roots  at 320 ppla 

ozone (p < 0.10) and coarse roots appeared more affected rhar? f ine 

roots. 

though family 8 , which contained the most starch in the f i e l d  sttitly, 

had the lowest average starch content in the CSTR study 

n 

Differences among families were not statistically significant, 

5 . 3 . 2 . 4  Nutrients 

There were no indications OS nutrient deficiencies o r  severe 

imbalances in these seedlings (Table 5.11 . Micronutrient 

concentrations were generally lower in seedlings grown amnder 160 ppb 

ozone, though 0zone effects were significant only f o r  the 

micronutrients Fe, Cu, Mn, and Zn. For each of these rnie~-ontxtrients, 

the lowest concentrations were found i n  foliage of trees receiving 310 

ppb ozone. Unlike the f i e l d  study, no significant dtfferences in 

foliar N were detected among ozone treatments. Significant differences 

in concentrations of N, P ,  K, Fe, B ,  Cu, and Mn were agahn detected 

between the two families (2 and 5). 
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Table 5.10. Starch concentration and content of loblolly pine 
roots after 13 weeks of  treatment (CSTR stiudy) 

Fine....roots I__I_.. Coarse r o o t s  Total 
Concentration Content Concentration Content Concentration Content 

( m g  el> (%> ( m g  g-I> (mg> (in$ g - l )  (mg) 
-. 

F.ati i i1 .y  n = 15 p e r  family 

8 10. 32aa 6.84a 18” 85a 7.63a 

9 9.29a 5.70a 19.16a 9.73a 

10 11 I 88a 7.23a 21.96a 8.57a 

13.35a 14.47a 

13.79a 15.43a 

15.81a 15.80a 

-I-_.- Ozone n = 15 per treatment: 

0 ppb 03 11.82a 7.12a 20.62a 9 ,  83ab 15. 33a 16. 9Sa 

160 ppb 03 10.92a 7.19a 21.92a 9.41a 15.27a 16.60a 

320 pph 0 3  8.76a 5.46a 17.43a 6.69b 12.35b 12.1.6b 

aMeans within the same column and family or treatment are not 
significantly different at the p = 0.05 level of signlficance if 
fol.lowed by the same letter. 

p = 0.10 level of significance if followed by the same letter. 
’Means within the same column are not significantly different at the 
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Table 5.11. Foliar nutrient concentrations of loblolly pine 
seedlings (CSTR study)a 

~ _ _  - - -  

Ozone n = 12 per treatment 

0 ppb 0 3  2.23a 0.242a 1.097a 0.189a 0.142~~ 45.40~~ 72.07a 

160 ppb 0 3  2.16a 0.231a 1.0459 0.185a 0 , 1 3 9 ~  4 8 . 3 1 ~ 1  70.3Oa 

320 ppb 0 3  2.24a 0.2S0a 1.115a 0.195a 0.151a 36.70~3 59.18a 

Eamilv n = 18 per family 

2 2.22a 0.241a 1.086a 0.183a 0,144a 43 .47a  67 .18a  

5 2.34b 0.264b 0.996b 0.178a 0.137a 47.47b 59.18a 

- __ __ 

Ozone 

0 ppb 0 3  24.la 7.7a 303.2a 3 6 . h  

160 ppb 03 21.la 8.0a 251.8a 38.3a 

320 ppb 03 21.2a 6 .6b  164.7b 32,la 

Family 

2 24.6a 7.la 257.8a 3 6 . 7 a  

5 19.7b 7.8b 222.1b 34.2a 
-~ 

aMeans within the same column and treatment are not significantly 
different at the p 0 . 0 s  level of significance if followed by the 
same letter. 



5 . 4  D I S C U S S I O N  

The most: obvious d i - f fe renccs  i n  carbon a l l o c a t i o n  found i n  these  

experiments were assoc ia t ed  with the  d i f f e r e n t  f a m i l i . e s .  Loblol ly  p ine  

has  a broad gene t i c  base ,  thus the  d i f f e rences  i n  carbon p a r t i t i o n i n g  

an3 nutrientr  u t i l i z a t i o n  among f a m i l i e s  i s  perhaps n o t  s u r p r i s i n g .  

S e n s i t i v i t y  t o  ozone has  been found t o  vary among l o b l o l l y  pine 

genotypes (Atiarns e t  a l .  1988, Kress et: al. 1982, Wier 1977).  From 

these s t u d i e s ,  a s i g n i f i c a n t  family-ozone iri teracLion on carbon 

a l l o c a t i o n  might be expected. (A  s i g n i f i c a n t  i n t e r a c t i o n  might suggest  

t h a t  t he  f a m i l i e s  v a r i e d  i n  t h e i r  mechanism of  response t o  ozone) .  

While a s t a t i s t i c a l l y  s i g n i f i c a n t  an e f f e c t  was de tec t ed  only f o r  

f o l i a r  biomass i n  the CSTR s tudy ,  t he re  were s e v e r a l  a l l o c a t i o n  

p a t t e r n s  t h a t  were o f  intPccest i n  eva lua t ing  l i k e l y  mechanisms of ozone 

impact a t  t he  whole p l a n t  level. However, a r e l a t i v e l y  s m a l l  number of 

f a m i l i e s  was used i n  t h i s  s tudy as were an  equa l ly  sinal1 number of 

ozone t r ea tmen t s .  The f ami l i e s  examined a l s o  were less s e n s i t i v e  t o  

ozone than  t h e  average o f  a l l  fami1j.e.s i n  the s tudy .  ( s ee  S e c t i o n  3 ) .  

More combinations would have been d e s i r a b l e  t o  more c l e a r l y  

c h a r a c t e r i z e  such a l l o c a t i o n  responses .  

O f  the  1LkC02 i n i t i a l . 1 ~  taken up by the  s e e d l i n g s ,  t he  major i ty  of  

i t :  moved very  quickly (wi th in  24 h)  from the  foli .age t o  the stems and 

r o o t s  i n  both s t u d i e s .  Carbon a l l o c a t i o n  p a t t e r n s  of s eed l ings  i ~ n  the  

CSTR s tudy vari-ed somewhat from those observed i n  L h e  f i e l d  s tudy ,  w i t h  

hi-gher r e t e n t i o n  by f o l i a g e  a t  t he  expense o f  the  r o o t s  i n  t h e  CSTK 

s tudy .  This i s  probably a r e s u l t  o f  d i f f e r e n t  environmental  condi t ions  

inhe ren t  t o  the  CSTR and f i e l d  s t u d i e s .  One hypothesis  is  t h a t  lower 

l i g h t  l e v e l s  i n  the  CSTR study con t r ibu ted  t o  decreased carbon 

a l - loca t ion  t o  the r o o t s .  Van den Dreissehe (1987)  found new r o o t  

growth t o  be p ropor t iona l  t o  l i g h t  i n t e n s i t y .  The 111uc-h lower r o o t  

s t a r c h  concent ra t ions  and conten ts  i n  t h e  CSTR s tudy r e l a t i v e  t o  t he  

f i e l d  s tudy  support  t h i s  hypothes is .  1,ower r o o t  s t a r c h  concent ra t ions  

could  a l s o  have r e s u l t e d  i f  a f a s t e r  rate o f  growth had been observed, 

as  a consequence o f  diminished photosynthesis  and carbohydrate 

product ion ,  o r  f rom a l t e r e d  carbon a l l o c a t i o n  p a t t e r n s .  With the 
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exception of family 9 ,  which grew faster in the CSTR study than in the 

field study, seedlings consistently grew more slowly under laboratory 

conditions. Thus it: is unlikely that lower root starch concentrations 

were the result of lower growth rates under these c ~ n d i t i o ~ i s .  

water stress was believed to be lower in the CSTR study, diminished 

carbohydrate production ox altered carbon partitioning ( R : S  ratios 

were substantially lower than in the field study) in response t o  lower 

light levels are more likely explanat ions  for the observed differences 

between the two studies. Ozone has been shown t o  reduce photosynthcsis 

in a number o f  tree species (Reich and Amundson 1 9 8 5 ) ,  which could l end  

to decreased carbon allocatioti to roots (Jensen 1981). NcLaughlin and 

coauthors (1982) suggest that in addition to decreased photosynthate 

production, increased utilization of carbon for repair of  damaged 

foliar tissue may occur in response t o  chronic air pollutant stress. 

Though elevated ozone significantly reduced coarse-root biomass in the 

CSTR study, root:shoot biomass ratios were not significantly affected 

by the elevated ozone treatments, suggesting a decrease of  

photosynthate production rather than a change in carbon partitioning. 

However, net photosynthesis did not vary appreciably between thc ].ab 

and the  field (Sect. 4 ) .  Increased respiratory losses in response to 

ozone fumigation have been documented (Barnes 1972) and could also 

divert carbon resources f rom the r o o t  systems. While 110 changes in 

foliar respiration were noted during gas exchange measurements (see 

Section 4 . 3 . 1 ) ,  increased respiratory losses resulting from elevated 

ozone were observed in both of the current studies and were found to be 

statistically significant in the CSTR study at a concentration of 

160 ppb ozone but not at 320 ppb. These higher losses were accompanied 

by small 

allocation to the root systems of  these trees (reductions oE 11.2 and 

3 . 4 % ,  field and CSTK, respectively). Changes in respiratory losses 

could foreshadow further, more significant shifts in carbon allocation 

patterns. Such shifts in carbon allocation could have significant 

implications f o r  water stress tolerance (Cannel1 1 9 8 6 ) ,  nutrient 

Although 

weakly significant o r  nonsignificant reduct ions in 14G 
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uptake, mycorrhizal associ-ations ( Adams et al. in press) and other 

important plant processes. 

In the field study, the highest root starch concentrations were 

found in the coarse roots o f  trees receiving the ambient .I- 80 ppb ozone 

treatment, while concentrations in roots of ambient + 160 ppb ozone 
trees were not signifi.cantr1.y different from those in roots of  control 

plants. T h i s  probably reflects a slight sthulation in carbon 

allocation and biomass prodi.ictLon at the intermediate level of ozone. 

This stimulatory effect o n  growth was seen in most of the families (see 

Sect. 3 ) ,  but the cause as yet is unidentified. A similar unexplained 

stimulatory effect was observed for red spruce (Taylor et al. 1986). 

In the CSTR study, no statistically significant differences in 

root starch concentration or content were detected until the 320 ppb 

ozone level.. At this treatment level, relative carbon allocation to 

the root system decreased by only 12.5% (not statistically 

signlficant) , while the amount: stored as starch decreased by 28%. 

Thus, storage and utilization o f  reserve carbohydrates was more 

affected than was allocation of current photosynthate. This is likely 

t:o be a chronic accumiilation effect. Cooley and Manning (1987) found 

that plants appear to use accumulated starch to maintain a steady 

growth rate regardless of  light o r  darkness in the diurnal cycle. 

Thus, if photosynthesis is adversely affected by ozone, plant leve1.s o f  

sucrose and other soluble sugars may increase as starch reserves are 

mobilized to accoinmodate decreased photosynthate producti.on. If 

photosynthet:.i.c: production is impacted over a long period o f  time, the 

resulting diminished carbohydrate reserves could prove insufficient to 

meet the needs o f  trees t:hat rely on stored carbohydrates for dark 

respiration or spring growth, for example. Such trees may become less 

able competitors if reserves are limited because o f  ozone stress. 

McLaughlin et al. (1982) hypothesized trbat the decline of ozone- 

sensitive field-grown white pine was a result of both increased 

respiratory acti-vity and altered carbon allocation patterns. 

In both field and laboratory studies, concentrations o f  

micronutrients were lowest at the 160 ppb ozone treatment level. Lower 
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foliar nutrient levels in ozone-stressed trees might suggest decreased 

nutrient uptake, because of decreased root biomass, or perhaps 

increased leaching because of  damaged foliar tissue. However, nutrient 

levels in these plants did not approach published deficiency levels 

(South and Davey 1983, Stone 1985), and such effects are not indicated 

by the magnitude of the changes in nutrient levels. However, long- 

term, significant decreases in nutrient levels could contribute to 

declining photosynthesis (Reid et al. 1983,  Linder and Axelsson 19821,  

altered carbon allocation (Linder and Rook 1 9 8 4 ) ,  and impacts on tree 

health and vigor. 

Rain pH Wias a significant treatment effect only for root biomass, 

with the largest root biomass at the ambient (pH 4 . 5 )  treatment. 

Micronutrient concentrations were significantly altered by rain pH, but 

no patterns were evident. 

No interactions of  ozone and rain pH were detected for any of  the 

biomass components, carbon allocation, or starch concentrations in 

either the field or CSTR study. Such interactions have often been 

hypothesized (Chappelka and Chevone 1986,  Reich et al. 1986, Taylor e t  

al. 1986, Elliott et al. 1987) but seldom documented. Interactions of  

ozone and rain pH on growth for the larger study were found to be 

antagonistic (see Sect. 3 ) .  The relatively small n-mber of plants and 

the inherent high variability may have precluded detection of an 

interaction in the two studies discussed in this chapter. Interactions 

were detected for several micronutrients, but the patterns were 

variable and firm conclusions cannot be made at this time. 

Analysis of  patterns of carbon partitioning and starch 

accumulation revealed a significant relationship between tissue starch 

levels and biomass partitioning. These two parameters reflected the 

lowering of R:S ratios with ozone treatment and appeared to be more 

sensitive indicators of ozone stress than traditional biomass measures. 

One of the primary objectives of these studies of  carbon 

allocation was to evaluate various indicators of physiological response 

in terms of their usefulness for indicating the extent of pollutant - 
induced stresses. In this study we have evaluated three potentially 
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userul inciicayers - biomass, distribution of C-14 pbiotosynthat:e, and 

root starch concentration. The preceding discussion has indicated that 

in general the root systems appear to be a primary site of ozone 

induced stress. A comparison of ozone-induced effects on these three 

response paraiiwters is presented in Tatole 5.12. It can be concluded 

from these comparisons that, i n  general, changes in allocation of C - 1 4  

photosynthate to r o o t s  are a useful indicator of changes in both 

biomass allocation and starch at the highest ozone treatment levels. 

Ak intermediate ozone levels reduced allocation of C-14 to soots was 

less consistcatly related to the direction of changes in biomass or 

starch levels. Tine lack of n consistent relationship and the fact that 

changes in biomass o r  starch were sometimes opposite in direction from 

changes induced in C-14 allocation may in fact indicaiie that redticed 

allocation t o  roo t  systems was a response that developed only after 

longer  duration exposure at these lower Q20ne levels, L.onger term 

studies involving sequential sampling of  these indicators would be 

ncctkd to evaP1iat-e whether t rends i n  C-14 partitioning noted i n  these 

studies are ea r ly  warning signs of physiological disfunckion. The 

responses observed at the higher ozone levels suggest that in fact  this 

may be the case. 

5 . 5  s u m a y  

Strong genekic differenccs in growth, carbon allocation, and 

foliar nutrients concentrations of loblolly pine were observed in both 

the field stardy and the CS'1'R study. 

significant genotype - ozone interaction was detected only f o r  foliar 

biomass in the CSTR study, the  families did differ in sensitivity to 

ozone. Whole-plant carbon rallocaeion patterns among families within 

each study T W T E  consistent, pi  oportions allocated to roots and foliage 

as well as growth varied b e t ~ e e n  the field and CSTR study. This  is 

hypothesized to be primarily a result of lower light levels in the CSTR 

study. The primary effects of e'hevatec.1 ozone were incrcased 

respiratory losses of carbon and deci-eased carbon allocation and starch 

concentrations in the roots. Coarse-root biomass also decreased with 

Although a statistically 
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Table 5.12. 
roots, root biomass, and starch concentration of r o o t s  in responses to 
ozone treatments of  Loblolly pine seedlings in laboratory and f i e l d  
environments. ( s e e  Tables 5.2, 5.3, 5.8 and 5.10 and Figure 5.4 for 
date on which those responses are based), 

Comparative responses of transport of 14C photosynthate to 

- 
a 

I Response ( % )  
Conditions Response Tissue Type A80 A160 

Field Allocation of 141: Fine roots - 6  - 18 
Coarse roots - 18 - 18 

Allocation of  biomass Fr  t9 - 3  
Cr 0 - 4  

Starch concentration Fr  +21% +8 
Cr +2 1 -7 

160 320- 
Laboratory Allocation o f  146 F r  - 6  - 4  

CW -11 - 20 
Allocation of  biomass F r  +6 0 

cr -6  - 17 
S tnrch concentration F 1- - 8  -26  

Cr + 6  - 16 
- I_-- 

"Responses are expressed as a % of controls values. 
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ozone fumigation. Rain pH had little effect on carbon allocation or 

root starch concentrations, nor were any significant ozone - rain pH 

interactions detected. Ozone fumigation in the field resulted in 

slighr1.y decreased micronutrient (N and K) and Aluminum concentrations, 

while acidic rain significantly increased foliar levels of Aluminum 

(+52%) and reduced foliar Mn levels. 

The families selected f o r  allocation studies were not  among the 

most sensitive examined in the larger study (see Section 3 ) .  However, 

the trends in allocation of biomass and the fate of I4C photosynthate 

from support the labelling studies suppor t  our original hypothesis that 

the  root system may be an initial site of  pollution-induced stress. In 

general the reduction in allocation of carbon belowground determined 

from the radiochemical experiments was supported by observed 

differences in the root starch levels and trends in root biomass. Thus 

the allocation techniques used in these studies may provide a sensitive 

early warning signal for incipient changes in allocation of dry mat:ter 

t o  the belowground system. Experiments with more pollution-sensitive 

families or longer term experiments where growth patterns are more 

completely developed in response to applied treatments would be useful 

in more definitively evaluating these relationships. 
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6. MYCORRHIZAL RESPONSES TO OZONE AND ACID DEPOSITION 

E .  G .  O’Neill 

6.1 INTRODUCTION 

Although a considerable amount of research is being conducted oin 

direct, aboveground impacts of both ozone and acid precipitation on 

forest tree species, very little attention has been given to potential 

indirect impacts on belowground processes. Interactions of rhizosphLere 

organisms and root symbionts (particularly mycorrhizae) with tree 

species are frequently ignored in speculation about forest responses. 

This is a serious oversight, especially since reduced nutrient 

acquisition and increased root pathogen invasion are often invoked a s  

causes or consequences of  pollutant exposure. Both of these phenomena 

could result from a reduction in the effectiveness of  mycorrhizal 

symbiosis. 

Stresses on the mycorrhizal system could result from pollutant 

exposure via effects on the host tree, or from direct toxic effects of 

trace element mobilization due to acid precipitation. The results of 

studies examining the effects of ozone on mycorrhizae are conflicting. 

Ozone exposure could reduce photosynthate translocation, thus limiting 

mycorrhizal infection, since the fungal partner is dependent on 

host-derived carbon. However, Reich and coworkers (1986) reported that  

mycorrhizal infection of northern red oak seedlings increased following 

exposure to ozone, and Mahoney et al. (1985) detected no effect of 

ozone on loblolly pine mycorrhizae. McCool and Menge (1983) observed 

dramatic (up to 6 3 % )  reductions in the infection of endomycorrhizal 

tomatoes. In spite of these reductions in mycorrhizal status, dry 

weights of mycorrhizal tomatoes exposed to 300 ppb ozone were less than 

those in nonmycorrhizal plants similarly exposed. The authors proposed 

that ozone exposure changed the nature of the mycorrhizal association 

from symbiotic to “pathogenic”, because of competition f o r  carbon 

resources between the host and the fungal symbiont. It is important at 

this point to note that McCool and Menge were working with endotrophic 
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mycorrhizae. Ec to t rophic  mycorrhizae, such as those associ-ated with 

pine  s p e c i e s ,  a l though l ikewise  dependent on  t h e  h o s t  p l a n t  f o r  t h e i r  

carbohydrate supply,  belong t o  a completely d i f f e r e n t  taxonomic group 

than do the  endomycorrhizas. Consequently, [;he morphology, physiology,  

and the nature  of  i -n t e rac t ion  ~ 5 t h  t h e i r  h o s t  can be very  d i f f e r e n t  

from those found i n  endosymbiotic re la t ionshi .ps  . 
Complication increases  when one cons iders  t he  p o t e n t i a l  f o r  

i n t x r a c t i o n s  of  ozone wi th  a c i d i c  p r e c i p i t a t i o n  (Reich et: al.. 1986) . In 

t h i s  c a s e ,  mycorrhizae are sub jec t  no t  only t u  i n d i r e c t  e f f e c t s  through 

h o s t  response,  b u t  they a r e  also vulnerable  t o  changes i n  s o i l  pH, s o i l  

n u t r i e n t  s t a t u s ,  and heavy m e t a l  s o l u b i l i z a t i o n .  V i s se r  et; a l .  ( 1 9 8 7 ) ,  

i n  a r e p o r t  f o r  the A4cid Deposit ion Research Program on the  p o t e n t i a l  

e f f e c t s  of a c i d  p r e c i p i t a t i o n  on s o i l  microbia l  popula t ions  and 

processes ,  s t a t e d  t h a t  e f f e c t s  of  a c i d  r a i n  on ectomycorrhizae are 

l i k e l y  t o  be n e g l i g i b l e .  Basidiomycetous fungi  ( t h e  group t o  which 

most o f  t he  ec to t rophs  belong) are natural . ly a c i d  adapted and might no t  

be expected t o  s h o w  a response t o  changes i n  s o i l  pW t h a t  might 

real  i s  t i c  a1 l y  re siL. t f rom ac  i d  p ree  i p i t a  1: i o n .  

confl.i.cts i n  some aspec t s  and agrees  i n  o t h e r s  wi th  Shafer  et a l .  

(1985),  who found a quadra t i c  r e l a t i o n s h i p  of  l o b l o l l y  p ine  mycorrhizal 

co lon iza t ion  with r a i n  a c i d i t y ,  where moderate pl-1 ( 4 . 0  and 3 . 2 )  

i n h i b i t e d  i n f e c t i o n  and increased  ac id i . ty  (pH = 2 . 4 )  enhanced 

i n f e c t i o n .  S t r o o  and Alexander (1985) a l so  r epor t ed  changes i n  

rnycorrhization wi th  Pisolith-hs. t i n c t o r i u s  on whtte p ine ;  however ~ these  

changes were l i nked  t h i s  t o  soi.1. type and anion spec ie  as well as r a i n  

pH. 

T h  i s as sump t ion  

The ob jec t ive  of t h i s  prel iui inary experimental  work w a s  t o  

quantify mycorrhizal i n f e c t i o n  responses t o  ozone and simulated a c i d  

p r e c i p i t a t i o n  and t o  look f o r  d i f f e rences  i n  response i n  ~ W Q  f a m i l i e s  

of commercially grown l o b l o l l y  p ine .  
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6.2. METHODS 

6 . 2 . 1  Field 

Mycorrhizal assessment w a s  performed on t.wa of the C O W O ~  fcmi.li.es 

(8  and 9 ) ,  t h a t  had been subjected Lo ather intense physiological 

measurements. Seedlings of these two famil ies  from se lec ted  ozone/a.ci.d 

r a i n  combinations were harvested a f t e r  0 ,  6 ,  and 1 2  weeks' exposure !..TI 

the chambers (Tab1.e 6 . 1 ) .  At: harvest  i n  6 weeks, all. r a in  pH l e v e l s  i.n 

the c o n t r o l - f i l t e r e d  and ambient a i r  p l u s  3.6cF-ppb treatments w e r e  

included; however, i-n the ambient a i r  IUS 80-ppb treatment,  onby 

seedlings exposed t o  a r a i n  ptI of 4 . 3  were assessed. Eight repl.icate, 

seedlings (maximum) were examined f o r  each E~~mil.y/oz.~we/'glil combination 

a t  harvest  i n  6 weeks. A t  harvest  i.n 1 2  weeks, seed$:fmgs from aBI p H  

leve ls  were assessed f o r  each ozone level irpc1ded. 'ITwe.Lve r e p l i c a t e  

s e e dl. ing s ( maxi m~m ) were as s e s s e d for e a.ch f am i P y / o z one /p H c ~j m b  Ina t ion  

a t  this harvest. Time zero  rnycorrhizatisn was determi-c~ed as the mean 

of seven seedltngs f rom each family just p r i o r  t e a  i n i t i a t i o n  o f  

exposure. 

The percent infect ion o f  s h o r t  roots by mycorrhizae w a s  assessed 

using v i s u a l  estimation (Grand and Harvey 1.582). A t  each harves t ,  

seedlings were i n  groups of  1 5  t o  20 a f t e r  tsefng 

nonsyternatically assigned code numbers t:o mind.mize subj  e c t l v L t y  i n  

measurements. Each seedling w a s  examineds and the estimated percent of 

mycorrhizal shor t  r o o t s  was determined t o  the nearest  5 % .  Groups sf 

seedlings were examined twice i n  random order, with the individual. 

performing the assessment: on the second [:rid. unaware o f  results from 

the f i r s t .  %en tit-ie difference between the f i r s t  and second assessment 

exceeded l 5 % ,  the seedling w a s  exami.ned a th i rd  t i m e .  The percent 

mycorrhizal in fec t ion  for each seedling w a s  recorded as ~rbe 1nea.n of two 

o r  three t r ia l s .  In  t h i s  manner, standard e r r o r s  of  measurement were 

maintained a t  l e s s  than 5% of the mean. D a t a  f o r  t h i s  and the 

Continuously S t i r r e d  Tank Reactor (CSTR) s tudy  were arc-sine 

transformed before analysis by ANOVA. 
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Table 6 , l .  1,evels of ozone and simulat:ed acid ra in  
used in screening studies of 53 l o b l o l l y  pine 

families. 

Ozone treatment 
- 

Rain ph AQ AC CF A4Q A 8 0  A 1 6 0  

x rx-1 h rx-1 

aAO = ambient a i r ,  no chamber; AC = ambi.ent air, 
chamber; CF = charcoal-filtered air; 
AXX = ambient a i r  plus XX p a r t s  per hi.l.l-ion 
ozone. 

bhoxed X ’ s  indicate those treatments in whi-ch 
seedlings were assessed for mycorrhizal 
colonization 
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6.2.2 Laboratory 

Seedlings from the same two families used in the field study were 

assessed in laboratory exposures. In this case, simulatled rain pH was 

held constant at 4 . 3 ,  and the seedlings were exposed to charcoal- 

filtered air plus 0-, 160-, or 320-ppb ozone. Mycorrhizal assessment 

was performed in the same manner as in the field exposures. 

6 . 3  RESULTS 

Percent colonization by Pisolithus in a11 seedlings was lower at 

the conclusion of both studies than expected, given the extent of 

infection at the initiation of exposure. After 2 4  weeks' growth 

(including the 12-week treatment period), a mean infection level of 70% 

or greater in the controls would not have been unusual. Act.ua1 

colonization ranged from 20 to 55% in the control treatments. The 

percent mycorrhizal colonization (PMC) changed very little over the 

treatment period regardless of family, treatment, or study. Seedlings 

were relatively well fertilized (see Section 1.4), which could account 

for some degree of inhibition since high plant nutrient status has been 

linked to mycorrhizal depression. In the CSTR study, low light levels 

might also have contributed towards a general reduction in mycorrhizal 

infection percentages. 

6.3.1 Field 

The overriding main effect for all parameters measured was family. 

Root infection by mycorrhizae was greater in family 8 at all harvests 

(p 2 0.0001 at the 6- and 12-week harvests), although prior t o  the 

beginning o f  the exposure period, there was no significant difference 

in mycorrhization of the two families. The i-nitial PMC was 4 0 . 6 %  In 

family 8 and 32.6% in family 9 .  

There were no interactions of  family, ozone, or rain pW in the 

percentage of roots colonized for either harvest, nor was PMC affected 

by rain pH as a main effect (Table 6 . 2 ) .  Ozone effects were consistent 

across both families and were significant at 6 and 12 weeks at p < 0.08 
and p < 0.10, respectively (F ig .  6.1). At 6 weeks, mycorrhizatzion in 
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Table 6 . 2 .  Percent mycorrhizal colonization of  loblolly 
pines in the f i e l d  study.  Data represents 

the  mean -I- standard deviation. 

T i m e  PH CF h b  4- 80 Amb + 160 
__ 

Family 8 - -  40.6% mycorrhizal. 

6 weeks 3 . 5  32.8 k 1 6  

4 . 3  44.5 t 18 

5.0 39.3 L 10 

3.5 5 4 . 8  t 15 

4 - 3  54.0 -t 15 

5.0 44.6 * 11 

12 weeks 

short roots at time z e m  

4 3 . 8  k 1.1 

32.9 9.5 45.0 -+ 9 

40.G 2 9 

4 3 . 9  k 9 45.2 5 1 7  

50.4 _+ 12 PI-4.7 -t- 20 

4 9 . 5  k 20 45.0 -e 14 

Family 9 - -  3 2 . 6 %  mycorrhizal short roots at Time Zero 

6 weeks 3.5 20.8 -t 12 2 9 . 0  If: 16 

4 . 3  26 .0  + 10 2 9 . 0  It 18 3 4 * 2  -t- 14 

5 .0 26.7 & 11 34.0 & 16 

3 . 5  35.0 k 17 34.1 k 26 25.8 5 11 

4 . 3  36.8 L 10 28,l 3- 1 6  3 7 . 8  L 11 

5 . 0  3 6 . 6  t 12 2 4 . 3  -t 14 2 6 , G  -t- 5 

12 weeks 

aCF = Control-filtered; Amb 3. XX = AmI,i.ent a i r  plus M ppb 
ozone ~ 
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t he  seed l ings  grown i.n charcoa l -  f i l t e r e d  a i r  w a s  less  than  t h a t  

measured a t  time zero and l e s s  than t h a t  on seed l ings  exposed t o  ozone,  

l ending  soiiie support  t o  the  idea  (:hat: very  l o w  l e v e l s  of  ozone ( i n  t h i s  

case  i n t e r n s  of durati-on o f  exposure) have a stimulatory e f f e c t  as 

compared t o  a c h a r c o a l - f i l t e r e d  a i r  environment. The s l i g h t  depression 

that: occurred i n  the  c o n t r o l -  f i l t e r e d  t rea tments  f o r  both farni.1i.es d i d  

no t  occur i n  the  seed l ings  exposed t o  ambient a i r  p l u s  160 ppb ozone. 

A t  the 1 2  -week h a r v e s t ,  however seedlimgs exposed t o  ozone were 

s i g n i f i c a n t l y  l e s s  mycorrhizal tihan c o n t r o l s ,  and ecpa l ly  o r  l e s s  

mycorrhizal than  the  ozone- t r e a t e d  seed l ings  from the  6 -week h a r v e s t .  

Several. seedl ings  i n  the  high ozone t rea tment ,  f o r  family 9 ,  had 

v i s i b l y  abnormal mycorrhizae with reduced f i n e  r o o t s  and dark-colored 

mycorrhizal t i p s ,  al.t.hough no at tempt  was made i n  these  assessments to 

d i f f e r e n t i a t e  between v i a b l e  and nonviable mycorrhizae. 

6 . 3 . 2  Laboratory 

Family di-fferences i n  PMC were again  observed i n  the  CSTR 

exposi.ires, wi th  mycorrhization of family 8 at a l l  h a r v e s t s  g r e a t e r  t h a t  

family 9 (Table 6 . 3 ) .  A t h i r d  family (No. 10)  , was included i n  t h i s  

s e t  of assessments and responded s i m i l a r l y  t o  family 8 .  

Ozonr: h a d  no effect: on PMC i n  the  CSTR s tudy .  I n  f a c t ,  PMC 

changed very little from the  i n i t i a t i o n  o f  exposure u n t i l  1 2  weeks 

l a t e r  when the exposures ~ e ~ e  concluded. Root systxms i n  genera l  

appeared h e a l t h i e r  (by sub jec t ive  c r i t e r i a )  i n  the CSTR s tudy than  i n  

the  f i e l d  s tudy .  

6 . 4  CONCLUSIONS 

The ex ten t  o f  i n f e c t i o n  by mycorrhizae was c l e a r l y  r e l a t e d  t o  

family o r i g i n  i n  these  seed l ings .  

screerrir-rg s t u d i e s  w11sthe.r d i f f e r e n t  degrees of  mycorrhizat ion a r e  

respons ib le  f o r ,  o r  a consequence o f ,  d i f f e rences  i.n biomass and 

r e a c t i o n  t o  ozone. i t  is  poss ib l e  t h a t  what i s  considered to h e  

" r e s  i s t a nc e 

I t  cannot be determined by these  

o r  '' s 11s ee p t i b  i 1 i c y  I' t: o any s t P e s s i n  d i f f e r e n t 1 ob 1 o 1 1 y 
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Table 6 . 3 .  Percent mycorrhizal colonization of  loblolly 
pines in the CSTR study. Data represents 

the mean? standard deviation. 

Time PH 

Ozone treatment 

CF CF + 160 CF f 120 

Family 8 - -  4 0 . 6 %  mycorrhizal short r o o t s  at time zero 

6 weeks 4 . 3  4 4 . 5  ? 11 3 7 . 5  k 1 2  3 8 . 2  t 12 

1 2  weeks 4 . 3  4 4 . 3  It 1 9  4 3 . 2  k 1 3  37.1  2 11 

Family 9 - -  3 2 . 6 %  mycorrhizal short roo t s  at time zero 

6 weeks 4.3 2 5 . 8  ? 5 27.1 ? 12 2 9 . 4  ? 16 

1 2  weeks 4 . 3  2 0 . 0  ? 11 2 7 . 5  & 9 32.1 4 22 

Family  10 - -  35.8% mycorrhizal short roots at time zero. 

6 weeks 4 . 3  37.1 5 1 2  2 5 . 8  L 6 3 3 . 3  k 1 5  

1 2  weeks 4 . 3  35.0  ? 10 3 6 . 7  & 14 4 0 . 0  -b 1 9  

aCF = Control-filtered; CF + XX = Control-filtered air plus XX 
ppb ozone. 



pine families i s  tied to infection patterns o f  t h e i r  syiribiont, even 

though in chis series of nxposiires, family did not  in te rac t  w i . t h  ozone. 

Mycorrhization i n  both families examined i n  the f i e l d  study was 

reduc.ed by 12 weeks' exposure t o  ozone. F ine  root starch 

coneent~ations in b o t h  ozone treatments wexe increawed rc!lative to 

controls (Tab1.e 6 . 4 ) .  Slenkis (1993) presented evidence from several 

sources that mycorrhizal. auxins hydrolyse starch to soluble sugars .  A 

redticti.on in mycorrhizal infection would he reflected i n  higher  fine 

root starch concentrations. Results from biomass measurements and 

carbon a l loca t i -on  patterns (see Section 5 )  support the generally held 

presumption that reduction i x i  trarisbocition to the belowgroumd system 

will negatively a f f e c t  mycorrhizal nilibers and possi-bly mycorrhizal 

fu-riction. in this study, unlike thatr. o f  McCool an3 Kenge (1983), t3iere 

was no suggest:i on o f  a shift towzrds  preferential. all ocat:i.on of  

photosynthate to mycorrhizal .[:issue at the expense of the h o s t .  In 

fact, rel.ati.ve reductions in PNC weye larger than reductions in fi.ne 

root hj.omass (Table 6 . 4 1 ,  suggesting j u s t  the opposite. Reduced PMC 

may be a precursor t o  losses oE fine root vigor .  

A s  predicted by Vissear and coworkers (19SS), aci.d deposition 

within the range examined here had no ~ f f e a t  on quantifiable 

inycorrhizal infection. However no measure of nryc.orrhi.za1. 

"effectiveness" was employed in this study.  MycorrhLzal benefits t o  

hos t  spectes  are n o t  always simply correlated with numbers of in fec ted  

r o o t  tips; consequently, failure to find cha~iges in PMC because o f  acid 

deposition tltres not  r u l e  ou t  the possi .hi . l i ty o f  a change in mycorrhizal 

eefectiveness. Further s tudy  should examine some aspect: of  mycorrhizal 

#.unction under both ozone and acid deptrsl.tion exposures ~ t o  more 

completely cJ.arify the mycorrhizal contri-bution t o  tree response t o  

pollutants. 

L- 
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Table 6.4. Comparison of mycorrhizal infection at 12 weeks transport 
o f  14C photosynthate to fine roots, fine root biomass, and fine root 
starch concentrations €n repsonse to ozone exposures ~f loblolly pine 
seedlings in the field study (see Tables 5.12 and 6 . 2  for data on 
which these responses are based) 

Condition Parameter 

1 
Responsh? ( S i )  

A80 A160 

Field % Mycorrhizal infection -13 
Allocation of 14C - 6  
Allocation of biomass +9 
Starch concentrations +29 

- 14 
- 18 

- 3  
+8 

lper Cent increase or decrease relative to cont ro l -  f i l  tered.  
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7. PROJECT SYNTHESIS AND CONCLUSIONS 

S. E. McLaughlin 

This project was initiated in April of  1.986 as one of three first 

phase studies within the Southern Commercial Forest Research 

Cooperative. Overall project objectives were to provide a quantitative 

and mechanistic basis for evaluating the potential effects of 

atmospheric pollutants on physiology and growth of  southern commercial. 

forests. During the first year specific objectives were to 

(1) quantify differences in growth responses o f  seedlings representirig 

53 families of loblolly pine t o  the individual and interactive effects 

o f  simulated acid rain and 03 in the field (2) characterize the 

physiological basis of observed responses in field and laboratory 

studies; ( 3 )  compare and contrast results obtained with similar 

experimental protocols in field and laboratory approaches. 

7.1 EXPERIMENTAL DESIGN 

During the first year field exposures o€ 9950 containerized 

12-week-old seedlings were conducted in a 36-plot field research 

facility comprising of 33 open-top chambers and three open plots in 

which six ozone levels [ambient open plots (AO), ambient chambered 

(AC) ,  charcoal-filtered (CF), A + 40 ppb, A + 80 ppb, and A -+ 160 ppb] 

were applied for 6 hr/d and 4 d/week. 

applied across all six ozone treatments. For CF, A80,  and Al60, thrm 

levels o f  simulated acid rain (pW 3.3, 4 . 5 ,  and 5.2) were used in a 3 x 

3 factorial design. Laboratory studies of  384 similar seedlings 

representing 8 common denominator families involved application of  03 

at three levels ( 0, 160 ppb, and 320 ppb) for 6 h/d, 4. d/per week in 

continuously stirred tank reactor (CSTR) chambers with a background of  

pH 4.3 rain (1.1 cm twice each week). These plants were placed in a 

charcoal-filtered greenhouse air during the alternate 3 d. 

Simulated rain at p1-l 4.5  was 

Growth and physiological measurements were conducted on subsets o f  

seedlings of 2 to 5 families after 6 and 12 weeks of  exposure. 
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7 . 2  SUMMARY OF P R I N C I P A L  COMCT..IJSTONS 

The full-owing conclusions can be drawn f rom anal.yses of growth and 

physiological  responses of  l ob lo l ly  pine t o  ozone and ac id  r a i n  i n  

these experiments 

7 . 2 . 1  Growth and.--Yield 

A s  expected, there  were l a rge  d i f fe rences  i n  inherent  growth rate:; 

among these fami l ies  and i n  t h e i r  responses t o  ozone and ac id  r a i n  

Mean volume growth during the 1 2  weeks of these experiments as 

indicated by the piwameter tli.ameter2 x height: ( D  2 H )  ranged from 

approximately 1000 i;nm3 t o  5000 mm3 per across the  54 fami l ies  exam ned 

i n  the f i e l d  study. Seedlings grew approxirnate1.y 30% fast:er under f i e l d  

conditions than i n  the greenhouse/CSTR environment Analyses of growth 

and physiological. responses o f  these fami1.i.e~ t o  ac id  r a i n  and ozone 

have l e d  t o  the following p r inc ipa l  conclusions: 

1 ~ .  Exposure t o  ambienf: a i r ,  i n  which ozone was the  p r inc ipa l  

known phytotoxic component, reduced average height  ( - '26%),  diameter 

( - 5 % ) ,  and volur r~  (-1.4%) growth compared t o  growth of seedl ings exposed 

t o  a 50% lower dose as a r e s u l t  of charcoal. f i l t e r i n g  supply a i r  

2 .  When ozone l eve l s  were increased approximately 208 above those 

i n  ambient a i r s  growth was general ly  st:.i.inuJ.ated. Responses t o  ozone 

va r i ed  widely between f ami l i e s ,  and, while they became increasi .ngly 

negative a t  the  h ighes t  ozone 1-evels, they d id  not  s i g n i f i c a n t l y  exceed 

growth reduct ions found i n  ambient a i l - .  

3 .  Acid r a i n  caused a general  s t imula t ion  o f  height  growth across 

fami l ies  a t  near ambient 1evel.s (pH 4 . 5 ) ,  while height  growth w a s  

reduced a t  a median gH o f  3 . 3 .  

4 .  Signi f icant  i n t e rac t ions  between r a i n f a l l  a c i d i t y  and ozone 

were detected f o r  some famil. ies,  principal.1.y i n  responses of height  

growth. In  genera l ,  ac id  r a i n  e f f e c t s  were greatest:  i.n charcoal-  

:f i . l tered a i r  and decreased as the  l e v e l  o f  ozone increased.  S imi la r ly ,  

ozone e f f e c t s  were g rea t e s t  i n  a t  high r a i n f a l l  pH and diminished as 

the  a c i d i t y  of r a i n f a l l  increased. 
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5 .  Growth rates of seedlings under field conditions were more 

rapid than for those grown under controlled laboratory conditions, and 

differences in responses to ozone were first apparent during the 

interval between 3 and 6 weeks after exposures were initiated. 

6. Seedlings were generally more sensitive to changes in both 

growth and physiology following ozone exposure in f i e ld  experiinents 

than when exposed in CSTR chambers in the laboratory. The pattern of 

differences in sensitivity to ozone among families w a s  generally 

similar in field and laboratory settings. 

7.2.2 Carbon Assimilation 

Carbon dioxide exchange rates were measured as a function o f  

photosynthetic photon flux densities on seedlings of two l o b l o l l y  pine 

families (8 and 9) after 6 or 12 weeks of  exposure. Treatments 

compared for these families were charcoal filtered ( C F )  vs  the highest 

ozone doses in the f i e l d  (A160) or laboratory (320 ppb). Treatment 

effects oE three acid rain levels (pH 3 . 5 ,  4 . 3 ,  and 5.0) were also 

compared at each ozone level for field grown seedlings. Results may kle 

summarized as follows: 

1. Field-grown seedlings were more sensitive to ozone-induced 

reductions in net photosynthesis (Ps> than those grown under laboratory 

conditions. 

reductions in light-saturated Ps o f  13% and 25% after 6 and 22 weeks of 

exposure respectively. Reductions in Ps of laboratory-grown seedlings 

were observed but were less pronounced and inconsistent in timing, 

occurring only after 6 weeks in one family and only after 12 weeks in 

the other. 

Field-grown seedlings exhibited statistically significant 

2 .  The shape of the light response surface was not affected by 

any of the treatments; however, differences were generally more 

significant statistically at saturating radiation levels. 

3 .  Stimulation of P s  was observed in response to increasing 

acidity of  precipitation after 12 weeks of exposure, and average Ps 

rates were 52% higher for pH 4.5 and 3 . 3  treatments compared to 

controls. 
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&. Dark respiration o f  foliage was not affected significantly by 

any of the treatments ~ 

5 .  Measurements of carbon assimilation capacity provided 

generally useful index trends in biomass increment for ozone exposures 

h u t  not for studies with acid rain. For ozone- treated seedlings ~ 

induced reductions in Ps capacity were accompanied by reduced seedli-ng 

biomass, and where differences in P s  were absent, differences in 

seedling biomass were minimal. 

not accompanied by increasing seedling weight, indicating that the P s  

response had either developed only recently or was offset by other 

unfavorable physiological changes. 

Acid rain-induced stimulation o f  Y s  was 

6 .  Continuous measurements of photosynthesis in canopies of large 

trees appear to be feasible using an open-flow gas exchange system and 

may provide a basis for in situ measurements of  tree responses to ozone 

under ambient exposure regimes (see Appendix a ) .  

7.2.3 Carbon Allocation 

The main objectives of the carbon allocation studies were (I) to 
examine individual and interactive effects of ozone and rain chemistry 

on whole-plant carbon allocation patterns and (2) to determine whether 

carbohydrate reserves, particularly starch, are significantly affected 

by elevated ozone levels, acidic rain, o r  an intcraction of the two. 

To achieve these objectives, and to allow examination of possible 

interactions among genotype, ozone level, and rain chemistry, seedlings 

of five families represrnting both field-grown and CSTR-grown sources 

were used to allow comparison between field and lab studies. Principal 

findings were as follows: 

1. Strong genetic differences in growth, carbon allocation and 

foliar nutrient concentrations of loblolly pine were observed in both 

the field study and the CSTR study. Although a statistically 

significant family-ozone interaction was detected only for relative 

allocation to foliar biomass in the CSTR study, the families did differ 

in sensitivity to ozone, and these differences were reflected in 

differing patterns of carbon allocation. 



2. Whole-plant carbon allocation patterns were generally similar 

between the field and CSTR study but proportions allocated to roots and 

foliage and total growth differed. 

lower root:shoot ratios observed in the CSTR chambers are hypothesized 

to be due to lower light levels and possibly lower levels of  moisture 

stress under CSTR/greenhouse conditions. 

The lower rate of growth and the 

3 .  Changes in levels of root starch and altered patterns o f  

allocation of I4C labeled photosynthate provided generally useful 

indicators of changes in biomass distribution of ozone stressed 

seedlings. Elevated ozone increased apparent whole plant respiratory 

losses  of carbon and decreased carbon allocation and starch 

concentrations in the roots. Coarse-root biomass also decreased with 

ozone fumigation. 

4 .  Rain pH had little effect on carbon allocation or root starch 

concentrations, nor were any significant 03  x rain pH interactions 

de t ec ted . 
5 .  Ozone effects on carbon allocation to roots in the CSTR study 

were not noted until the highest 0 3  treatment level (320 pph). The 

greater effect on root starch levels ( - 2 8 % )  than on allocation of 

current photosynthate ( - 1 3 8 )  suggested an accumulative effect that w a s  

supported by the trend toward lower root:shoot ratios observed with 

increasing ozone in these studies. 

6 .  Observed reductions in foliar content of the macronutietits 

nitrogen and potassium of  ozone-treated seedlings were observed in the 

field but not in CSTR studies and were associated with decreased 

allocation of carbon to roots. The extent to which reduced nutrient 

uptake or increased foliar leaching may have been involved in observed 

foliar nutrient levels cannot be determined from the present data. 

Foliar Manganese levels, on the other hand, were slightly higher (10%) 

in ozone-treated seedlings. Although ozone fumigation resulted in 

slightly decreased macronutrient concentrations, acidic rain primarly 

affected micronutrient concentrations, including increasing foliar 

aluminum concentrations. 
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7 . 2 . 4  E f fec t s  on Mrcorrhizae 

Assessment of percent  mycorrhizal i n fec t ion  of two fail l i l ies (8  and 

9 )  used e x h n s i v e l y  i n  o ther  physiological  s t t idies  was performed a f t e r  

0 ,  6 ,  and 1 2  weeks of exposure t o  determine whether d i s rup t ion  of roo t  

func t ion  had been induced by ozone o r  ac id  rain- induced a l t e r a t i o n  of 

carbon a l l o c a t i o n  pa t t e rns .  Pr inc ipa l  f indings were a s  fol lows:  

1. The m a j o r  e f f e c t  noted i n  these experiments was the  inf luence 

o f  famtly on the percent mycorrhizal co loniza t ion  (PMC). The: range o f  

PMC across  treatments f o r  family 8 was approximately 40 t o  55% and f o r  

family 9 ,  25 t o  35%. 

2 .  Ozone e f f e c t s  on PMC o€ r o o t s  were s i g n i f i c a n t  (15 t o  20% 

reduct ion)  f o r  both fami l ies  examined i n  the f i e l d  study bu t  no t  under 

labora tory  condieions.  

3 .  Acid r a i n  had no s i g n i f i c a n t  e f f e c t  on PMC over t he  

pH 3 . 3  t o  5 . 2  range examined. 

S .  The r e l a t i v e  response of PMC t o  ozone exposure was bimodal 

over t i m e ,  a consequence of an i n i t i a l  reduct ion i n  PMC of  seedl ings  

growing i n  c h a r c o a l - f i l t e r e d  a i r  during the i n t e r v a l  0 t o  6 weeks. 

This patrtern was reversed by 1 2  weeks because of a grea te r  r e l a t i v e  

increase  o f  mycorrhizae i.n the CF’ t reatment .  

5 .  Keductions i n  PMC induced by ozone exposure were l a r g e r  than 

changes i n  roo t  biomass and werc genera l ly  accompanied by decreasing 

roo t  shoot ra t ios ,  i nd ica t ing  t h a t  PMC may be a useful. i nd ica to r  o f  

decreased roo t  v igor .  

7 . 3  DISCUSSION AND CONCIJJSIONS 

Co l l ec t ive ly ,  these s tud ie s  ind ica t e  t h a t  adverse growth responses 

of l o b l o l l y  pine seedl ings  t o  ambient l e v e l s  o f  atmospheric. ozone are 

l i k e l y  but: w i l l  be s t rongly  dependent on gene t ic  v a r i a t i o n  assoc ia ted  

with family o r i g i n s ,  Responses t o  ambient l e v e l s  of  ac id  depos i t ion  

a r e  l i k e l y  t o  be much m o r e  complex and may involve growth st.i.mulation, 

p a r t i c u l a r l y  i n  he igh t .  

very high pH l e v e l s  appear l i k e l y ,  bu t  i n  most cases the  inf luence of 

Ozone-acid r a i n  i n t e r a c t i o n s  a t  very low o r  



combined exposures at the highest levels tested was antagonistic rather 

than additive or synergistic. 

deposition did influence growth of test seedlings relative to growth 

observed at near pristine pH, it is apparent that more work is needed 

to ascertain the significance of possible acid rain - ozone 
interactions at ambient levels of both pollutants. 

Because ambient levels of acid 

The more obvious growth responses observed in the field eompared 

to results of laboratory studies argue f o r  increased emphasts on field 

work in the future and for better understanding of the physiology of  

pollutant uptake and effects. In these studies, seedlings grew faster 

in the field even though the slow-release Eertil.izer used produced 

slightly slower growth when tested against the liquid application 

regime of the greenhouse/CSTR studies. A major difference between the 

studies was the relatively lower radiation levels of the 

CSTR/greenhouse system arid the apparent influenee of continrxous low 

level exposures between ozone additions in the field. The influence of 

this "respite dose" should be examined much more closely in future 

studies. The basis of this recommendation is the potential 

significance of  chronic stress induced by continuous exposure of plan-t-s 

to ozone under actual field conditions. 

Charcoal filtration of the growing environment between exposures 

allows one to isolate the effects of specific applied doses, but  I t  may 

also reduce the impact of that dose because of the operation of 

inherent recovery and repair processes. 

In the future, major emphasis should be placed on evaluating 

responses of loblolly pine to ambient and near-ambient exposure doses. 

The observed -26% mean height growth response to ambient air in these 

studies was the quantitatively most significant response detected. The 

fact that follow-up studies carried out with 1 year-old seedlings 

planted in the soil during the second year produced sirrailar results 

further substantiates the results of these studies with containerized 

seedlings. The significance of ambient air responses is EurtRer 

reinforced by results from other past (Shafer et al. 1987) and ongoing 

(Adams et al., 1988 and L. Allen-SCFRC/Duke, personal c.ommunication) 



184 

studies. Our results show that addition of ozone to ambient air may 

stimulate growth initially when ozone levels are low. Observed 

responses at higher levels are likely t:o he an integrative function of 

stomatal regulation, actual internal dose received by the plant, and 

the balance o f  alteration of both carbon and water relations. 

The results we have obtained do not indicate that acid rain at 

ambient levels w i l l  cause significant adverse effects on growth of  

1.oblol’l.y pine seedlings ; however, these results must be interpreted 

with caution. Aluminum was significantly more available to seedlings 

at near ambient and higher acidity levels even in the more organic 

potting medium used in these experiments. More research is needed to 

de tiermine whether mobilization o f  aluminum in poorly buffered, 

more-acid soils is a signifi.c:ant factor to consider in evaluating the 

response o f  loblolly pine to acid deposition. Ambient levels of 

xainfall acidity did have an effect on height growth. While that 

effect: was positive, it does demonstrate the capacity of ambient levels 

of acidity to influence growth processes. Such changes may be 

beneficial under some conditions and a disadvantage under others where 

another resource such as water 1.s limiting. 

The physiologi-cal measurements made during the course of  these 

studies generally support the utility of physiological indicators as 

early warning signs of  dysfunction of the growth process, 

obtai-ned with measurements of carbon assi.rxailation, carbon allocation, 

and mycorrhizal infection support the observed differences in dry 

matter production and distributlon. 

suggest that carbon assimilation and the distribution of  that 

assimilate parti.cul.arly to the root system are both adversely affected 

by ozone. The fact that these responses were observable during the 

course of a 12-week. experiment suggests that they may be even aore 

useful in evaluating the longer-term effects o f  chronic exposures in 

the field. It should also be noted that the Earnilies chosen for 

physiological measurements were not particularly sensitive to ozone 

compared to others examined within the study. Results of continuous 

. situ ..._. .- measurements of  canopy gas exchange suggest that: examination o f  

Results 

The measurements we have made 
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the kinetics of C02 exchange of both saplings and larger trees is 

possible and would be valuable to pursue. 

The significance of  the responses we have observed lies primarily 

in providing inferential evidence that ambient and higher levels of 

ozone can produce significant effects on physiology of loblolly pine 

and that responses can be expected to vary widely across families. 

Although it would be a mistake to assume that responses of equal 

magnitude would be produced for mature trees, these results can not be 

dismissed as irrelevant for more mature forests. The rate of 

maturation of both natural and managed forests very obviously depends 

on the rate and success of  initiating those forest stands from 

seedlings. Growth impacts at the seedling stage can have far-reaching 

consequences on the mature forests that follow based on the changes in 

the competitive status and vigor of the individuals and species of 

which those forests will be composed. 
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APPENDIX A. 
MEAN HEIGHT AND DIAMETER GROWTH DATA 

BY TREATMENT AT FINAL HARVEST 
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Table A. 1. Average height growth (nun) by l o b l o l l y  pine family for 
seedlings grown for 1 2  weeks in charcoal filtered air 

and exposed to three rain pH Levels. 
/ 

Rain pH ._-I_ 

Family 3 . 3  4 . 5  5 . 2  

2 
3 
4 
5 
6 
7 
8 
9 

1.0 

11 
1 2  
1 3  
14 
15, 
1 6  
1 7  
1 8  
'1.9 
20 

2 1  
23 
24 
25  
26  
27 
28  
29 
3 0  

3 1  
32 
33  
3 4  
35  
36 
37 
38  
3 9  
40 

17 
36 
55  
14 
27 
33  
29  
4 0  
3 4 

35  
35  
30  
1 7  
2 3  
14 
3 4  
21  
38 
14 

3 4  
37 
4 3  
2 0  
44 
4 8  
2 4  
52  
53 

50 
6 2  
2 3  
1 9  
2 9  
27 
1 3  
1 3  
4 3  
33  

30 
4 2  
69  
39 
5 2  
53 
40 
5 8  
5 4  

46 
4 3  
38 
30 
38  
33  
37 
22 
57  
4 0 

43 
59 
6 3  
2 3  
5 6  
87 
38 
80 
7 4  

5 3  
8 4  
4 6  
38 
36 
33  
4 2  
3 4  
5 4  
47  

20 
4s 
5 8  
1 6  
4 6  
59 
33  
59  
59 

37 
61 
40 
2 2  
27 
2 3  
4 2 
2 1  
40 
2 3  

39  
50 
53  
1 9  
6 0  
5 1  
31 
50 
55 

53  
69  
30 
27 
3 7  
32  
2 6  
27 
3 4  
36 
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Table A.l. (continued) 

Rain DH 
Family 3.3 4.4 5.2 

41 
42 
43 
44 
45 
4.6 
47 
48 
49 
50 

5 1. 
52 
53 
54 
55 

22 
50 
24 
17 
32 
13 
23 
22 
19 
21 

31 
48 
24 
26 
25 

38 
53 
35 
34 
4 8 
2 3  
33 
28 
34 
24 

48 
87 
53 
31 
28 

20 
44 
30 
27 
54 
26 
38 
30 
32 
23 

43 
55 
39 
27 
25 



193 

Table  A .  2 .  Average height growth (mm) by loblolly p i n e  family f o r  
seedlings grown f o r  12 weeks in ambient + 80 ppb ozone air 

and exposed to three rain pH levels. 

Family 
Rain RH 

3 . 3  4 .5  5 , 2  

2 
3 
4 
5 
6 
7 
8 
9 

1 0  

11 
12 
1 3  
1 4  
1 5  
16 
1 7  
18 
1 9  
20 

21  
23 
24 
25 
26 
27 
28 
29 
30 
3 1  
32 
33 
34 
35 
36 
37 
38 
39 
40 

1 4  
37 
55 
12 
35 
53 
34 
50 
48 

4 1  
34 
37 
1 3  
23 
25 
46 
1 7  
50 
32 

29 
56 
56 
20 
46 
43 
34 
6 1  
58 
50 
7 2  
38 
34 
26 
29 
26 
32 
34 
20 

27 
44 
63 
3 1  
54 
53 
52 
64 
73  

5 3  
49 
38 
24 
32 
24 
39 
20 
63 
33 

45 
49 
52 
20 
60 
49 
33 
5 1  
5 1  
50 
64 
22 
23 
36 
30 
30 
36 
47 
39 

29 
45 
56 
25 
34 
54 
49 
73 
49 

4 1  
42 
49 
24 
42 
3 1  
45 
18 
52 
36 

5 1  
65 
59 
4 1  
66 
62 
35 
62 
73 
53 
66 
37 
37 
47 
38 
29 
39 
50 
39 
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Table A .  2 ~ (continued) 

Rain p N  

Family 3 . 3  4 . 5  5 . 2  

41 
4 2  
4 3 
44 
4 5 
46 
4 a 
4 8  
4 9 
SO 

5 1  
52 
5 3  
5 4 
55 

18 
50 
20 
18  
3 4  
33 
25 
22 
2 4  
26 

30  
4 9  
23 
29 
29 

1 9  
55 
32 
27 
52 
3 4  
39  
35  
2 9  
27 

5 4 
57 
35 
3 9  
50 

27 
5 3  
33  
35  
56 
4 6  
4 3  
31 
28  
37 

5 9  
69 
4 3  
39  
4 0  
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Table A.3. Average height growth (nun) by 1ob1olly pine family for 
seedlings grown f o r  12 weeks i n  ambient I- 160 ppb ozone air 

and exposed to three rain pH levels. 

Rain DH 

Family 3.3 4.5 5.2 

2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
1 5  
16 
17 
18 
19 
20 

2 1  
23 
24 
25 
26 
27 
28 
29 
30 

3 1  
32 
33 
34 
35  
36 
37 
38 
39 
40 

27 
54 
63 
25 
42 
5 4 
38 
68  
47 

49 
42 
29 
24 
37 
23 
45 
30 
49 
29 

40 
50 
43 
34 
4 2  
55 
36 
60 
57 

54 
68 
39 
34 
38 
41 
38 
39 
48 
4 5  

29 
45 
6 4 
24 
27 
51 
37 
73 
43 

52 
49 
36 
26 
38 
32 
4 3  
1 5  
35 
32 

34 
73 
48 
25 
52 
52 
25  
47 
46 

51 
62 
26 
25  
31 
23 
20 
35 
35 
29 

23 
46 
6 8  
20 
46 
46 
48 
44 
49 

41 
53 
34 
18 
25 
27 
49 
20 
4 7 
25 

41 
54 
46 
32 
53 
42 
35 
44 
5 3  

4 3 
53 
24 
29 
34 
31 
27 
32 
37 
32 



196 

Table A . 3 .  (continued) 

R a i n  DH 
Family 3 . 3  4 . 5  5 . 2  

41 
42 
43 
44 
4 5  
46 
47 
48 
4 9  
5 0  

5 1  
5 2  
5 3  
54 
5 5  

23  
6 1  
29  
25  
40 
28  
39 
29 
32 
36 

5 1  
7 2  
4 6  
39  
27 

2 1  
54 
26  
1 8  
4 9  
1 9  
1 9  
27 
24 
25  

41 
59  
40 
36  
2 1  

16 
40 
29 
3 3  
2 8  
1 9  
30 
26  
3 3  
1 7  

4 5  
6 9  
41 
36 
38 
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Table A . 4 .  Average he ight  growth (mm) by l o b l o l l y  pine family f o r  

and i r r i g a t e d  with a r t i f i c i a l  rain a t  pH 4 . 5 .  
seedl ings  grown f o r  1 2  weeks i n  three  ozone l e v e l s  

Family 
Charcoal - Ambient f Ambient t 
f i l t e r e d  8 0  PPb 160 ppb 

2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
1 2  
1 3  
14 
15 
1 6  
1 7  
1 8  
1 9  
2 0  

2 1  
23  
2 4  
25 
26 
27 
28 
29  
3 0  

3 1  
32 
33  
3 4  
35  
36 
37 
38 
39  
40 

3 0  
4 2  
6 9  
3 0  
5 2  
5 3  
4 0  
5 8  
5 4  

4 6  
4 3  

30  
38 
33  
37 
22 
57 
4 0  

38 

4 3  
59  
6 3  
2 3  
56  
87  
38 
8 0  
7 4  

5 3  
8 4  
4 6  
30 
36 
33  
4 2  
34 
5 4  
4 7  

2 4  
4 4 
6 3  
3 1  
5 4  
53 
5 2  
6 4  
7 3  

5 3  
4 9  
38 
24 
32 
2 4  
39  
2 0  
6 3  
33  

4 5  
49 
52 
20  
60 
4 9  
33  
5 1  
5 1  

5 0  
6 4  
22  
2 3  
36 
30  
30  
36 
4 7  
39  

2 9  
4 5  
6 4  
2 4  
27 
51 
37 
7 3  
4 3  

5 2  
49 
36 
26  
38  
32 
4 3  
15 
3 5  
32  

33  
7 3  
4 8  
25  
52  
5 2  
25  
4 7  
4 6  

5 1  
62  
26 
25 
31 
23 
2 0  
35 
35  
29  
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Table A . h .  (continued) 

Family 
Chal:coal- .4mb i e n t c Ambient + 
f i l t e r e d  80 PPb 160 ppb  

41 
42 
4 3  
44 
45 
4 6  
47  
4 8 
49 
5 0  

5 1  
52  
53  
5 4 
55 

38 
53  
35 
34 
4 8  
2 9  
3 3  
28 
34 
2 4 

4 8 
87  
53  
31. 
28 

1 9  
55  
32 
27 
52 
3 4  
39  
35 
29  
27 

5 4  
64 
36 
39  
5 0  

21 
5 4  
2 6  
1 8  
49 
1 9  
1 9  
27 
2 4 
2 5  

4 1. 
5 9  
4 0  
36 
2 1  



Table A . 5 .  Average height growth (mm) by loblolly p i n e  farni.1.y 
€or seedlings grown for 12 weeks in three ozone levels and 

irrigated w i t h  a r t i f i c i a l  ra in  at pH 3 . 3 .  

Family 
Charcoal - Ambient i- Ambi.ent 4- 

filtered 8Q PPb 160 ppb 

2 
3 
4 
5 
6 
7 
3 
9 

10 
11 
1 2  
13 
14 
1 5  
16 
1 7  
1 8  
19 
2 0  

21 
23 
2 4  
25  
26  
27 
2 %  
29 
30  

3 1  
32  
33  
34 
35 
36  
37 
38  
39  
40 

1.7 
36 
5 5  
14 
27 
33 
29  
40 
34 
35 
35 
30 
17 
23 
I4 
3 4 
2 1  
3 8  
14 

3 4  
37 
4 3  
20 
4 4 
4% 
2 4  
52 
53  

50 
62  
2 3  
1.9 
29 
27 
1 3  
13 
43 
33 

14 
37 
55 
1 2  
3 5  
53 
34 
5 0  
48 
41 
34 
37 
1 3  
2 3  
2 5  
46 
3.7 
50 
3 2  

29 
56 
56 
20 
46 
4 3  
34 
61 
58 

50 
7 2  
38 
3 4  
26 
2 9  
26 
3 2  
34 
20 

27 
54 
6 3  
25 
4 2  
54 
38 
68  
47 
4 9  
4-2 
2 9  
2h 
3 7 
2 3  
45 
30 
49 
29 

4 0  
50 
43 
3 4 
42 
55 
36  
60 
57  

54 
6 8  
3 0  
3 4  
3 8  
41 
3% 
39  
4 8  
45 



200 

Table A . 5 .  (continued) 

Fam i. 1.y 
Charcoal - Ambient + h b i e n t  + 
f i l t e r e d  80 PPb 1 6 0  ppb 

41 
4 2  
4 3  
44 
45 
4 6  
47  
48 
49 
5 0  

5 1  
52  
53  
5 4  
55 

22 
5 0  
2 4  
1 7  
32 
1 3  
2 3  
22  
1 9  
2 1. 

3 1  
4 8  
24 
26 
25  

18 
50 
20 
18 
3 4  
33  
25  
22  
2 4  
26 

30  
4 9  
2 3  
29  
2 1  

2 3  
6 1  
29  
25 
4 0  
223 
39 
29 
32 
36 

51 
7 2  
/I. 6 
39 
27 
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Table A . 6 .  Average height growth (mm) by loblolly pine family 
for seedlings grown f o r  12 weeks in three ozone levels 

and irrigated with a r t i f i c i a l  rain at pH 5.2. 

Family 
Charcoal - Ambient -t Ambient + 
filtered 80 PPb 160 ppb 

2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

21 
23 
24 
25 
26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

20 
41 
58 
16 
46 
59 
3 3  
59 
59 

37 
61 
40 
22 
27 
23 
42 
21 
40 
23 

39 
50 
53 
19 
60 
51 
31 
50 
55 

53 
69 
30 
27 
37 
32 
26 
27 
34 
36 

29 
45 
56 
25 
34 
54 
49 
43 
49 

41 
42 
49 
24 
42 
31 
45 
18 
52 
36 

51 
65 
59 
41 
66 
6 2  
35 
62 
73 

5 3  
66  
37 
37 
47 
38 
29 
39 
50 
39 

23 
46 
68 
20 
46 
46 
48 
44 
49 

41 
53 
34 
18 
25 
27 
49 
20 
47 
25 

43. 
5 4 
46 
32 
5 3  
42 
35 
44 
53 

43 
53 
24 
29 
37 
31 
27 
32 
37 
32 
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Table A .  6 .  (continued) 

Family 

41 
&2 
43 
44 
45 
4 6  
47 
4 8 
49 
50 

5 I. 
5 2  
5 3  
54 
55 

20 
44 
30 
27 
54 
26 
3 8  
3 0  
32 
2 3  

4 3  
55 
39 
27 
2 5  

2 7  
5 3  
3 3  
35 
56 
4 6 
43 
3 1  
28 
37 

59  
69 
4 3  
39 
48 

16 
40 
2 9  
33 
28 
1 9  
3 0  
26 
3 3  
17 

45 
6 9  
4 1 
3 6  
3 8  
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Table A.7.  Average. h e i g h t  growth (mm) f o r  53 l o b l o l l y  p i n e  f a m i l i e s  
f o r  seedlings grown for 1 2  weeks i n  f ive ozone levels and  

i r r i g a t e d  w i t h  artificial ra in a t  pH 4 . 5 .  
----- 

Charcoal - Ambient f Ambient + Ambient -+ 
Family f i l t e r e d  Ambient 40 ppb 88 PPb 160 

2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
1 2  
1 3  
1 4  
1 5  
116 
17  
1 8  
1 9  
20 

21 
23 
24 
25 
26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

30 
42 
69 
30 
52 
53 
40 
58 
54 

46 
[+ 3 
38 
30 
35 
3 3  
37 
22 
54 
40 

43 
59 
63 
23 
56 
87 
38 
80 
74 

35 
84 
4 6  
30 
36 
33 
42 
34 
54 
47 

3 [+ 
35 
36 
20 
23 
26 
33 
20 
38 
21  

33 
44 
46 
31 
45 
48 
34 
53 
52 

59 
65 
23 
19 
3% 
25 
2 1  
29 
32 
36 

so 
47 
43 
32 
40 
3 s  
47 
34 
47 
48 

54 
62 
68 
40 
70 
75 
39 
77 
70 

60 
7 1  
42 
33 
37 
40 
39 
42 
54 
55 

24 
44 
63 
31 
54 
53 
52 
64 
73 

53 
49 
38 
2 4 
32 
24 
39 
20 
63 
33 

45 
49 
52 
20 
GO 
49 
33 
5 1  
5 1  

50 
64 
22 
23 
36 
30 
30 
36 
47 
39 

29 
45 
64 
2 [+ 

27 
51 
37 
73 
43  

52 
49 
36 
26 
38 
32 
43 
15 
35 
32 

33 
76 
48 
25 
52 
52 
25 
47 
46 

5 1. 
62 
26 
25 
3 1. 
23 
20 
35 
35  
29 
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Table R . 7 .  (Continued) 

Charcoal - Ambient 9. Ambient -+ Ambient + 
Family filtered Ambient 4 0  ppl:, 80 PPb 1 6 0  ppb 

41 
4 2  
4 3  
44 
4 5  
4 5 
47  
48 
4 9  
50 

5 1  
5 2  
5 3  
54  
55  

38  
5 3  
35  
3 4  
4 8  
29  
33  
28 
3 4  
2 4  

48 
87 
5 3  
3 1  
28 

25  
39  
1 '7 
26 
37 
1 5  
2 4  
22  
26  
2 9  

4 6  
5 2  
3 1  
2 3  
25  

29  
6 4  
35 
33  
53 
36 
3 0  
22  
44 
3 7 

5 3  
7 6  
40 
36 
32  

1 9  
55  
32 
27 
52  
34 
39 
3 5  
2 9  
27 

5 4 
67  
36  
39  
5 0  

21 
S 4 
2 6  
1 8  
49 
19 
1 9  
27 
2 4 
2 5  

41 
59  
48 
36 
2 1  
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Table A.8. Average diameter growth (mm) fo r  53 lob lo l ly  pine families 
fo r  seedlings grown for  12 weeks in  three ozone leve ls  

and i r r iga t ed  with a r t i f i c i a l  r a i n  a t  p H  4.5. 

Charcoal- Ambient t Ambient t- Ambient -t 

Family f i l t e r e d  Ambient 40 ppb 80 PPb 160 ppb 

2 
3 
4 
5 
6 
7 
8 
9 

10 

1.1 
12 
13 
14 
15 
1.6 
1 7 
1 5  
19 
20 

21 
23 
24 
25 
26 
27 
28 
29 
30 

31 
32 
3 3  
34 
35 
36 
37 
38 
39 
40 

2.54 
2.61 
2.93 
2.65 
2.48 
2.97 
2.98 

2.89 

3.09 
2.84 
2.97 
2.67 
2.80 
2.74 
2.71 
2.35 
2.99 
2.66 

2.62 
2.88 
2.82 
2.45 
2.69 
2.71 
2.86 
3.31 
3.31 

2.85 
3.15 
2.95 
2.45 
2.57 
2.72 
2.99 
2.52 
2.53 
2.53 

2.50 

2.34 
2.51 
2.77 
2.66 
2.48 
2.58 
2.29 
2.36 
2.31 
2.34 

2.60 
2.59 
2.62 
2.70 
2.93 
2.93 
2.51 
2.85 
2.99 

2.59 
2.95 
2.75 
2.37 
2.37 
2.61 
2.54 
2 -42 
2.64 
2.42 

2.33 
2.60 
2.79 
2.42 
2.51 
2.54 
2.27 
2.22 
2.50 
2.48 

2.64 
2.64 
2.67 
2.46 
2.61 
2.77 
2.44 
2.88 
2.80 

2.63 
2.77 
2.79 
2.15 
2.46 
2.47 
2.58 
2.31 
2.63 
2.57 

2.56 
2.60 
2.80 
2.79 
2.44 
2.94 
2.96 
2.65 
2.89 

2.65 
2.71 
2.88 
2.06 
2.49 
2.43 
2.46 
2.20 
2.79 
2 , 3 4  

2.85 
2.69 
2.81 
2.33 
2.98 
2.86 
2.46 
2.73 
2.62 

2.65 
2.65 
2.56 
2.45 
2.42 
2.60 
2.34 
2.42 
2.73 
2.55 

2.44 
2.69 
2.45 
2.61 
2.15 
2.83 
2.53 
2.40 
2.61 

2.56 
2.60 
2.91 
2.36 
2.50 
2.30 
2.40 
2.15 
2.37 
2.55 

2.53 
3.00 
2 * 55 
2 I 70 
2.57 
2.52 
2.51. 
2.95 
2.79 

2.55 
2.90 
2.69 
2.20 
2.31 
2.64 
2.71 
2.30 
2.31 
2.23 
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Tabl-e A .  8 .  (Continued) 

Charcoal- Ambient .I Ambient -+ Ambient: 4- 

Fami 1 y f i l i e r e d  A m b i e n t  40 ppb 80 ppb 160 ppb 

4 1 
42 
4 3 
44 
4 5 
4 6  
47 
4 8 
49 
5 0  

5 1  
52  
53 
5 4 
5 5  

2 . 5 5  
2 . 6 3  
2 . 4 2  
2 . 5 2  
2 . 6 5  
2 . 9 3  
2 . 7 4  
2 90 
2 . 4 9  
2 "  29  

2 . 5 6  
3 . 0 7  
2 . 8 7  
2 " 6 0  
2 . 5 4  

2 . 1 5  
3 .00  
2 . 3 2  
2 . 1 9  
2 . 4 3  
2 . 8 5  
3 . 0 9  

2 . 5 9  
2 . 3 1  

2. 85 

2 . 6 9  
3 . 2 5  
2 . 5 2  
2 . 5 2  
2 . 8 6  

2 " 5 4  
2 . 7 4  
2 I 1 4  
2 . 3 0  
2 . 3 s  
2 - 8 0  
2 . 5 7  
2 . 4 8  
2 . 6 2  
2 , 2 s  

2 . 5 4  
2 . 7 5  
2 . 3 8  
2 . 3 3  
2 . 6 2  

2.75 
2 . 5 8  
2 . 3 3  
2 . 1 5  
2 . 3 0  
2 . 8 3  
7 " 3 2  
2 . 9 6  
2 . 7 2  
2 . 3 9  

2 . 6 3  
2 . 8 9  
2 . 5 7  
2 . 2 0  
2 . 7 0  

2 -41  
2 " 7 8  
2 . 1 8  
2 I 1 2  
2.51 .  
2 . 8 4  
2 , 6 Q  
2 . 6 3  
2 . 4 0  
2 . 3 3  

2 . 5 0  
2 . 7 8  
2 . 6 0  
2 . 5 3  
2 . 6 7  
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Table A . 9 .  Averaged height growth (mm) over a 12 week per iod  f o r  
8 l o b l o l l y  pine families exposed to three ozone levels 

under laboratory conditions. 

Charcoal - 
Family f i l t e r ed  l60ppb 320 ppb 

2 

3 

4 

5 

6 

8 

9 

10 

14 

36 

61 

20 

17 

23 

80 

36 

22 

45 

48 

18 

30 

35 

72 

28 

24 

48 

4 7 

24 

23 

37 

59 

36 



Table A.lO. Average diameter growth (mm) over a 1 2  week period 
for 8 loblolly pine families exposed to three ozone levels 

under laboratory conditions. 

Charcoal - 
Family f i l t e r e d  160 ppb 320  ppb 

2 

3 

4 

5 

6 

a 

9 

10 

1 . 2 3  

1 . 0 9  

1 . 3 4  

1 . 1 5  

1 , 3 1  

1 . 3 3  

1 . 9 5  

1 . 1 8  

1 . 3 6  

1 . 0 9  

1 . 3 2  

1 . 3 4  

1 . 4 3  

1.72 

1 . 5 4  

1 . 3 1  

1 . 3 6  

1 .14 

1 . 0 9  

1 . 1 6  

1.20 

1 . 5 0  

1 . 3 6  

1 . 2 4  
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Table A.11- Average family total weights of seedlings at t w o  harvest 
times from the labora tory  experiment ( 9 )  

6-week harvest 12-week harvest 
_. 

Family Charcoal- Charcoal - 
filtered 160 ppb 320 ppb filtered 160 ppb 320 ppb 

2 2 . 3 8  2 , 3 9  2.18 3.52 3.75 3.80 

3 2.79 2.80 2.82 4.07 3.95 4.42 

4 2.36 2.20 2.31 3.69 3.23 3.10 

5 2.51 2.60 2 -43 4.04 4.46 4.47 

6 1.74 1.70 1.53 2.84 2.97 2.71 

8 3.49 3,36 3.53 5.14 4.99 5.18 

9 4.52 4.08  4.26 5.58 5.79 5.26 

10 3 . 4 2  2.76 2.83 4.26 4.04 4.42 





APPENDIX B. 
STATISTICAL ANALYSES OF TREATMENT EFFECTS ON A FAMILY 

BY-FAMILY BASIS FOR FIELD- AND LABORATORY-GROWN SEEDLINGS 
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Table B.1. .  Seedling diameter r e s p o n s e s  t o  ozone in the field, 

Family Source DF Type I11 ss F value PR > F 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diarn 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diarn 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  

2 
2 
1 

30 
2 
2 
1 

30 
2 
2 
1 

25 
2 
2 
1 

30 
2 
2 
1 

25 
2 
2 
1 

30 
2 
2 
1 

29 
2 
2 
1 

26 
2 
2 
1 

27 
2 
4 
1 

65 
2 
4 
1 

68 

0 . 3 6 4  
0 . 2 3 3  
0 .003 
4 . 2 9 8  
1 . 0 4 0  
0 . 0 7 0  
0 . 3 9 2  
6 . 0 3 7  
1 . 5 8 0  
1 . 2 6 9  
0 . 4 1 7  
3 . 9 0 3  
0 . 9 9 7  
0 , 2 6 5  
0 . 1 2 9  
7 . 4 9 4  
0 . 6 7 9  
0 , 9 5 9  
0 . 3 6 2  
I. 726 
0 . 3 6 5  
0 . 1 8 0  
0 . 1 1 6  
7 .716 
0 . 1 2 7  
2 . 0 8 4  
1.440 
7 . 1 3 7  
1 . 5 4 8  
0 . 5 4 0  
0 . 2 8 9  
8 . 8 2 8  
0 , 1 3 7  
0 .555 
0 . 0 8 8  
5 . 8 9 0  
1 . 2 6 2  
5 . 6 6 8  
0 . 6 5 8  

1 5 . 3 2 9  
1 , 8 5 3  
1 . 2 1 0  
0 . 2 7 3  

2 0 . 3 1 1  

1 . 2 7  
0 . 8 1  
0 . 0 2  

2 . 5 8  
0 . 1 7  
1 . 9 5  

5 . 0 6  
4 . 0 6  
2 . 6 7  

1 . 9 9  
0 . 5 3  
0 . 5 2  

4 . 9 2  
6 . 9 5  
5 . 2 4  

0 . 7 1  
0 . 3 5  
0 . 4 5  

0 . 2 6  
4 . 2 3  
5 . 8 5  

2 . 2 8  
0 . 8 0  
0 . 8 5  

0 . 3 1  
1 . 2 7  
0 . 4 0  

2 . 6 8  
6.01 
2 . 7 9  

3 . 1 0  
1 .01  
0 . 9 1  

0 e 2950 
0 4528 
0 . 8 8 4 8  

0 . 0 9 2 2  
0 ~ 8422 
0 1732 

0 . 0 1 4 3  
0 e 0297 
0 ~ 1146 

0 1537 
0 I 5936 
0 4776 

0 I 0158 
0 0040 
0 ”  0307 

0 . 5 0 0 2  
0 . 7 0 8 1  
0 . 5 0 6 2  

0 , 7 7 4 0  
0 . 0 2 4 4  
0 . 0 2 2 1  

0 , 1 2 2 4  
0 . 4 6 2 0  
0 . 3 6 4 4  

0 ”  7 3 3 1  
0 I 2967 
0 . 5 3 1 7  

0 . 0 7 6 5  
0 . 0 0 0 4  
0 . 0 9 9 7  

0 . 0 5 1 4  
0 . 4 0 7 0  
0 ”  3426 
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Table B. 1 (continued) 

Family Source DF Type 111 ss F value PR > F 

2 3  

2 4 

1 3  Block 
Ozone 
Diam 1 
Error 

14 Block. 
Ozone 
Diam 1 
Error 

1 5  Block 
Ozone 
Diam 1 
Error 

1 6  Block 
Ozone 
Diam 1 
E r r o r  

17 Block 
Ozone 
Diarn 1 
E r s o r  

18  Block 
Ozone 
Diam 1 
E r r o r  

19 Block 
Ozone 
Diam 1 
Error  

20  Block 
Ozone 
Diain 1 
E r r o r  

2 1  Block 
Ozone 
Diarn 1 
Error 
Block 
ozone 
Eiam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  

2 
4 
1 

70  
2 
4 
1 

70  
2 
4 
1 

7 0  
2 
4 
1 

6 9  
2 
4 
1 

6 2  
2 
4 
1 

67  
2 
4 
1 

50 
2 
4 
1 

6 8  
2 
4 
1 

6 8  
2 
4 
1 

86 
2 
4 
1 

66 

1 . 8 6 8  
0 . 7 5 0  
0 . 7 7 5  

2 0 . 0 6 0  
0 . 2 4 4  
3 . 2 2 7  
0 . 7 1 4  

2 2 . 4 8 1  
0 . 2 1 2  
1 . 0 0 6  
0 . 0 2 7  

J.7.292 
0 . 2 9 4  
I. 547 
0 . 7 6 5  

1 2 . 3 2 5  
1 . 7 3 4  
2 . 1 6 4  
0 . 0 2 3  

1 5 . 3 9 0  
0 . 0 3 3  
0 . 5 2 8  
0.721 

1 2 . 8 3 4  
0 . 2 7 7  
2 . 8 0 8  
0 . 0 0 5  

1.7.475 
0 . 7 6 6  
0 . 8 5 3  
0 . 9 9 0  

1 9 . 5 5 8  
1.7L1 
0 . 8 9 7  
0.101 

1 7 . 5 6 9  
1 . 6 4 8  
2 A 5 0  
0 .060  

2 1 . 2 3 5  
1 ”  5 9 1  
0 . 9 1 3  
0 . 3 5 9  

1 7 . 7 4 8  

3 . 2 6  
0 . 6 5  
2 . 7 0  

0 . 3 8  
2 . 5 1  
2 . 2 2  

0 . 4 3  
1 . 0 2  
0 , 1 1  

O ” 8 2  
2 . 1 6  
f+.28 

3 . 4 9  
2 . 1 8  
0 . 0 9  

0 . 0 9  
0 . 6 9  
3 . 7 7  

0 .40  
2 . 0 1  
0 . 0 1  

1 . 3 3  
0 . 7 4  
3 . 4 4  

3 . 3 7  
0 , 8 7  
0 . 3 9  

3 . 3 4  
2 . 4 8  
0 . 2 4  

2 . 9 6  
0 . 8 5  
1 . 3 3  

O.Oh43 
0 . 6 2 5 6  
0 . 1 0 4 6  

0 . 6 8 5 3  
0 . 0 4 9 3  
0 , 1 4 0 5  

0 . 6 5 3 4  
0 . 4 0 4 2  
0 . 7 4 1 9  

0 .  4 4 3 9  
0 . 0 8 2 0  
0 . 0 4 2 3  

0 . 0 3 6 5  
0 . 0 8 1 7  
0 . 7 6 2 3  

0 . 9 1 8 2  
0 . 6 0 1 8  
0 . 0 5 6 5  

0 . 6 7 4 7  
0 . 1 0 7 6  
0 . 9 0 8 5  

0 . 2 7 0 8  
0 . 5 6 7 1  
0 . 0 6 7 9  

0 . 0 4 0 3  
0 . 4 8 8 0  
0 . 5 3 3 8  

0 . 0 4 0 2  
0 .0498 
0 . 6 2 4 6  

0 . 0 5 8 8  
0 . 4 9 9 5  
0 . 2 5 2 3  
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Table B .I (continued) 

Family Source DF Type 1x1 ss F value PR > F 

25 

26 

27 

28 

29 

30 

31  

32 

33 

34 

35 

Block 
Ozone 
D i m  1 
Error 
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
Error 
Block 
02 one 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diarn 1 

Block 
Ozone 
Diam 1 
Error 
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
D i m  1 
Error 
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
Error 

Error 

2 
4 
1 
67 
2 
4 
1 
61 
2 
4 
1 
70 
2 
4 
1 
70 
2 
4 
1 
70 
2 
4 
1 
69 

2 
4 
1 
62 
2 
4 
1 

107 
2 
4 
1 
85 
2 
4 
1 
62 
2 
4 
1 
70 

0.499 
1.636 
e,. 001 
17.291 
0.351 
P. 885 
3 a 868 

10,983 
1 . 4 2 7  
1.873 
0.827 
21.775 
0.576 
2.519 
2.972 
18.212 
3.059 
2.272 
0.444 
16.331 
1.472 
2.326 
0.002 

14 "522 
1.735 
0.741 
0.022 

1.809 
1.572 
5.266 
22.988 
1.684 
1 . 1 1 5  
0.016 
21.225 
1.562 
1. 104 
0.603 
11 * 892 
0.790 
0.710 
0.203 
15.632 

u . 0 2 8  

0.97 

0.00 
1.58 

0.97 
2.62 
21.48 

2 . 2 9  
1.51 
2 . 6 6  

1.11 
2.42 
11 I 42 

6.56 
2.43 
1.90 

3.50 
2.76 
0.01. 

3.16 
0.67 
0.08 

4.21 
1.83 
24.51 

3.37 
1.12 
0.07 

4.07 
1.44 
3.14 

1.66 
0.75 
0.85 

0.3857 
0.1885 
0.9459 

0.3834 
8.0436 
0.0001. 

0.1085 
0.2101 
0.1075 

0.3362 
0.0564 
0.0012 

0.0025 
0.0553 
0.1719 

0.0358 
0.0342 
0.9273 

0.0494 
0.61.24 
0.7797 

0.0174 
0.1286 
0.0001 

0.0389 
0.3544 
0.7993 

0.0218 
0.2318 
0.0811 

0.19661) 
0 . 5 6 3 4  
0.3585 
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Table B . l  (continued) 
. . _._.__llills_I ____ 

F value PR > F Family Source DF Type 111 s s  

38 

39 

4 0  

41 

4 2  

43 

44 

4 5  

4 6  

36  B3. ock 
0 zone 
D i a m  1 
E r r o r  

37 Rl-ock 
Ozone 
Diam 1 
Er ro r  
Block 
Ozone 
D i a m  1 
Error 
Block 
Ozone 
D i a m  1 
E r r o r  
Block 
OZ0t -E 

D i a m  1 
E r r o r  
Block 
Ozone 
D i a m  I 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
D i a r n  1 
E r r o r  
Block 
Ozone 
D i a m  1 
E r r o r  
Block 
Oz 0 ne 
D i a m  1 
E r r o r  
Block 
Ozone 
D i m  1 
E r r o r  

2 
4 
3. 

7 0  
2 
4 
1 

6 9  
7. 
4 
1 

6 8  
2 
4 
1 

70 
2 
4 
1 

7 0  
2 
4 
1 

6 8  
2 
4 
1 

6 8  
2 
4 
1 

7 0  
2 
4 
1 

1 0 6  
2 
4 
1 

52 
2 
4 
1 

68  

0 . 1 2 9  
1 . 0 3 8  
3 0 5 2  

1 3 . 2 2 8  
0 . 7 2 9  
1.866 

1.7 .253 
1 8 . 6 5 8  

3 . 0 8 1  
0 . 4 6 7  
0 . 0 5 5  

1 2 , 8 7 0  
0 . 3 9 5  
1 . 5 0 7  
0 . 2 7 6  

15.481 
2 . 0 3 7  
1.292 
0 . 0 9 2  

1 3 . 3 3 3  
1 . 5 5 2  
1 . 7 1 6  
1 . 2 5 8  

1 2  ~ 0 0 8  
0 . 6 3 8  
1 . 4 8 1  
0 . 0 2 1  

1 3 . 3 5 8  
0 . 2 0 9  
1 . 0 0 1  
0 . 2 6 8  
8 I 7 9 2  
0 . 5 1 9  
2 " 0 4 2  
0.115 

2 8 . 6 6 1  
1 . 9 7 2  
0. 8 6 6  
0 . 0 1 8  

1 6 . 8 7 5  
0 . 3 1 4  
0 I 71.6 
1 . 4 4 5  

1 5 . 5 5 8  

0 . 3 4  
1 . 3 7  

1 6 . 1 5  

1 . 3 5  
1 . 7 3  

6 3 . 8 0  

8 . 1 4  
0 . 6 2  
0 . 2 9  

0 . 8 9  
1 . 7 0  
1 . 2 5  

5 . 3 5  
1.70 
0 . 4 8  

4 . 3 9  
2 . 4 3  
7 . 1 2  

1 . 6 2  
1 . 8 9  
0 . 1 1  

0 . 8 3  
1 . 9 9  
2 . 1 3  

0 . 9 6  
1 . 8 9  
0 . 4 2  

3 . 0 4  
0 . 6 7  
0 . 0 5  

0 . 6 9  
0 . 2 h  
6 . 3 2  

0.71.13 
0 . 2 5 2 1  
0 . 0 0 0 1  

0 . 2 6 6 3  
0 ~ 1 5 4 3  
0.0001 

0 . 0 0 0 7  
0 . 6 5 2 1  
0 . 5 9 0 3  

0 . 4 1 3 6  
0 . 1 5 9 0  
0 . 2 6 7 7  

0 . 0 0 6 9  
0 . 1 6 0 7  
0.4889 

0 . 0 1 6 0  
0 . 0 5 5 9  
0 . 0 0 9 5  

0 . 2 0 4 7  
0 .1230 
0 . 7 4 4 3  

0 . 4 3 9 0  
0 . 1 0 5 0  
0 . 1 4 8 5  

0 . 3 8 6 0  
0 . 1 1 7 8  
0 . 5 1 6 1  

0 . 0 5 6 5  
0 . 6 1 7 8  
0.8155 

0 . 5 0 6 8  
0 . 9 1 7 1  
0 . 0 1 4 3  
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Table B .  1 (continued) 

Family Source DF Type I11 s s  F v a l u e  PR > F 

47 

48 

49 

50 

51 

52 

53 

54 

55 

Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
Error 
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  
Block 
Ozone 
Diam 1 
E r r o r  

2 
4 
1 

68 
2 
4 
1 

65 
2 
4 
1 

70 
2 
4 
1 

74 
2 
4 
1 

98 
2 
4 
1 

2 
4 
1 

68 
2 
4 
1 

57 
2 
4 
1 

52 

6 8  

2.356 
2.685 
0 .155  

19 .459  
3.425 
1 .940  
0.066 

1 8 . 2 6 1  
2 .731  
1 .342  
0.759 

18.387 
0 . 3 1 1  
0.246 
1.318 

16.914 
0 . 8 6 1  
0.796 
0.645 

24.683 
0.442 
2.957 
0.469 

24.342 
0.143 
2.077 
0.289 

11.234 
0.292 
1 .185  
0 . 3 3 7  

12.582 
0 . 0 0 1  
0 .787  
0 0 4 3  

12.814 

4 . 1 2  
2 .35  
0.54 

6 .10  
1 . 7 3  
8 . 2 3  

5 . 2 0  
1 . 2 8  
2 .89  

0 . 6 8  
0 . 2 7  
5.77 

1 . 7 1  
0 . 7 9  
2.56 

0 . 6 2  
2.07 
1 . 3 1  

0 . 4 3  
3 . 1 4  
1 . 7 5  

0 .66  
1 . 3 4  
1 . 5 3  

0 .00  
0 . 8 0  
0 . 1 8  

0.020s 
0.063% 
0.4648 

0.0037 
0.1548 
0.6298 

0.0079 
0.2872 
0.0936 

0.5099 
0.8968 
0.0188 

0.1862 
0 .5341 
0.1129 

0.5425 
0.0950 
0.2562 

0.6514 
0.0197 
0 .1901 

0.5201 
0.2655 
0.2219 

0 * 9981 
0.5318 
0.6772 
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Table B.2. Seedling height  responses to ozone i n  the field 

Fanily Source DF Type 1x1 s s  F value PR > F 

9 

10 

11 

1 2  

2 Block 
Ozone 

E r r o r  
3 Block 

Ozone 
Hgt I 
Error 

4 Block 
Ozone 

Erro r  
5 Block 

Ozone 

Error  
6 Block 

oz O n e  

Error  
Block 
Ozone 

Error- 
Block 
Oz O r l e  

Er ror  
Block 
Ozone 

E r r o r  
Block 
Ozone 

Error 
Block 

Ilgt I. 

Mgt 1 

I-lgtc 1 

Mgt 1 

I-lgt 1 

H g t  1 

Hgt 1 

Egt 1 

OZoAe 
Xgt 1 
Error 
Block 
Ozolne 
Hgt 1 
Error 

2 
2 
1 

30 
2 
2 
1 
30 
2 
2 
1 
25 
2 
2 
1 
29 
2 
2 
1 
25 
2 
2 
1 
30 
2 
2 
1 
29 
2 
2 
1 
26 
2 
2 
1 
26 
2 
4 
1 
55 
2 
4 
1 
67 

1568.94 
169.75 
3228.77 
7697.34 

6 9 1  I 79 
80.41 
665.80 

10346,85 
3255.0.1 
375.85 
14.21 

14068.72 
88.93 
289.94 
67.74 

12598.60 
907.07 
4127.89 
440 ~ 30 
9595" 48 
1145.97 
64. 49 
849. 66 

15585.45 
2478.05 
1313,63 
1323.47 
19888.04 
2260.11 
583.25 
266.36 

26777.79 
302.38 
2903.29 
1527.69 
15155.68 
1468.55 
4611.21 
6971.9.5 
32493.88 
370.46 
3254.71. 
3452.63 
S3890133 

3.05 
0.33 

1.2" 58 

1.00 
0.12 
1.93 

2.89 
0.33 
0.03 

0.10 
0.33 
0.15 

1.1.8 
5.38 
1.1s 

1 . 1 0  
0.06 
1 . 6 4  

1.81 
0.96 
1.93 

1.10 
0.28 
0.26 

0.26 
2.49 
2.62 

1 I 47 
2 I 31 
13.95 

0.23 
1.01. 
4.29 

0.0619 
0 7209 
0.0013 

0.3788 
0.8904 
0.1749 

0.0742 
0.7192 
0.8750 

0.9030 
0.7190 
0.5958 

0.3233 
0.0114 
0.2944 

0.3450 
0.9399 
0.2108 

0.1822 
0.3955 
0.1.754 

0.3488 
0.7557 
0.6154 

0.7735 
0.1024 
0.1175 

0.2377 
0.0675 
0.0004 

0.7949 
0.4078 
0.0421 
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Table B.2 (continued) 
- 

Family Source DF Type XI1 ss F value PR > F 

13 

14 

15 

16 

17 

18 

19 

20 

21 

23 

24 

Block 
Ozone 

E r r o r  
Block 
Ozone 
Hgt 1 
E r r o r  
Block 
Ozone 

E r r o r  
Block 
Ozone 

E r r o r  
Block 
Ozone 

E r r o r  
Block 
Ozone 

Error 
Block 
Ozone 
H g t  1 
E r r o r  
Black 
Ozone 
Hgt 1 
E r r o r  
Block 
Ozone 

Hgt 1 

Wgt 1 

Hgt 1 

Ugt: 1 

Hgt 1 

Hgt 1 
E r r o r  
Elock 
Ozone 
Hgt 1 
E r r o r  
Block 
Ozone 
Hgt 1 
E r r o r  

2 
4 
1 
70 
2 
4 
1 
68 
2 
4 
1 
70 
2 
4 
1 
67 

2 
4 
1 
62 
2 
4 
1 
67 
2 
4 
1 
50 
2 
4 
1 
68 
2 
4 
1 
68 
2 
4 
1 
86 
2 
4 
1 
65 

l19,22 
548.67 
1523.16 
18996.36 
124.10 
1226.71 
2545.20 
12519.41 
795.98 
3618.11 
4682.42 
19614 ~ 20 
518.21 
2695.61 
3604.97 
20160.14 
766.75 
2349.83 
2228.63 
16861,3? 

28.34 
2902.92 
573.48 

17965.04 
1042.13 
6543.30 
302.92 

25210 ~ 71 
356.61 
5544 ~ 87 
7141.10 
19549.73 
920.16 
5063.17 
124.82 

20438.21 
1863.87 
11166 a 09 
1532 ~ 19 
58865.36 
7345.90 
4465.20 
6363.10 
31124.84 

0.22 
0.52 
5.61 

0.34 
I. 67 
13.82 

1.42 
3.23 
16,71 

0.86 
2.24 
11.98 

1.41 
2.16 
8.19 

0.0s 
2.71 
2.14 

1.03 
3.24 
0.60 

0.62 
4.82 
24.84 

1.53 
4.21 
0.42 

1.36 
4.08 
2.24 

7.67 
2.33 

1.3.29 

0.8033 
0.7185 
0.0206 

0.7151 
0.1681 
0.0004 

0.2485 
0.0172 
0.0001 

0.4273 
0 ~ 0739 
0.0009 

0.2519 
0.0839 
O.QOS7 

0.9486 
0.0375 
0.1483 

0.3633 
0.0192 
0.4419 

0.5409 
O.ol018 
0.0001 

0.2237 
0.0042 
0.5215 

0.2617 
0.0045 
0.1383 

0.0010 
0.0651 
O.OOO5 
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Tab le  R 2 (continued) 

Family Source DF Type III s s  F value PR > F 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

Block 
Ozone 

E r r o r  
Block 
Ozone 

E r r o r  
Block 
Ozone 
Hgt 1 
E r r o r  
Block 
Ozone 

Error 
Block 
Qzolle 
Hgt 1 
E r r o r  
Block 
Ozone 

E r r o r  
Block 
Ozone 
Hgt 1 
Error 
Block 
Ozone 
Hgt 1 
Error  
Block 
Ozone 
Hgt I 
E r r o r  
Block 
Ozone 

Error 
Block 
Ozone 

E r r o r  

Ngt 1 

Hgt 1 

Hgt 1 

Hgt 1 

Mgt 1 

Hgt 1 

2 
4 
1 
67 
2 
4 
1 
61 
2 
4 
1 

70 
2 
4 
1 
70 
2 
4 
1 
69 
2 
4 
1 
69 
2 
4 
1 
62 
2 
4 
1 

107 
2 
4 
1 
81 
2 
4 
1 
61 
2 
4 
1 
70 

549.97 
h677.68 
2388.12 
18827.19 

99.75 
8562.69 
1904.18 

49049.90 
3349.56 
13881.81 
7457.26 
86929.21 
494.19 
2054.56 
2582.71 
18096.08 
313 ~ 16 

15337.24 
6223.82 
55000 ~ 38 
3176.86 
9322 I 55 
1438.58 
37770.99 
3602.77 
994.20 
186.75 

33982 I 52 
1736.88 
3019.96 
20079.58 
66132.74 

90.77 
7941.83 
524" 61 

26946.87 
995.52 
1892 I 89 

19510 I 65 
1623.84 
548,85 
84.81 

19382 ~ 39 

2588.92 

1.15 
4.16 
8.50 

0.06 
2.66 
9.83 

1.35 
2 '79 
6.00 

0.96 
2.00 
9.99 

0.20 
5.12 
7.81 

2.90 
4.26 
2.63 

3.29 
0.45 
0.34 

1.41 
1.22 
32.49 

0.14 
5.97 
1.88 

1.56 
1.48 
4.97 

2.93 
6 .50  
0.31 

0.320% 
0 0045 
0.0048 

0.9399 
0.0409 
0 ~ 0026 

0.2662 
0.0326 
0.0168 

0.3895 
0 I 1045 
0.0023 

0.8221 
0.001.1 
0.0067 

0.0617 
0.0039 
0.1096 

0.0440 
0.7695 
0.5615 

0.2498 
0.3060 
0.0001 

0 I 8727 
0.0003 
0.1744 

0.2192 
0.2195 
0.0295 

0.0599 
0.7390 
0.5817 
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Table B . 2  (continued) 

Type I11 s s  F value PR > F Family Source DF 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

Block 
Ozone 

E r r o r  
Block 
Ozone 

E r r o r  
Block 
Ozone 

E r r o r  
Block 
Ozone 

E r r o r  
Block 
Ozone 
Hgt 1 
E r r o r  
Block 
Ozone 
Hgt 1 
E r r o r  
Block 
Qz one 

E r r o r  
Block 
Ozone 
Hgt 1 
E r r o r  
Block 
Ozone 
Hgt 1 
E r r o r  
Block 
Ozone 

Error 
Block 
Ozone 
Hgt 1 
E r r o r  

Ilgt 1 

H g t  1 

Wgt 1 

Hgt 1 

Hgt 1 

Hgt 1 

2 
4 
1 

69 
2 
4 
1 

69 
2 
4 
1 

65 
2 
4 
1 
70 
2 
4 
1 
70 
2 
4 
1 

65 
2 
4 
1 

67 
2 
4 
1 

68 
2 
4 
1 

105 
2 
4 
1 

5 2  
2 
4 
1 

67 

330.17 
2516.11 
3215.91 

17894.68 
738.32 

4465.57 
5832.51 

18553 -06 
1613.79 
1144.73 
5528.02 

26430.08 
1078.05 
5115.23 
3572.17 

25043.45 
1269 I 69 
6563.23 
4336.32 
32537.94 

544.20 
1193.18 
3587.87 

21726.45 
5449.75 
3638.04 
6395.54 

31362.33 
716.33 

2919.42 
4089.36 

15985.23 
277.80 

3456.80 
6152.83 

33688.13 
2648.96 
2357.68 
3430.52 

32169.54 
2248.12 
4458.51 
1758.49 

24179.29 

0.64 
2.43 

12.40 

1.37 
4.15 

21.69 

1.98 
0.70 

13.60 

1.51 
3.57 
9.98 

1.37 
3.53 
9.33 

0.81 
0.89 

10.73 

5 " '52 
1.94 

13.66 

1.52 
3.10 

17.40 

0.43 
2.69 

19.18 

2.14 
0.95 
5.55 

3.11 
3.09 
4.87 

0.5322 
0.0561 
0.0008 

0.2602 
0.0045 
0.0001 

0.1457 
0.5922 
0.0005 

0.2287 
0.0104 
0.0023 

0.2619 
0.0111 
0.0032 

0.4475 
0.4736 
O.OOL7 

0.0047 
0.1134 
0. OOOh 

0.2253 
0.0208 
0.0001 

0.6498 
0.0349 
0.0001 

0.1278 
0.4413 
0.0223 

0.0509 
0.0214 
0.0307 
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Table B . 2  (continued) 
.---- I_s__ ....... _._ ....... -_____ -- 

Family Source DF Type 111 s s  F value PR > F 

48 

49 

47 Block 
Ozone 

E r r o r  
Block 
Ozone 

E r r o r  
Ul ock 
Ozone 
Hgt 1 
E r r o r  

50 Block 
Ozone 

E r r o r  
51  Block 

Ozone 

E r r o r  
5 2  Block 

Wgt 1 

Hge 1 

Hgt 1 

Hgt 1 

Ozone 
Hgt 1 
E r r o r  

53 BLock 
Ozone 

E r r o r  
54 Block 

Ozozle 

E r r o r  
55 Block 

Ozone 

E r r o r  

Hgt l 

Ilgt 1 

Hgt 1 

2 
4 
1 

65 
2 
4 
1 

64 
2 
4 
1 

70  
2 
4 
1 

73 
2 
4 
1 

9 7  
2 
4 
1 

67 
2 
4 
1 

6 8  
2 
4 
1 

57 
2 
4 
1 

52 

113.16 
2969.53 

21.20 
20222 I 07 

1 2 "  82  
1306.18 

1 . 6 1  
15034.61 

1645.23 
4235. 79 
1046.20 

28986.42 
253.73 

1563" 2 1  
2078.72 

241 33 " 85 
2824 65  
3418 I 78 
5242,32 

53904.65 
572.76 

6839.35 
894.53 

79512.98 
90 .48  

3400.01 
1285.55 

31290.51 
388.46 

2401.26 
7[+5.12 

17359 I 44 
1182.96 
3771.76 
2528 I 49 

22872.76 

0 .18  
2.39 
0 . 0 7  

0 .03  
1 . 6 0  
0 . 0 1  

1 . 9 3  
2 .56  
2 , 5 3  

0 . 3 8  
1 . 1 8  
6.29 

2.54 
1 . 5 4  
9 . 4 3  

0 . 2 4  
1 . 4 4  
0 . 7 5  

0 .10  
1 . 8 5  
2 .79  

0.97 
1 . 9 7  
2.65 

1.. 34 
2 . 1 4  
5 .75  

0.8341. 
0 .0601 
0.79rc9 

0 .9731 
0.1844 
0.9343 

0.1448 
0.0462 
0 , 1 1 6 5  

0.6827 
0.3259 
0.0141* 

0 ,0840 
0.1972 
0.0028 

0.7863 
0.2302 
0.3884 

0.9066 
0.1299 
0.0992 

0.3867 
0.1112 
0.1233 

0.2695 
0.0885 
0 .0201 
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Table B . 3 .  Ozone*rain Interaction effects on seedling diameter 

Family Source DF Type 111 ss  F value PR > F 

2 

3 

7 

8 

Block 
Ozone 
Rain 
O * K  
Dim 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
E r r o r  
Block 
Ozone 
Rain 
Q * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
D i a m  1 
Error 

2 
2 
2 
4 
1 

108 
2 
2 
2 
4 
1 

108 
2 
2 
2 
4 
1 
88 
2 
2 
2 
4 
1 

108 
2 
2 
2 
4 
1 

100 
2 
2 
2 
4 
1 

104 
2 
2 
2 
4 
1 

102 

1.734 
0.343 
1,196 
0.445 
0.013 
22.939 
1.493 
0.786 
0.185 
0.352 
2.6.55 
25.447 
5.342 
1.805 
0.014 
1.493 
0.099 
17.585 
1.175 
0.157 
0.923 
0.740 
0.735 
27 I 049 
3.579 
0.976 
0.007 
0.762 
0.011 
13.608 
1,544 
0.294 
0.049 
0.573 
0.023 
26 ~ 579 
0.581 
1.901 
0.033 
I .  413 
3.264 
25.959 

4.08 
0.81 
2.82 
0.52 
0.06 

3.17 
1.67 
0.22 
0.37 
11.27 

1.3.37 
4.52 
0.04 
1.87 
0.50 

2.34 
0.31 
1.84 
0.74 
2.93 

13.15 
3.59 
0.03 
1.40 
0.08 

3.02 
0.57 
0.1.0 
0.56 
0.09 

1.14 
3 . 7 4  
0.07 
1.39 
12.82 

0.0195 
0.4486 
0.0643 
0.7183 
0.8866 

0.0460 
0.1933 
0.8004 
0.8269 
0.0011 

0.0001 
0,0136 
0.9649 
0.1231 
0.4824 

0.1.007 
0.7313 
0.1632 
0.5675 
0.0897 

0.0001 
0.0313 
0.9743 
0.2396 
0.7772 

0.0530 
0.5646 
0.9079 
0.6921 
0.7643 

0.3232 
0.0272 
0.9370 
0.2434 
0.0005 
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Table B.3 (continued) 

Family Source 

10 

11 

1 2  

1 3  

14 

1 5  

9 Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diarn 1 
E r r o r  
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Kain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O - k R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O - k R  
Diam 1 
E r r o r  
Block 
Ozone 
Rain 
O * R  
Diam 1 
E r r o r  

DF Type LII ss F value PR > F 

2 
2 
2 
4 
1 

93 
2 
2 
2 
4 
1 

94 
2 
2 
2 
4 
1. 

101 
2 
2 
2 
4 
1. 

109 
2 
2 
2 
4 
1 

110 
2 
2 
2 
4 
1 

113 
2 
2 
2 
4 
1 

109 

3.146 
0.200 
0.066 
0.556 
0.579 

27.554 
2 .  313 
1 . 2 7 8  
0.310 
2.022 
0.066 

37.335 
2.978 
0 .278  
0 .543  
2.490 
0.075 

24.684 
2.146 
0.837 
0 .284  
1.429 
0 .494  

29.690 
1 . 2 2 2  
1 .127 
0.046 
1.402 
0 .200  

25.642 
0.987 
0.552 
0.426 
2 .441  
0.949 

26.963 
2.589 
0 .090  
0.197 
1 . 7 0 0  
0.007 

25.998 

5 . 3 1  
0 . 3 4  
0 . 1 1  
0 . 4 7  
1 . 9 5  

2 . 9 1  
1. " 6 1  
0.39 
1 . 2 7  
0.17 

6 .09  
0 . 5 7  
1.11 
2.55 
0 . 3 1  

3.94 
1 . 5 4  
0.52  
1 . 3 1  
1 . 8 2  

2 .62  
2 .42  
0.1.0 
1 . 5 0  
0 . 8 6  

2 .07  
1 . 1 6  
0.89 
2.56 
3.98 

5 . 4 3  
0.1.9 
0.41 
1 . 7 8  
0 .03  

0.0066 
0.7145 
0.8949 
0.7585 
0.1654 

0.0593 
0.2055 
0 .  6778 
0 .2861 
0.6839 

0.0032 
0.5675 
0 .3331 
0.0439 
0.5807 

0.0223 
0.2197 
0.5953 
0.2703 
0.1807 

0.0772 
0.0939 
0.9056 
0.2060 
0 .3561 

0.1312 
0.3184 
0.4121. 
0 .0425 
0.0486 

0.00.57 
0.8278 
0.6633 
0.1.377 
0.8613 
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Table 8 . 3  (continued) 

Family Source DF Type 111 ss F value PR > F 

16 Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 

17 Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 

18 Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 

19 Block 
Ozone 
Ra in 
O * R  
Diam 1 
Error 

20 Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 

21 Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 

23 Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 

2 
2 
2 
4 
1 

111 
2 
2 
2 
4 
1 

100 
2 
2 
2 
4 
1 

111 
2 
2 
2 
4 
1 
82 
2 
2 
2 
4 
1 

110 
2 
2 
2 
4 
1 

107 
2 
2 
2 
4 
1 

111 

1.449 
0.806 
1.290 
0.693 
0.022 
26.942 
0.373 

0.203 
1.444 
0.066 
16.667 
1.143 
1.112 
1.430 
0 , 5 6 8  
0.000 
22.771 
1.123 
2.151 
0.061 
1.665 
0.208 
27.046 
0.163 
0.315 
0.734 
1.579 
1.246 
34.980 
0.034 
0.760 
0.216 
0.283 
1.133 
24.443 
0.120 
0.246 
0.641 
1.840 
1.079 
29.818 

0.385 

2.99 
1.66 
2.66 
0.71 
0.09 

1.12 
1.15 
0.61 
2.17 
0.40 

2.79 
2.71 
3.49 
0.69 
0.00 

1.70 
3.26 
0 . 0 9  
1.26 
0.63 

0.26 
0.49 
1.15 
1.24 
3.92 

0.07 
1.66 
0.47 
0.31 
4.96 

0.22 
0.46 
1 .19  
1.71 
4.02 

0.0546 
0.1947 
0.0747 
0.5844 
0.7623 

0.3310 
0.3194 
0.5463 
0.0783 
0.5291 

0.8660 
0.0710 
0.0340 
0.5990 
0.9941 

0.1886 
0.0434 
0.9112 
0.2916 
0.4291. 

0.7748 
0.6112 
0.3190 
0.2976 
0.0503 

0.9291 
0.1943 
0.6240 
0.8711 
0.0280 

0.8005 
0.6339 
0.3072 
0.1523 
0.0474 
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Table B,3 (continued) 

Farnily Source DF Type 111 ss F value PR > F 
_I .__ 

25 

26 

27 

28 

29 

30 

24 Block 
Ozone 
Rain 
O * R  
Diai i i  1 
Error 
Block 
Ozone 
Rain 
Q * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * K  
Diam 1 
E r r o r  
Block 
Ozone 
Rain 
O * R  
Diam 3- 
Error 
Block 
Ozone 
Rain 
O * R  
D i m  1 
Error 
Block 
Ozone 
Rain 
O * R  
D i a m  1 
Error 
Block 
Ozone 
Rain 
O * R  
D i m  1 
Error 

2 
2 
2 
4 
1 

109 
2 
2 
2 
4 
1 

110 
2 
2 
2 
4 
1 
99 
2 
2 
2 
4 
1 

113 
2 
2 
2 
4 
1 

109 
2 
2 
2 
4 
1 

113 
2 
2 
2 
4 
1 

113 

0.208 
1.457 
0.982 
2 157 
0.702 
25.432 
7.029 
0.481 
0.446 
2" 901 
0.326 
33.281 
1.157 
1.987 
0.007 
I. 190 
0.958 
25.082 
1" 711 
0.923 
0 ~ 543 
0.473 
0.019 
32,387 
0.785 
0.219 
0.930 
3.934 
2 I 759 
31.833 
0.729 
0.395 
1.869 
2.564 
0,862 
18.626 
0.288 
1.986 
1.283 
1.285 
0.120 
22.596 

0.45 
3.12 
2.11 
2.31 
3.01 

11.62 
0.79 
0.74 
2.40 
1.08 

2.28 
3.92 
0.01 
1.17 
3.78 

2.99 
1.61 
0.95 
0.41 
0.07 

1.34 
0.37 
1.59 
3.37 
9.45 

2.21 
1.20 
5-67 
3.89 
5.23 

0.72 
4.97 
3.21 
1.61 
0.60 

0.6410 
0.0480 
0.1268 
0.0622 
0.0856 

0.0001 
0. 4544 
0.4805 
0.0546 
0.301.3 

0.1074 
0.0230 
0.9869 
0.3267 
0.054'1 

0.0545 
0.2043 
0.3906 
0.7991 
0.7961 

0.2650 
0.6885 
0.2082 
0.0122 
0.0027 

0.1142 
0.3057 
0.0045 
0.0054 
0.0240 

0.4891 
0.0086 
0 0441 
0 ~ 1775 
0.4403 
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Table B.3 (continued) 
- 

PR > F Family Source DF Type I11 ss F value 

31 

32 

33 

34 

35 

36 

37 

Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Erro r  
Block 
Ozone 
Rain 
Q * R  
Diam 1 
Error 

2 
2 
2 
4 
1 
97 
2 
2 
2 
4 
1 

174 
2 
2 
2 
4 
1. 

111 
2 
2 
2 
4 
1 
99 
2 
2 
2 
4 
1 

114 
2 
2 
2 
4 
1 

113 
2 
2 
2 
4 
1 

113 

0.477 
1.515 
0.955 
0.386 
0.357 
30.052 
3,707 
0.994 
0.684 
3.749 
4.206 
44.137 
5,565 
0.430 
1.251 
0.997 
0.052 
20.189 
I. 244 
1.125 
0.220 
0.831 
0.170 
19.558 
0.425 
0.642 
1.048 
0.313 
0.276 
32.762 
2.262 
0.873 
1.787 
2.107 
4.421 
28.014 
0.228 
0.891 
0.532 
3.310 
16.663 

0.77 
2.44 
1.54 
0.31 
1.15 

7.31 
1.96 
1.35 
3.69 
16.58 

15.30 
1.13 
3.44 
1.37 
0.29 

3.15 

0.56 
1.05 
0.86 

0 . 7 4  
1.12 
1.82 
0.71 
0.96 

4 . 5 6  
1.76 
3.60 
2.12 

2.85 

17. a3 

0.55 
2.14 
1.28 
3.97 
80.01 

0.4659 
0.0921 
0.2194 
0,8697 
0.2857 

0.0009 
0. 1440 
0.2622 
0.0065 
0.0001 

0.0001 
0.3105 
0.0356 
0.2490 
0.5925 

0.0473 
0.0628 
0.5744 

0.3557 

0.4794 
0.3306 
0.1661 
0.5888 
0.3294 

0.0124 
0.1767 
0.0304 
0.0323 
0.0001 

0.5799 
0.1224 
0.2828 
0. DO47 
0.0001 

0.3848 
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Table R .3 (continued) 

Family Source DF Type III ss  F value PR > F 

39 

40 

4 1 

42 

43 

44 

38 Block 
Ozone 
Rain 
O * K  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
E r r o r  
Block 
Ozone 
Rain 
O * R  
D i a r n  1 
Error 
Block 

Rafn 
O - k R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 7. 
Error 
Block 
Ozone 
Rain 
O a - R  
D i a m  1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Erro r  

OZOKle 

2 
2 
2 
4 
1 

111 
2 
2 
2 
4 
1 

108 
2 
2 
2 
4 
1 

108 
2 
2 
2 
4 
1 

110 
2 
2 
2 
4 
1 

109 
2 
2 
2 
4 
1 

114 
2 
2 
2 
4 
1 

169 

0.818 
0.671 
0.838 
0.560 
0.080 
41,223 
2.190 
1.961 
0.002 
2.588 
2.217 
28.773 
1.797 
3.696 
0.080 
0.256 
0.012 
31.560 
0.453 
0.026 
0.262 
2 I 323 
2 I 793 
19.160 
0.486 
0.678 
0.645 
2.722 
0.428 
30.443 
0.415 
0 433 
0.865 
0.58.7 
0,724 
16 I 729 
0,973 
2.506 
0.801 
2.693 
0.011 
36.531 

1.10 
0.90 
1.13 
0.38 
0.21 

4.11 
3.68 
0.00 
2.43 
8.32 

3.07 
5.32 
0.14 
0.22 
0.04  

1.30 

0.75 
3.33 
16.04 

0.87 
1.21. 
1.15 
2.44 
1.53 

1.41 
1.47 
2.95 
1.00 
4,94 

2.24 
5.78 
1.85 
3.11 
0.05 

0.08 

0.3362 
0. bQ81 
0.3274 
0.8247 
0.6440 

0.0190 
0.0284 
0.9971 
0.0521 
0.0047 

0.0503 
0.0025 
0.8723 
0.9275 
0.8386 

0.2766 
0.9269 
0.4736 
0.0128 
0.0001 

0.4221 
0.3010 
0.3190 
0.0514 
0.2183 

0.2475 
0.2334 
0.0563 
0.4108 
0 e 0283 

0 1.092 
0.0037 
0 ”  16.09 
0.0169 
0 I 8222 
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Table B.3 (continued) 

Family Source DF Type 111 s s  F value PR > F 

46 

47 

48 

49  

50 

51 

4 5 Block 
Ozone 
Rain 
O * R  
D i a m  1 
Error 
Block 
Ozone 
Rain 
0 * R 
Diam 1 
E r r o r  
Block 
Ozone 
Rain 
O * R  
D i a m  1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
Diam 1 
Error 
Block 
Ozone 
Eta in 
O * R  
Diam 1 
Error 
Block 
Ozone 
Rain 
O * R  
D i a m  1 
Error 

2 
2 
2 
4 
1 

84 
2 
2 
2 
4 
1 

111 
2 
2 
2 
4 
1 

107 
2 
2 
2 
4 
1 

109 
2 
2 
2 
4 
1 

11.3 
2 
2 
2 
4 
1 

97 
2 
2 
2 
4 
1 

156 

0 . 5 1 1  
0 . 1 3 2  
2 . 8 0 3  
1 , 9 1 1  
0 ~ 109 

2 8 . 4 2 1  
0 . 5 9 0  
1.343 
0 . 8 0 7  
1 . 5 5 4  
2 . 4 4 3  

28 .466 
0 .  125 
0 . 0 4 7  
0 . 0 4 5  
2 . 2 2 6  
0 . 3 4 6  

2 5 . 6 4 4  
0 . 5 2 0  
0 . 3 9 6  
0 . 1 9 7  
0 . 8 2 6  
2 . 8 7 5  

3 3 . 3 2 0  
0 .600 
0 a 805 
0 . 5 4 4  
1 . 1 7 6  
0 , 8 6 2  

2 6 . 1 3 4  
0 . 4 7 3  
0 ~ 405 
0 . 3 4 9  
0 . 1 4 0  
0 . 4 5 1  

24 .083 

0 . 8 0 4  
2.716 
0 . 5 2 2  
2 . 3 7 5  

4 8 . 5 0 8  

0.448 

0 , 7 6  
0 . 2 0  
4.14 
1 .41  
0 . 3 2  

1 . 1 5  
2 . 6 2  
1 . 5 7  
1.51 
9 . 5 3  

0 . 2 6  
0 . 1 0  
0 . 0 9  
2 , 3 2  
1.45 

0 . 8 5  
0 . 6 5  
0 . 3 2  
0 . 6 8  
9 . 4 1  

1 . 3 0  
1 . 7 4  
1 . 1 8  
1 . 2 7  
3 . 7 3  

0 . 9 5  
0 . 8 2  
0 . 7 0  
0 . 1 4  
1 . 8 1  

0 . 7 2  
1 . 2 9  
4 . 3 7  
0 . 4 2  
7 . 6 4  

0 . 4 7 2 9  

0 . 0 1 9 3  
0 . 2 3 7 1  
0 . 5 7 1 5  

0 , 3 2 0 1  
0 0775 
0 .2119 
0 . 2 0 2 8  
0 . 0 0 2 6  

0 . 7 7 0 5  
0 . 9 0 7 4  
0 . 9 1 1 4  
0 . 0 6 1 3  
0 .2319 

0 . 4 3 0 1  
0 .5257 
0 . 7 2 5 1  
0 . 6 1 0 5  
0 . 0 0 2 7  

0 , 2 7 7 6  
0 . 1 8 0 1  
0 . 3 1 2 1  
0 . 2 8 5 4  
0 "  0 5 6 1  

0 . 3 8 9 3  
0 . 4 4 5 1  
0 . 4 9 7 3  
0 . 9 6 6 4  
0 . 1 8 1 1  

0 . 4 8 8 3  
0 . 2 7 7 2  
0 . 0 1 4 3  
0 . 7 9 4 1  
0 . 0 0 6 4  

0 .  a228 
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Table B ~ 3 (cont inued)  . 

Family Source DF Type 911 ss F v a l u e  PR 1 F 

53 

54 

55 

52 Block 
O7”OL-E 

Rain 
O * R  
D i a n i  1 
E r r o r  
Rlock 
Ozone 
Rain 
O * R  
D i a m  1 
Error  
Block 
Ozone 
R a i n  
O * R  
D i a m  1 
E r r o r  
Block 
Ozone 
Rain 
O * R  
D i a m  1 
Error 

2 
2 
2 
4 
1 

108 
2 
2 
2 
4 
1 

111 
1 
2 
z 
4 
1 

77 
1 
2 
2 
4 
1 

71 

1.867 
0 .174  
0.193 
0.556 
0.491. 

33.366 
1.639 

1 .354  
0 .734  
0.568 

16.322 
0.75’7 
0.129 
0.015 
0.797 
0.704 

1 2 . 6 6 1  
1.452 
0.326 
0 .428  

0 .183  

0 . 8 7 4  
0.285 

13.582 

3.02 

0 . 3 1  
0 . 5 4  
1.“ 59 

0 . 2 8  

5.57 
0 , 6 2  
4 . 6 0  
1 . 2 5  
3.87 

4 .60  
0 . 3 9  
0 , 0 5  
1 I 2 1  
4 .28  

7 . 6 4  
0 . 8 5  
1 . 1 2  
1 . 1 4  
1 . 4 9  

0.0529 
0 ~ 7554 
0.7321 
0.7076 
0.2103 

0.0049 
0 .5381 
0.0120 
0.2952 
0 .  os18 

0.0351 
0.6770 
0.9544 
0.3127 
0.0419 

0.0073 
0.4304 
0.3326 
0.3437 
0 .2263 



2 3 1  

T a b l e  B . 4 .  Ozone * rain interaction eEEects on seedling height 

Family Source DF Type  I11 ss  F value PR =. F 
__.- 

2 Block 
Ozone 
Rain 
O * R  

Error 
3 Block 

Ozone 
Rain 
O * R  

Error  
4 Block 

Ozone 
Rain 
O * R  
H g t  1 
Error 

5 Block 
Ozone 
Rain 
O * R  

Error 
6 Block 

Ozone 
Rain 
0 * R  
Hgt 1 
Error  

7 Block 
Ozone 
Rain 
O * R  

Error 
8 Block 

Ozone 
Rain 
O * R  

Error 

Hgt 1 

Ngt 1 

Hgr: 1 

Hgt 1 

Hgt 1 

2 
2 
2 
4 
1 

107 
2 
2 
2 
4 
1 

108 
2 
2 
2 
4 
1 

88 
2 
2 
2 
4 
1 

10 3 
2 
2 
2 
4 
1 

97 
2 
2 
2 
4 
1 

103 
2 
2 
2 
4 
1 

10 1 

5 4 2 . 0 9  
2 5 5 . 0 9  
8 0 9 . 9 2  

1 4 4 3 . 0 8  
8 2 7 2 . 0 1  

26060.98  
4 4 7 1 . 9 3  
3 2 0 9 . 8 5  
111.72 

1384.46  
6 7 6 0 . 5 4  

4 3 0 5 4 . 2 9  
1 4 5 5 7 . 9 2  

1 0 5 3 . 6 1  
1 0 8 8 . 5 8  
1.077 e 7 1  
2 8 4 7 , 4 3  

4 9 7 6 9 . 2 4  
9 6 1 . 4 5  
4 4 6 . 1 3  

2725.17  
1 6 2 0 . 0 2  
3115.76 

33670.36 
2 1 3 9 . 7 3  

267 .57  
1374.09  
7 4 4 8 . 9 2  
2 8 9 0 . 1 2  

5 7 4 2 8 . 3 0  
4 3 6 . 0 5  

1 1 0 1 , 9 3  
4 3 4 . 6 5  

2679 24 
2 4 1 2 . 1 3  

6 7 4 3 1 . 0 0  
6 9 0 3  36 
1 0 6 9 . 6 5  
2 2 3 6 . 9 3  
1 9 4 8 . 8 7  
6 2 1 4 . 0 7  

4 1 8 1 3 . 5 8  

1.11. 
0 ~ 5 2  
1 . 6 6  
1 . 4 8  

3 3 . 9 6  

5 . 6 1  
4 . 0 3  
0.14 
0 . 8 7  

16 ' 96 

12 ~ 87 
0 . 9 3  
0 . 9 6  
0 . 4 8  
5 . 0 3  

1 . 4 7  
0 . 6 8  
4.17 
1 . 2 4  
9 . 5 3  

1.81 
0 . 2 3  
1.16 
3.15  
4 . 8 8  

0 . 3 3  
0 . 8 4  
0 . 3 3  
1 . 0 2  
3 . 6 8  

8 . 3 4  
1 . 2 9  
2 . 7 0  
1 . 1 8  

15 ~ 01 

0 . 3 3 2 4  
0 . 5 9 3 9  
0 ~ 11945 
0.2130 
0.0001. 

0.0048 
0 . 0 2 0 6  
0 . 8 6 9 4  
(a. 4856  
0.0001 

0.00OL 
0 . 3 8 7 8  
0 . 3 8 6 0  
0 . 7 5 3 0  
0 . 0 2 7 4  

0 . 2 3 4 6  
0.5077 
0 I 0 1 8 2  
0 . 2 9 9 1  
0.0026 

0 . 1 6 9 6  
0 . 7 9 8 2  
0.3177 
0 . 0 1 7 7  
0 . 0 2 9 5  

0.7175 
0 . 4 3 4 0  
0 . 7 1 8 3  
0.3990 
0 . 0 5 7 7  

0.0004 
0 . 2 7 9 3  
0 . 0 7 1 9  
0 . 3 2 5 6  
0 . 0 0 0 2  
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Table B.4 (continued) 

Family Source DF Type I11 s s  F value PR > F 

10 

11 

12 

13 

14 

15 

9 Block 
Ozone 
R a i n  
O * R  
Hgt 1 
Error 
Block 
Ozone 
Rain 
O k K  
Hgt 1 
E r r o r  
Block 
Ozone 
K a i  n 
O * R  

Error 
R 1  ock 
Ozor1e 
R a i n  
O * R  
Hgr 1 
Er ro r  
R 1  ock 
ozone 
Rain 
O * R  
H g t  1 
E r r o r  
Block 
Ozone 
Rain 
O * R  

Error  
Block 
O z  0 ne 
Rain 
O * R  
Hgt. 1- 
E r r o r  

I-lgt 1 

Hgt 1 

2 
2 
2 
G 
1 

9 1  
2 
2 
2 
4 
1. 

92 
2 
2 
2 
4 
1 

99 
2 
2 
2 
4 
1 

108 
2 
2 
2 
4 
1 

109 
2 
2 
2 
4 
1 

111 
2 
2 
2 
4 
1 

107 

4970.28 
1868.98 
1229.19 
3615.35 
5649.16 

58643.15 
3968.68 
1706.79 
3398.02 
3658.42 
2899.21 

43557.10 
35.98 

1564.83 
2450.24 
515.33 

8116.52 
43648.77 
3406.94 
585.89 

4663.28 
1439.89 
5914.03 

75673.45 
924.44 

1148.05 
1561.04 
810.46 

3508.83 
34632.99 

46.92 
167.73 

1583.20 
1002.27 
3379.71 

16523.62 
1636.07 
425.38 
1054.15 
3064.99 
4558.42 

38732.11 

3.86 
1.45 
0.95 
1. " 40 
8.77 

4.19 
1.80 
3.59 
1.93 
6.12 

0.04 
1.77 
2.78 
0.29 

18.41 

2.43 
0.42 
3.33 
0.51 
8.44 

1.45 
1.81 
2.45 
0.64 

11.04 

0.16 
0.56 
5.32 
1.68 

22 I 70 

2.26 
0.59 
1. (r6 
2 " 7.2 

12.59 

0.0247 
0.2399 
0.3891 
0.2394 
0.0039 

0.0181 
0.1707 
0.031.6 
0.111'7 
0.0152 

0.9600 
0.1749 
0.0670 
0.8824 
0.0001 

0.0927 
0.6594 
0.0396 
0.7258 
0.0045 

0.2380 
0.1.591 
0.0905 
0.6367 
0.0012 

0.8544 
0.5709 
0.0062 
0.1589 
0.0001 

0.1093 
0.5575 
0.2377 
0.0837 
0.0006 
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Table B.4 (continued) 

Family Source DF Type I11 s s  F value PR > F 

16 Black 
Ozone 
Rain 
O " R  

E r r o r  
17 Block 

Ozone 
Rain 
O * R  

E r r o r  
18 Block 

Ozone 
Rain 
O * R  
Hgt 1 
Error 

19 Block 
Ozone 
Rain 
O * R  

Error 
20 Block 

Ozone 
Rain 
O * R  

Error 
2 1  Block 

Ozone 
Rain 
O * R  
Hgt 1 
Error 

23 Block 
Ozone 
R a i n  
O * R  
Hgt 1 
Error 

Hgt 1 

Hgt 1 

Hgt 1 

Hgt 1 

2 
2 
2 
4 
1 

109 
2 
2 
2 
4 
1 

100 
2 
2 
2 
4 
1 

7.11 
2 
2 
2 
4 
1 

82 
2 
2 
2 
4 
1 

105 
2 
2 
2 
4 
1 

106 
2 
2 
2 
4 
1 

111 

733.42 
172.33 
910.18 

1933 ~ 30 
4064.39 

28956.24 
2070.39 
1982.17 
958.35 
756 50 

5285.02 
39902.48 

58.94 
170.28 
384" 17 

1270.84 
706 90 

30484.41 
807.42 

2195 33 
678.68 

3028.08 
1991 ~ 15  

51869.33 
8.87 

1013.69 
1225.03 
1363.58 
6200.24 

34669.42 
55.32 

316.57 
1501.41 
2410.92 
4 l00 .01  

29485.50 
1237.42 
2474.47 
2886.02 
7789.01 
3272.44 

75569.05 

1 .38  
0.32 
1-71 
1 . 8 2  

15  ~ 30 

2.59 
2.48 
1 .20  
0 , 4 7  

1 3 . 2 4  

0 . 1 1  
0 . 3 1  
0 .70  
1 .16  
2.57 

0 .64  
1 .74  
0 .54  
1 .20  
3.15 

0 .01  
1 .54  
1 .86  
1 . 0 3  

18 .78  

0 .10  
0.57 
2.70 
2 . 1 7  

14 .74  

0 . 9 1  
1 . 8 2  
2 . 1 2  
2 ,86  
4 . 8 1  

0.2558 
0.7237 
0.1851 
0.1302 
0.0002 

0.0797 
0.0886 
0.3052 
0.7547 
0.0004 

0.8983 
Q, 7341 
0.4990 
0.3339 
0.1115 

0.5308 
0.1828 
0 .  5869 
0.3185 
0.0797 

0.9867 
0.2202 
0 ~ 1615 
0.3941 
0.0001 

0.9054 
0.5678 
0.0719 

10777 
0.0002 

0.4060 
0.1673 
0 .  I249 
0.0267 
0.0304 
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Table B .  4 (continued) 

Family Source 

25 

26 

27 

28 

29 

30 

24 Block 
Ozone 
Rain 
O - k R  

E r r o r  
Block 
Ozone 
Rain 
0 -k K 

E r r o r  
Slock 
Ozone 
Rain 
0 -,k R 

E r r o r  
Block 
0 2 one 
Kai n 
O * R  

E r r o r  
Block 
Ozone 
Rain 
O * R  

E r r o r  
B1 ock 
Ozone 
Rain  
O * R  

E r r o r  
Block 
Ozone 
Rain 
O k R  

E r r o r  

llgt 1 

H g t  1 

IIgL 1 

Hgt 1 

Hgt 1 

Ilgt 1 

Hgt 1 

2 
2 
2 
4 
1 

107 
2 
2 
2 
4 
1 

1 0 4  
2 
2 
2 
4 
1 

98 
2 
2 
2 
4 
1 

111 
2 
2 
2 
4 
1 

1 0 9  
2 
2 
2 
4 
1 

11.1 
2 
2 
2 
4 
1 

112 

3803 ~ 82 
1421.11 

6 7 9 . 4 1  
1513 I 41 
7 1 8 0 . 0 8  

4 6 3 7 9 . 2 8  
7 5 . 0 9  

2023 ” 7 4  
1 5 2 4 .  7 4  
1 3 0 5 . 3 2  
6743 ” 54 

49422.09  
1 0 0 9 . 0 6  
1 7 5 9 . 2 4  
5 7 7 8 . 3 0  

3 5 5 , 0 4  
3 5 5 5 . 8 3  

62074.88  
1 5 3 8 . 7 2  
2039.67 
3188.92  
8877.98  
986Lb. 3 3  

119486.50  
284.36  
245.3’2 

9 4 . 7 5  
2 4 5 5 ”  06  
1 7 8 6 . 7 2  

2 4 7 9 4 . 8 0  
847.21. 

1 9 8 4 . 4 5  
1 0 7 9 . 7 5  

1 0 2 8 6 . 6 6  
2794.40  

15160.43  
320 ~ 27 

2 8 1 9 . 7 4  
275.18  

7 2 9 2 . 8 5  
1 9 5 9 . 0 5  

59747.52  

4 . 3 9  
1 . 6 4  
0 . 7 8  
0 . 8 7  

1 6 . 5 6  

0 . 0 8  
2 . 1 3  
1 . 6 0  
0 . 6 9  

1 4 . 1 9  

0 . 8 0  
1 . 3 9  
4 . 5 6  
0 . 1 4  
5 . 6 1  

0 . 7 1  
0 . 9 5  

2 . 0 6  
9 . 1 6  

0 . 6 3  
0 . 5 4  
0 . 2 1  
2 . 7 0  
7 . 8 5  

0 . 6 3  
1 . 4 7  
0 . 8 0  
3 . 8 0  
4.13 

0 . 3 0  
2 . 6 4  
0 . 2 6  
3 . 4 2  
3 . 6 7  

1 . 4 8  

0 . 0 1 4 7  
0 . 1 9 9 0  
0 . 4 5 9 3  
0 . 4 8 2 8  
0 . 0 0 0 1  

0.9241. 
0 . 1 2 4 1  
0 . 2 0 6 0  
0 . 6 0 2 7  
0 . 0 0 0 3  

0 . 4 5 3 8  
0 . 2 5 4 3  
0 .0128 
0 . 9 6 6 9  
0 .0198 

0 . 4 9 1 6  
0 . 3 9 0 9  
0 . 2 3 1 8  
0 . 0 9 0 6  
0 . 0 0 3 1  

0 . 5 3 7 1  
0 . 5 8 4 7  
0 . 8 1 2 3  
0 . 0344 
0 . O O h O  

0 . 5 3 6 8  
0 . 2 3 5 4  
0 ~ 4S31. 
0 . 0 0 6 2  
0 ~ 0446 

0 . 7 4 1 3  
0 . 0 7 5 6  
0 . 7 7 3 1  
0 ”  0112 
0 . 0 5 7 9  
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Table B. 4 (continued) 
.-._. 

Family Source DF Type 1x1 s s  IF value PR > P 

3 1  

32 

3 3  

34 

35 

36 

37 

Block 
Ozone 
Rain 
O * R  

E r r o r  
Block 
Ozone 
Rain 
Q * R  

E r r o r  
Block 
Ozone 
Rain 
0 -k R 

Error 
Block 
Ozone 
Rain 
0 - P . R  

E r r o r  
Black 
Ozone 
Rain 
O * R  

Error  
Block 
Ozone 
Rain 
O * R  

Er ro r  
Block 
Ozone 
Rain 
O * R  
Hgt 1 
E r r o r  

Hgt 1 

Hgt. I 

Hgt: 1 

Wgt 1 

Hgt 1 

Hgt 1 

2 
2 
2 
4 
1 

96 
2 
2 
2 
4 
1 

17 3 
2 
2 
2 
4 
1 

109 
2 
2 
2 
4 
1 

97 
2 
2 
2 
4 
1 

113 
2 
2 
2 
4 
1 

111 
2 
2 
2 
4 
1 

113 

5983.11 
210.75 
156.13 
972 .01  
243 a 1 5  

2311.80 
2394.25 
1039.48 
4918. I1 

17007.35 
115137" 18 

1095.81 
907.36 

1 . 6 5  
5706.70 

306.09 
32569.23 

475.49 
876.81 
292.97 

2300.97 
3729.87 

41716.23 
1642.90 

183 .31  
1448.30 
2373.30 

19 .59  
45014.94 

54.39 
65.56 

448,32 
1668.42 

897.25 
32296.88 

356.62 
110 .93  

1202.18 
6680.67 

12261.11  
36147.75 

59845.85 

4 . 8 0  
0 . 1 7  
0 . 1 3  
0 . 3 9  
0.39 

1 . 7 4  
1 . 8 0  
0 . 7 8  
1 . 8 5  

25.55 

1 . 8 3  
1 . 5 2  
0.00 
4 .  -77 
1 . 0 2  

0 .55  
1 . 0 2  
0.34 
1 . 3 4  
8 . 6 7  

2 .06  
0 . 2 3  
1 . 8 2  
1 . 4 9  
0 . 0 5  

0.09 
0 . 1 1  
0 .77  
1 . 4 3  
3 . 0 8  

0 . 5 6  
0 .17  
1 . 8 8  
5.22 

38 .33  

0.81Q3 
0.8447 
0.8824 
0.8955 
0.5338 

0 1791 
0 .  I 6 8 6  
0.4596 
0 * 123.9 
0.0081 

0 ~ 1647 
0 .2237  
0.9972 
0.001.4 
0.3137 

0 * 5771 
0,3646 
0.7122 
0.2615 
0.O040 

0 . 1 3 2 8  
0 "  7948 
0 . 1 6 7 1  
0.2101 
0.8249 

0.9108 
0.8936 
0.4653 
0.2276 
0.0818 

0.5743 
0.8410 
0 .1575 
0.0007 
0 . 0 0 0 1  
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Table €3.4 ( c o n t i  nued) 
- .. .- _._.. . . . .. .._. ... . . . . . .. .._............ ..... -....-...........__I -- 

Family Source DF Type IIi ss F value PIP > F 

39 

4 0 

4 1 

42 

43 

44 

38 Block 
Ozone 
Rain 
O * R  

E r r o r  
Block 
Ozone 
Rain 
O * R  

E r r o r  
Block 
Ozone 
Rain 
O * R  

E r r o r  
Block 
Ozone 
Rain 
O * R  
Hgt 1 
E r r o r  
Block 
Ozone 
Rain 
O * R  

E r r o r  
B4 ock 
Ozone 
Rain 
O * R  

E r r o r  
Block 
Ozone 
R a  i t i  

0 ?? R 

Error  

Mgt 1 

Hgt 1 
I 

wet 1 

Mgt 1 

Hgt 1 

H g t  1 

2 
2 
2 
4 
1 

107 
2 
2 
2 
4 
S 

106 
2 
2 
2 
4 
1 

107 
2 
2 
2 
4 
1 

102 
2 
2 
2 
4 
1 

109 
2 
2 
2 
4 
1 

110 
2 
2 
2 
4 
1 

164 

806 66 
2592 2 2  
1302.78 
2196.19 
9897.12 

57595.67 
571.19 
698.35 
197.37 

3678.49 
4398.51 

49035.90 
678.73 
703.25 
907.69 

4682 I 34 
2938.51 

46850.52 
1185.20 

531.21 
273.95 

2335.61 
1445.52 

26954.90 

58Q ~ 73 
879.90 

3401.58 
8304 ~ 35 

60369.90 
29.88 

765 26 
1863.17 

638 ~ 36 
6775.83 

365.29.06 
775.08 
49.84 

3712.48 
3410 I 78 
5820.28 

52068.47 

a634 ~ 64 

0 . 7 5  
2 .41  
1 . 2 1  
1 . 0 2  

'18 39 

0 . 6 2  
0 .75  
0 . 2 1  
1 . 9 9  
9 . 5 1  

0 . 7 8  
0 .80  
1 . 0 4  
2 . 6 7  
6 . 7 1  

2 , 2 4  
1" 01. 
0.52  
2 . 2 s  
5 . 4 7  

7 .80  
0 , 5 2  
0 .79  
1 . 5 4  

1 4 . 9 9  

0 . 0 5  
1 - 1 6  
2 . 8 1  
0 .48  

20.46 

1 . 2 2  
0 . 0 8  
5 .85  
2.69 

18 .34  

0.4757 
0.0949 
0.3022 
O.iL004 
0 .0001 

0 ~ 5413 
0.4726 
0.8082 
0 "  1016 
0.0026 

0.4632 
0 ~ 4506 
0.3582 
0.0359 
0.0109 

0.1114 
0 , 3 6 9 6  
0 . 5 9 7 1  
0 ~ 0731 
0.0213 

0.0007 
0 , 5 9 3 5  
0.4545 
0.1970 
0.0002 

0.9559 
0.3187 
0.0644 
0.7490 
0.0001 

0.2976 
0.924.5 
0.0035 
0 0332 
0.0001 
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Table B .  4 (continued) 

-___ 

Family Source DF Type I11 ss F value PR > F 

4 5  

4 6  

47 

4 8  

4 9  

50 

51 

B l o c k  
Ozone 
Rain 
O * R  
Hgt 1 
E r r o r  
Block 
Ozone 
Rain 
O * R  

E r r o r  
B l o c k  
Ozone 
Rain 
O * R  

E r r o r  
B l o c k  
Ozone 
Rain 
O * R  
Hgt 1 
E r r o r  
Block 
Ozone 
Rain 
O * R  
Hgt 1 
E r r o r  
Block 
Ozone 
Rain 
Q * R  
Hgt 1 
E r r o r  
Block 
Ozone 
Rain 
O * R  

E r r o r  

Hgt 1 

Hgt 1 

Ngt 1 

2 
2 
2 
LC 
1 

8 4  
2 
2 
2 
4 
1 

3.07 
2 
2 
2 
4- 
1 

101 
2 
2 
2 
4 
1 

1 0 8  
2 
2 
2 
4 
1 

1 1 2  
2 
2 
2 
4 
1 

96 
2 
2 
2 
4 
1. 

154 

2 7 9 3 . 3 0  
1441.14 

4 8 1 2 . 7 4  
4 3 0 3 . 9 6  

3 8 9 8 1 . 4 8  
1 6 8 5 . 3 7  
5 9 0 4 . 4 2  

4 0 5 . 4 4  
3 3 5 4 . 2 8  
2 1 5 6 . 1 9  

4 6 2 1 5 . 9 2  
2 0 5 . 3 1  
8 0 8 . 6 4  

1 5 4 4 . 4 1  
3 7 2 4 . 7 4  

2 0 6 . 2 1  
5 3 8 0 8 . 8 7  

8 8 8 . 5 5  
1 5 8 . 3 7  
6 5 8 . 4 6  
901.60 
1 2 9 . 8 4  

2 5 2 4 3 . 7 4  
8 1 2 . 2 4  
1 7 3 . 9 5  
5 6 6 . 8 3  

1 1 9 9 . 6 6  
1 5 3 3 . 9 9  

2 3 8 1 7 . 2 2  
6 9 3 . 5 9  
7 5 6 . 8 0  

5 8 . 2 0  

4 4 9 9 . 4 2  

3 3 8 0 . 1 1  
1 7 7 4 . 8 0  
4 1 7 4 . 0 9  
6 .529 .48  
3'753. 3 1  

1 7 2 8 4 1 . 5 4  

2683 .00  

8 1 0 . 4 1  

3 8 5 6 4 . 5 2  

3.01 
1 . 5 5  
2 . 8 9  
2 . 5 9  
9 . 2 7  

1 . 9 5  
6 . 8 4  
0.47 
1 . 9 4  
4 . 9 9  

0 . 1 9  
0 . 7 6  
1 . 4 5  
1.75 
0 . 3 9  

1 . 9 0  
0 . 3 4  
1.41 
0 . 9 6  
0 . 5 6  

1 . 9 1  
0 . 4 1  
1.. 3 3  
1.41 
7 . 2 1  

0 . 8 6  
0 . 9 4  
0 . 0 7  
0 .50  

11.20 

1 . 5 1  
0 . 7 9  
1.. 86 
1 . 4 5  
3 . 3 4  

0 * 0 5 4 7  
0 2177  
0 .O611 
0 . 0 [ + 2 3  
0 , 0 0 3 1  

0.1472 
0 "  0016 
0 . 6 2 6 7  
0 ~ 1.088 
0 .02  7 5  

0 . 8 2 5 0  
0 .4708  
0 . 2 3 9 5  
0 . 1 4 5 G  
0 " 5 3 5 2  

0 . 1 5 4 4  
0 . 7 1 3 4  
0.2490 
0 . 4 3 0 2  
0 . 4 5 7 7  

0 . 1 5 2 9  
0 . 6 6 5 3  
0 . 2 6 7 9  
0 . 2 3 5 1  
0 , 0 0 8 3  

0 . 4 2 5 0  
0 , 3 9 3 4  
0 . 9 3 0 2  
0 . 7 3 2 6  
0 . 0 0 1 2  

0 "  2 2 5 1  
0 . 4 5 5 4  
0 . 1 5 9 2  
0 . 2 1 8 8  
0 . 0 6 9 4  
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Table  3.4 (continued) 

Family Source DF Type 111 s s  F value PR > F 

53 

52 Block 
Ozone 
Rain 
O * R  

Error 
Block 
Ozone 
Rain 
O * R  

Error  
514 Block 

O Z 0 1 - E  

Rain 
O A K  

Er ro r  
55 Block 

Mgt: 1 

Mgt 1 

Ngt 1. 

Ozone 
Rain 
O * R  

E r r o r  
Hgt 1 

2 
2 
2 
4 
1 

107 
2 
2 
2 
4 
1 

108 
1 
2 
2 
4 
1 

76 
1 
2 
2 
4 
1 

69 

71.20 
528.31 

4365 .) 93 
11292.16 

43 .80  
103109.81 

320 a 54 
1283.22 
2655.51 
4243.63 
2178.05 

50630.17 
83.38 

369 ~ 75 
302.23 
297.70 

3972.50 
24335  92 

3.48 
1338.15 

536.87 
3183 26 
1 2 7 6 . 2 0  

35996.37 

0.04  
0 . 2 7  
2.2'7 
2 "  93 
0 . 0 5  

0.3& 
1 . 3 7  
2 . 8 4  
2 .26  
4 . 6 5  

0 . 2 6  
0 . 5 8  
0 . 4 7  
0 . 2 3  

1 2 . 4 1  

0 . 0 1  
1 . 2 8  
0 . 5 1  
1 . 5 3  
2 . 4 5  

0.9637 
0.7608 

0.02&2 
0,8316 

0 .  1088 

0.7112 
0.2588 
0.0626 
0.0670 
0.0333 

0.6113 
0.5638 
0.6256 
0.9193 
0,0007 

0 "  9351 
0.2839 
0.6000 
0.2044 
0.1224 
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Table 3.5. Seedling diameter responses to ozone i n  CSTR s t u d i e s .  

Family Source DF Type 121 ss F vnl.ue PR I F 

2 

3 

4 

5 

6 

8 

9 

10 

Rep 
Ozone 
D i a m  1 
Error 

Ozone 
Diam 1 
Error 
Rep 
02: one 
Diam 1 
Error 

Ozone 
D i a m  1 
Error 

Ozone 
D i a m  1 
Error  

Ozone 
Diam 1 
Error 

Ozone 
D i a m  1 
Error 

Ozone 
D i a m  1 
Error 

Rep 

Rep 

Rep 

Rep 

Rep 

R e p  

3 
2 
1 

1 7 
3 
2 
1 

17 
3 
2 
1 

17 
3 
2 
1 

17 
3 
2 
1 

17 
3 
2 
1 

1 6  
3 
2 
1 

17 
3 
2 
1 

16 

0 . 7 2 3  
0 .090  
0 . 0 0 2  
1 . 1 4 5  
0 . 2 7 1  
0 . 2 3 2  
1 . 6 7 8  
2 . 6 5 6  
0 . 1 3 5  
0 . 2 2 s  
0 . 5 8 7  
1 . 0 3 3  
0 " 2 9 1  
0 . 1 6 2  
0 . 3 0 1  
1 . 1 7 8  
0 . 2 2 9  
0 . 2 3 3  
0 , 0 3 0  
0 , 9 9 9  
0 . 1 3 4  
0 .423  
1 . 5 5 5  
1 . 6 8 4  
0,221.  
1 , 5 0 1  
0 . 0 2 9  

0 . 0 1 0  
0 . 1 5 4  
0 . 5 3 2  
0 . 9 3 1  

4 .584 

3 . 5 8  
0 .67  
0 . 0 3  

0 . 5 8  
0 . 7 4  

1 0 . 7 4  

0 . 7 4  
1 . 8 5  
9 . 6 5  

1 .40  
1 . 1 7  
4 . 3 4  

1 . 3 0  
1 . 9 8  
0 . 5 1  

0 .43  
2.01  

1 4 . 7 8  

0 . 2 7  

0 . 1 1  

0 . 0 6  
1 . 3 2  
9 . 1 4  

2 . 7 8  

0 . 0 3 5 9  
0 . 5 2 5 6  
0 . 8 6 9 9  

0 . 6 3 7 6  
0 . 4 9 1 2  
0 . 0 0 4 4  

0 .  541.3 
0.1879 
0 .  GO64 

0 . 2 7 7 0  
0 . 3 3 5 0  
O.OS27 

0 . 3 0 7 6  
0 . 1 6 8 7  
0 . 4 8 4 7  

0 . 7 3 7 7  
0 .1665  
0 . (30 14 

0 . 8 4 3 7  
0 . 0 9 0 0  
0 . 7 4 5 8  

0 .9805 
0 . 2 9 4 2  
0.0081. 
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Table B. 6 Seedling he igh t  r e s p o n s e s  to ozoiie i n  CSTR studies. 

Family Source DE’ Type 111 s s  I.’ value PR > F 

8 

9 

10 

Rep 
Ozone 

E r r o r  

Ozone 

E r r o r  

Ozone 

E r r o r  

OZOl- iS  

Hgt 1 
E r r o r  

Ozone 

E r r o r  

Ozone 

E r r o r  

Ozon1e 

E:LTor 

Ozone 

E r r o r  

Hgt 1 

K e p  

Hgt 1 

R e  1’ 

Hgt 1 

Rep 

Rep 

Mgt  1 

Hgt 1 

Rep 

Hgt 1 

Rep 

Hgt 1 

3 
2 
1 

1 5  
3 
2 
1 

16 
3 
2 
1 

1 7  
3 
2 
1 

1 6  
3 
2 
1 

17 
3 
2 
1 

15 
3 
2 
1 

17 
3 
2 
1 

17 

175.57 
332.53 
325.04 

1436.18 
703.43 
796.68 
140 59 

2862.27 
185.06  

1144.08 
224.94 

6615.81 
319.59 
142 I 86 

1 . 4 4  
3257.52 

107 .61  
699.29 

2 I70 
2309.14 

612” 55 
621.31 

1437. 11 
2542.07 

1 5 . 0 1  
1647.85 

1 . 2 9  
12337.63 

144.37 
359.60 

1 , 8 4  
5651.41. 

O . € l  
1 . 7 4  
3 139 

1 . 3 1  
2.23 
0 .79  

0 .16  
1 . 4 7  
0 . 5 8  

0 . 5 2  
0 .35  
0.01. 

0.26 
2.57 
0 .02  

1 . 2 0  
1 . 8 3  
8 . 4 8  

0 . 0 1  
1 . 1 4  
0 .00  

0.14 
0.54  
0.01 

0 .6181 
0.2097 
0.0853 

0.3054 
0.1402 
0.3885 

0.9227 
0.2577 
0 .4575 

0.6725 
0 .7094 
0.9340 

0.8503 
0.1055 
0.8896 

0.3419 
0,1.940 
0.0107 

0.9992 
0.3445 
0.9669 

0.9316 
0.5919 
0.9415 
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C.l INTRODUCTION 

Measurements of the exchange of  C02 (photosynthesis) and water 

vapor (transpiration) are important indicators of a plant's 

physiological status and are widely utilized in studies of plant 

stress. A variety of methodologies are available for measuring these 

gas-exchange processes. 

or closed gas-€low designs encompassing a range of complexity (Jarvis 

et al. 1971) have been used in plant research since the development of  

infrared C02 analyzers. 

(Voznesenskii et al. 1971, Michael et al. 1985), together with 

scintillation counting systems to assay the radioactivity have a l s o  

been employed. Recently, commercially available and truly portable 

gas-exchange systems have become available for  routine use in field 

monitoring of crop and forest plant responses to stress. 

Laboratory gas-analysis systems based on open 

Techniques utilizing 14C02 labeling 

Within the larger parent study described in preceding sections, 

three different techniques were used to assess CO? exchange (net 

photosynthesis) of two families of loblolly pine (Pinus taeda L.) in 

response to combinations of ozone and acid rain chemistries under field 

or laboratory exposure conditions. The three systems included a 

laboratory open gas-exchange system equipped with a temperature- 

controlled cuvette (Siemens system), a portable-gas exchange system 

(Licor 6000/6050), and a 14C02 labeling technique (isotope labeling). 

The objective of  this research note is to compare the results obtained 

with each technique quantitatively and qualitatively and to assess the 

usefulness of a l l  three techniques as indicators of final seedling dry 

matter and/or treatment-induced changes in dry matter. 

C . 2 .  METHODS 

C . 2 . 1 .  Plant Material and Exposure Conditions 

Loblolly pine seedlings from two families [family 8'# from Gates 

county North Carolina (Weyerhaeuser Company 8 - 8 0 )  and "family 9" f r o m  

Beaufort county North Carolina (Weyerhaeuser Company 8-130)] were grown 
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and t r e a t e d  as descr ibed  i n  Sect. 1. Ozone and a c i d  r a i n  exposure 

condi t ions  were as descr ibed  i n  Sec t .  1. 

C . 2 . 2  Technicrues f o r  M e a s u r i n g a e d l i n E  - CO2 Exchange Rates- 

C.2.2.1 Siemens Technique 

whole-shoot Co? exchange r a t e s  ( c E ~ )  were measured as a func t ion  

o f  photosynthe t ic  photon f l u x  d e n s f t i e s  (PPl;'l>s). Measurements of  CEK- 

PPFD r e l a t i o n s h i p s  were made during a 1-week pe r iod  fo l lowing  t h e  l a s t  

ozone t rea tment ,  One seed l ing  from each t rea tment  w a s  measured d a i l y  

i n  a random order  ( t h r e e  o r  four  s eed l ings  per day) ,  u n t i l  a l l  

s eed l ings  had been measured ( t h r e e  or fou r  s eed l ings  pe r  fainily- 

t reatment  combination) . Whole-shoot CERs were measured i n  an  open 

i n f r a r e d  gas -ana lys i s  system (Koch e t  a l .  1968) a t  s i x  l e v e l s  of  PPFD 

( 0 ,  3 3 ,  60,  410, 800,  and 1600 pmol m-2 s-l). 

sodium vapor lamps (General E l e c t r i c ,  Lucalox LU400/BU) w e r e  used t o  

i l l umina te  the  p l a n t s  during measurements, and combinations of  n e u t r a l  

dens i ty  f i l t e r s  (J,ee F i l t e r s ;  Andover England; #209, 210, and 211) w e r e  

used t o  produce the  range o f  PPFDs, Shoots w e r e  s e a l e d  i n  the  c u v e t t e  

of tEte gas -ana lys i s  system between 0830 and 0930 e a s t e r n  d a y l i g h t  time 

and allowed t o  accl imate  under a PPFD of 1600 pinol m - 2  s-' befo re  

s t a r t i n g  CER measurements. Cuvette temperatures were 25 ir: 2 " @  f o r  al-l 

measiirements. Needle temperatures ,  measured wi th  a hypodermic 

thermocouple i n s e r t e d  i n t o  the  need le ,  were w i t h i n  2 rfi 1 "C: of  c u v e t t e  

temperatures.  C02 concent ra t ions  of a i r  e x i t i n g  t h e  c u v e t t e  ( i . e .  t he  

e f f e c t i v e  ambient CO2 concent ra t ions)  w e r e  between 3 3 0  and 3 5 0  ppm. 

A i r  f l ow through the  cuve t t e  w a s  maintained a t  approximately 10 L/rnin. 

Approximately 2 h was r equ i r ed  t o  genera te  a s i n g l e  CER-PPFD curve f o r  

each s h o o t .  

needles  f o r  2 d a t  65" C .  

Four h igh -p res su re  

Dry weight o f  needles  w a s  ob ta ined  aEter dry ing  the 

Calcula t ions  of CER i n  u n i t s  of pmol C 0 2  

s-' were made as descr ibed  by Long and Mallgren (1985) u s ing  t o t a l  

needle  mass t o  normalize d a t a  between seed l ings .  

Est imates  of l i g h t - s a t u r a t e d  CER (Emax - pmol C 0 2  g - l  s - ' ) ,  l i g h t  

compensation p o i n t  (m - mol photons m-2 s-l), and CER a t  ze ro  PPFD 

(dark r e s p i r a t i o n ,  Kd - pmol C 0 2  g - l  s-I) w e r e  ob ta ined  from the 
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following equation [modified from the original (Hanson e t  al. 1987)] 

and nonlinear regression techniques: 

(1 - PPFDILCP)~~ 
I_ CER = Pmax [1 - (1 - Rd/Pm,x) 1 (1) 

The parameter '8xxl' in the equation is a constant that allows a better 

fit to the "whole-shoot" data. The regressions were run on the pooled 

data for all seedlings of an individual treatment. The predicted value 

of CER at PPFD = 600 pmol mV2 s - l  was used in the comparison between 

techniques. 

C . 2 . 2 . 2  Licor 6000/6050 

CQ? exchange rates were measured with a portable photosynthesis 

system equipped with a 4000 cm3 leaf cuvette (LI -6000 ;  Licor Inc., 

Lincoln, Nebr . ) .  

formed a closed, infrared gas-analysis system. The GO2 analyzer was 

calibrated at the beginning and end of each measurement period. 

operation, cuvette air was pumped sequentially through a magnesium 

perchlorate drying column, a mass flow meter, and a nondispersive 

infrared gas analyzer before being returned to the leaf cuvette. Air 

flow through the analyzer was adjusted to maintain leaf cuvette 

relative humidity near ambient levels at the time of measurement. 

concentrations in the cuvette dropped by up to 20 ppm over the 50- to 

60-s measurement period. Prior to measurements, cuvette CO2 

concentration was allowed to equilibrate to ambient greenhouse levels 

(350 to 370 ppm) . 
automatically by che system's computer using an arbitrary projected 

leaf area of 100 cm2. 

needles enclosed in the cuvette was obtained after drying at 65" C f o r  

at least 2 d and CER was normalized by needle weight and finally 

expressed in units of umol GO2 g - l  s - ' .  

The CQ2 analyzer and leaf cuvette of this apparatus 

During 

CQ2 

C 0 2  exchange rate (pmol C02 m'* s-')  was calculated 

Subsequent to all measurements, the mass of 

Incident PPFD reaching leaves during measurements ranged from 500 

to 700 pmol m-* 

leaves during growth in the greenhouse. The PPFD was provided by a 

mixture of ambient light and supplemental light from a single high- 

and typified fluxes experienced by the individual 
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pressure  sodium vapor lamp (General Elec t r i -c ,  Lucalox - LU400/BU). 
L,eaf temperatures were wi th in  1" of  ambient ( 2 6  1- 2" C) dur ing  

measurements. 

C .2 .2 .3  ISOTOPE Labeling 

Four-month-ol d l o b l o l l y  pine seedl ings  were exposed t o  I4C- 

enr iched  C 0 2  a f t e r  13 weeks of t rea tment .  A 90 x 60 x 12 cm wood and 

c l e a r  Teflon chamber w a s  used t o  expose the  p l a n t s  t o  '"C-enriched C02 

(360 ppin C 0 2 ,  0.736 M?Bq/L). High-pressure sodium vapor lamps (General 

E l e c t r i c ,  Lucalox LULdOO/BU) provided PPFDs of 500 t o  600 p m 0 1  m-2 sec-l 

a t  the  tog of the seed l ings .  The '14C02 gas (0.736 MBq/L) w a s  de l ive red  

i n t o  the  0.389 m3 chamber a t  a flow rate  o f  0 .10 L/s  f o r  30 s y i e l d i n g  

an approximate s p e c i f i c  a c t i v i t y  o f  the  a i r  equal  t o  5 . 6 8  kBq/L. A 

small f an  wi th in  the  chamber ensured c i r c u l a t i o n  of t he  gas.  Af t e r  the  

i n i t i a l  30 s I 4 C O 2  i n j e c t i o n  w a s  h a l t e d ,  and the  a i r  w a s  c i r c u l a z e d  an 

a d d i t i o n a l  90 s ( t o t a l  exposure time - 120 s ) .  Then the chamber was 

vented.  The p l a n t s  were removed from the  chamber a f t e r  exposure,  and a 

r ep resen ta t ive  s a m p l e  o f  f o l i a g e  (approximately 0.02 dry weight) was 

c o l l e c t e d  from each seed l ing .  The f o l i a g e  sample w a s  immediately 

f rozen  wi th  1iqui.d n i t rogen ,  s t o r e d  a t  -20" C ,  and d r i e d  i n  a fo rced -  

draft: oven a t  70" C .  The dry needles were oxid ized  us ing  a Packard 

Model 306 Tri-Carh sample ox fd ize r .  Af te r  ox ida t ion ,  the r e l eased  C02 

w a s  t rapped i n  s c i n t i l l a t i o n  c o c k t a i l  and counted in a Packard Tri-Carb 

460C automatic 1 iqu id  s c i n t i l l a t i o n  count ing system which y i e lded  

resultrs i n  d i s i n t e g r a t i o n s  pe r  minute ( d p )  . 
The fol lowing equat ion and assumptions were used t o  convert  

dpm/needle mass ( g )  t o  u n i t s  o f  pmol C 0 2  g - l  s - I  (Michael e t  a l .  1 9 8 5 ) :  

PM J; IC021 * 1.18  

SA * LM * I: 
CER = 

where 

dpin = d i s i n t e g r a t i o n s  per  minute, 

[ C O 2 ]  i s  the  concent:ration of C02 i n  t h e  a i r  (p~~ol . /L) ,  
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1.18 is a discrimination factor accounting for differences in 

diffusion and biochemical reaction of I4C02 versus 12C02, 

SA = specific activity of the exposure gas (dpmJI,), 

LM = needle mass in grams, 

t = time in seconds. 

C . 3  RESULTS AND DISCUSSION 

C.3.1 ComDarisons Between Techniclues 

The three measurement techniques did not yield the szme 

quantitative values for net photosynthesis, but qualitative 

similarities with respect to family or treatment effects were reflectsd 

by all three techniques (Table C. I). The SILYENS sysIrem r a t e s  were 

consistently higher than both the LTCOR 4000 and the ISOTOPE techniques 

(40% and 66% higher, respectively). Within a technique, the 

measurements indicated that family 9 seedlings had higher 

photosynthetic rates than family 8 ,  but the trend w a s  not as clear lor 

the “GO2 technique. 

charcoal filtered conditions (14 ppb ozone), both the STEMENS system 

and the LICOR 6000 detected an increase in net photosynthesis along a 

decreasing pH gradient (see Sect. 4 for more information). Seedling 

photosynthetic rates as measured by all three techniques consis?ently 

showed no statistically significant response to ozone at PPFD = 500 

pmol mm2 s-l 

impacted by 0zone - -  Sect. 4 ) .  The exact reasons for differences in 

measured photosynthetic rates between techniques are not known, but 

variable control over cuvette environmental conditions and mutual 

shading of needles during measurements may have been involved, The 

SIEMENS system cuvette had a constant temperature regime (25” C ) ,  

well-stirred conditions, a uniform distribution of needles under a 

uniform light source, and a n  open gas-exchange system, which may have 

provided the optimum conditions for C02 exchange. The LLCOR cuvette 

Furthermore, f o r  family 8 seedPEngs under 

(Note: net photosynthesis under saturating light was 
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Tab1.e 6 . 1 .  Comparative photosynthetic r a t e s  of Pinus taeda L 
seedl ings using three  d i f f e r e n t  techniques 

(yrnol e02 g - 1  s-1) .  

Treafiment b s I EMENS LICOR 6000 1 % ~ ~  
. . _. _. . _.. . __.. . . __. - .~ -~  

(pino1 C O ~  g - I  s 
Fie ld  s tudy,  (family 8) 

Ozone -J$ 

14 
14 
1 G 

167 
167 
16 7 

14 
14 
1 4 

167 
167 
167 

3.3 
4.5 
5.2 

3.3 
4 . 5 
5.7. 

3.3 
4.5 
5.2 

3.3 
4 . 5 
5.2 

(9.5% C.1.) 

Ozone 
0 

160 
320 

0 
160 
320 

(95% C . I . )  

Number of p lan t s  (n=) 

0.096 
0.088 
0.066 

- -  
0.078 

- -  

0.059 
0.054 
0.040 

0.049 
0.052 
0.056 

Fie ld  s tudy,  family 9 

0.064 
0.083 
0.063 

0 . 0 7 1  
0.073 
0.070 

(0.023) (0.017) 

Laboratory s tudy ,  Fami.1y 8 

0.093 
0.095 
0.102 

0.059 
0.063 
0.061 

Laboratory s tudy , family 9 

0 .137  
0.120 
0 .115  

0.067 
0.071 
0.065 

( 0 . 0 2 7 )  ( 0 . 0 0 8 )  

3 o r  4 7 o r  8 

0.029 
0.025 
0.026 

0.036 
0.022 
0 .037  

0.034 
0.031 
0.041 

0.034 
0.034 
0.034 

(0.011) 

0.033 
0 . 0 3 8  
0.035 

0.044 
0.037 
0.042 

( 0 . 0 0 6 )  

5 o r  6 
......... .......... 

aAn open-flow l abora tory  system (SIEMENS) ,  a por tab le  system ( L I C O R ) ,  
and a I4C07. lal)el.ing technique (14C02). 

‘Data a r e  presented Tor seedl ings exposed ( 1 2  weeks) to various 
combinations o f  ac id  r a i n  and ozone i n  e i t h e r  f i e l d  o r  I.aboratory 
conditi-ons.  A l l  data  were measured a t ,  o r  ex t rapola ted  t o  a 

photosynthet ic  photon f lux  dens i ty  (TPFD) of 600 umo1 quanta m-’ s-’. 
‘Mean ozone concentrat ions a r e  expressed i n  ppb. 
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also had well-stirred conditions, but temperature and CO2 were not 

steady, and shoot positioning in its cuvette may have resulted i n  

greater amounts o f  mutual shading between needles. O f  these factors, 

additional mutual shading probably resulted i n  the lower rates of  net 

photosynthesis observed with the LICOR. Mutual shading of  needles arid 

potential errors in our ability to predict the actual specific 

radioactivity (Bq/L) of the exposure gas are probably reasonable 

explanations for the low photosynthetic rates observed with the l 4 C 0 2  

technique. 

Although the quantitative measurements of photosynthesis di.d not 

agree between techniques, the correspondence of the qualitative trends 

in the data collected from each technique indicate that each is a 

useful tool for observations o f  plant physiological status. 

C . 3 . 2 .  RelationshiD of Trends in Net Photosynthesis to G r o w t h  
Parameters 

Photosynthetic rates of  individual families measured by the three 

techniques were not highly correlated with final seedling growth 

variables or changes in the variables over time (Table C . 2 ) .  

There are a variety of  reasons why variables of seedling growt rh  

might not reflect measured photosynthetic rates. Typical measures of 

photosynthesis are made at points in time and, as such, lack the 

ability to account for the integrated CO2 flux taking place during 

growth. Measurements of  shoot photosynthesis do not account f o r  

mitochondrial respiration of roots or stem and leaf tissue respiration 

in the dark. Changes in plant dry weight resulting from tissue or 

organ abscission may also not be reflected by net photosynthesis 

measurements. Finally, instantaneous photosynthetic rates may reflect 

the ontogenetic status of  the plant, but not the integrated status of 

the plant's dry matter accumulation. That is existing leaves of 

actively growing plants may exhibit enhanced photosynthetic rates 

(Wanson et al. 1988). 

While individual family rates of net photosynthesis were not 

correlated with the variables of seedling growth, combined LICOR data 
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from families 8 and 9 showed strong correlations with photosynthetic 

rates (Table C . 2 ) .  Negative correlations between photosynthesis and 

(1) final.  seedllng mass, (2) diameter growth, and ( 3 )  vol.ume growt:h 

indicated that: the smallest seedlings had the highest rates of  

photosynthesi-s T h i s  unexpec lied pattern could indicate that the 

smaller family 9 seedlings bad a higher respiration rate at night 

in [:issues not measured (i.e . ,  roots), or that the rates of 

photosynthesis were measured ,just prior t:o R flush of root growth and 

as a result may have been "enhanced" (see previous paragraph). Another 

plausible explanation may be that the dt?g'cee of mutual sl-rading w a s  

reduced in the smaller seedlings due to a smaller amount of foliar 

bi.omass being included in the measurement cuvette. At any rate the 

variability o f  these relationships illustrates the inherent difficulty 

in relating point measurements to an accumulative process such as 

grow6:h. Both temporal. variat:ions in gas exchange rates due to normal 

phenological changes as well as treatment induced responses in the 

amount and act: i.vi.ty o f  foliage are potentially complicating factors in 

drawing direct correlations between physiological acti.vity at one poi.nt 

in t ime with growth. On the other hilnd, one can look at treatment 

indirced differences in growth paramellers i n  relationship to treatment 

induced changes in gas exchange rates as an evaluation of the degree to 

which the measured rates indicate that a shift in growth has occurred 

o r  many occur. 

height, diameter, and biomass to ozone treatment level. as measured with 

the Siemens system were consistently (85% o f  the time) in the same 

direction (positive or negative) as responses of net photosynthesis. 

'l'hus these measures may be more useful in doeumenting that changes 

have occurred rather than i.n predicting t k t  absolute level of  response. 

More rncasurements in time, longer response times for growth analyses, 

and more dramat:ic growth responses w i l l  be needed to more effectively 

test the strength o f  thses relationship however. Further description 

o f  the many considerations in relating shoot level measurements to tree 

growth can be found in Appendix D. 

or 

As we show in Table 4.5, t h e  responses of  seedling 
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2 Table C . 2 .  Correlation coef f ic ien ts  (R ) of  l i n e a r  regressions between 

by three techniquesa 
var iables  of  growth and photosynthetic rates measured 

Technique/ Growth Variable 
Familyb Total  Height Diameter VoI.um13 RootfShoot: 

Mass Growth Growth Change Ratio 

SIEMENS 
F8 
F9 

LICOR 
F8 
F9 
Combined 

1.4~0~ 
F8 
F9 
Combined 

0 . 3 8 ( - ) '  0.01 0 .06  0 , 0 3  0 . 2 0  
- -  - -  - _  r -  c -  

0*31.(-)  0 .05  0.04 0 . 1 4 ( - )  0.15  
0.04  0.12 0.01. 0 . 2 2  0.18 
0 . 7 0 ( - )  0 . 5 1  0 " 4 1 . ( - )  0 . 6 6 ( - )  0 . 5 4  

0.06 0.20 0 . 0 0  0 .01  
0 . 2 3  0 .00  0 . 2 3  0 .07  8 .06  
0 . 2 1 ( - )  0 . 2 4  0 . 1 2 ( - )  6 . 2 7 ( - )  0.11 

"An open-flow laboratory system SIEMENS) ,  a portable  system (LLCCSR), 
and a 14C02 label ing technique (i4C02). 
'Measurements were made on seedlings from t w o  seed sources: family 8 
(F8) and family 9 ( F 9 ) .  Data a re  only presented f o r  the f i e l d  study. 
"Values followed by parentheses indicate  negative cor re la t ions  between 
net photosynthesis and the growth var iab le .  
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T h e  ne t  photcssynt:lwtic measurenwtits described i n  th i s  appendix a r e  

va1uabl.e txchniques enabling us t o  i s o l a t e  faai l - ies  having d i f f e r e n t  

photosynthetic capac i t ies ,  and are useful i n  describing  he responses 

of  plants  t o  app'PLed treatments.  However, our evidence suggests that 

instantaneous estimates of  net photosynthesis may not provide an 

accerate indicat ion of  a seedling's t o t a l  p o t e n t i a l  f o r  carbon (dry 

matter') gain.  Because the ozone and acid r a i n  treatments had l i t t l e  

statistical.1.y veri-fiable impact on growth o f  family 8 and 9 seedlings 

i n  this experiment (Sect.  3 ) ,  the data may not  have provided enough 

var ia t ion  i.n pl.ant s i z e s  and weights t o  observe a clear re la t ionship  

between net  pbotosynt'riesis and var iables  o f  seedling growth. 

Measuremcmt approaches t h a t  account f o r  cO2 exchange .more f requent ly  

( i . e . ,  day and n i g h t ) ,  and on a greater  number of tissues ( e . g . ,  

l e a v e s ,  stems, and roots) would undouhted1.y provide a more accurate 

picture  of a plant's growth response t o  external  stress (Dutton, 1988;  

Beichel 1 9 7 1 ,  McCree 3.983, Proctor e t  al. 1976 ,  Sehwartzkopf 1 9 8 5 ) .  
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The Use Of Branch Level Measurements In Evaluating Whole Plant 
Responses To Air Pollutants 1,2,3 

S. B. McLaughlin 

Environmental Sciences Division 
Oak Ridge National Laboratory 

Oak Ridge, TN 37830 

Abstracc I The use of branch exposure o r  branch monitoring t:ec’hniques 

to study responses of large trees to air pollutants offers experimental 

advantages that must be weighed against some potentially significant 

limitations. Advantages include ease of pollutant exposure and 

monitoring physiological changes that can advance our current 

understanding of responses of carbon and water relations o f  foliage t o  

well defined pollution stress regimes. Disadvantages are the 

uncertaintities regarding the degree to which branch level responses 

represent responses to be expected when whole trees, including root 

systems, are exposed to chronic pollution stress. ’ n e  inEluence of 

pollutants on carbon allocation including photosynthesis, respiration, 

and translocation represents one area of information need that can be 

productively addressed at the branch Level to provide information o f  

relevance to understanding how large trees respond to pollutants under 

field conditions. 

1. Research sponsored by the USDA, National Acid Deposition Assessment 

Program Interagency Agreement 40-1647-45 with the U.S. Department of  

Energy under contract DE-ACO5-840R21400 with Martin Marietta Energy 

Systems, Inc. 

2. Publication N o .  , Environmental Sciences Division, OKNL,. 

3 .  Manuscript Citation: S .  B. McLaughlin, 1988. The use of branch 

level measurement in evalutain whole plant responses to air pollutants, 

pp 165-185, in Response of Trees to Air Pollution - The R o l e  of  Branch 

Studies ed by W. E. Winner and L. B. Phelps. Proceedings of  a 

workshop, Nov. 5 - 6  1987, Boulder, GO. USEPA/USDA Forest Service, 

248 p. 



Recent i n t e r e s t  i n  branch exposure techni.ques has  stemmed from the 

need t o  b e t t e r  eva lua te  canopy-level  in f luences  of amhi-ent p o l l u t a n t s  

on l a r g e r  f o r e s t  t r e e s ,  which may d i f f e r  ine tabol ica l ly  from the  

seed l ing  t r e e s  t h a t  have pri.nci.pal.ly been u t i l i z e d  t o  d a t e .  The 

l o g i s t i c a l  advantage:; of  p o l l u t a n t  exposure and phys io logica l  

monitoring a t  the  bra-nch l e v e l  are obvious,  however the  degree t o  which 

branch l e v e l  s t u d i e s  can adequate1.y r ep resen t  t he  s p a t i a l  and 

physi.ol.ogiea1 complexity o f  a l a r g e r  t r e e  canopy i s  a va1.i.d concern.  

If one ' s  ob jec t ive  i s  t o  cha rac t e r i ze  canopy l e v e l  responses t o  

atmospheric p o l l u t a n t s  then the re la tTve  exposure,  sensi.f:.ivity, and 

response of d i f f e r e n t  po r t ions  of the  canopy ,mxcl, f o r  c o n i f e r s ,  

d i f f e rences  i n  response of cii.ffc?rent needle age classes wi.tl1i.n the  

crown become important:. The phenology of  canopy growth p a t t e r n s ,  

determinant o r  indeterminant ,  rriay a l s o  be an important consitlera'cion i n  

the  t h i n g  of l e a f  s u s c e p t i b i - l i t y  to a i r  p o l l u t a n t s  (Coleman 1986)  and 

the  ex ten t  t o  which cpi-sodic s t r e s s e s  a r e  t r a n s l a t e d  i n t o  reduct ions  i n  

seasonal  carbon a s s i m i l a t i o n  (Taylor and Norby 1 .984) .  I n  the absense 

o f  proven methodologies f o r  c o n t r o l l i n g  exposure l e v e l s  and measuring 

phys io logica l  responses of l a r g e  f o r e s t  t rees ,  branch exposure 

techniques o f f e r  one a l t e r n a t i v e  f o r  address ing  these  information 

needs.  Thei r  p r i -nc ipa l  u t i l i t y  i s  perhaps as a t o o l  t o  provide 

i n s i g h t s  i n t o  the  physiologi.cal. ptr incfples  underlying whole canopy 

responses  t o  p o l l u t a n t  stress. 

A wide v a r i e t y  of  biochemical and cy to log ica l  measurements can be 

made a t  t he  branch ].eve1 t h a t  provide v a l i d  i .nsights  i n t o  a l t e r a t i o n s  

of l e a f  func t ion ,  however the  parameters t h a t  have h ighes t  p o t e n t i a l  

f o r  desc r ib ing  tree l e v e l  e f f e c t s  a r e  changes i n  carbon, o r  water 

r e l a t i o n s .  With r e spec t  t o  water r e l a t i o n s  ~ changes i n  t r ansp i r a t i -on  

o r  st:osat;al behavior i n  re1 atio1ishi.p t o  l e a f  w a t e r  p o t e n t i a l  r e f l e c t  

alt:t?ral:ions i n  c o n t r o l  o f  t he  balance of  water 1 . 0 ~ s  r e l a t i v e  t o  w a t e r  

supply.  While d e t e c t i n g  adverse e f f e c t s  of p o l l u t a n t s  on branch water 

s t a t u s  would provide evidence f o r  significant whole p l a n t  e f f e c t s  under 

n a t u r a l  exposures ,  the f a c t  t h a t  r o o t  func t ion  i s  u n l i k e l y  t o  have been 

d i s tu rbed  by exposing only a po r t ion  o f  the  canopy t o  p o l l u t a n t s  
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represents an ameliorating effect on potential disruption of water 

supply to pollutant-stressed foliage. 

using branch chambers would be of less value since the combined effects 

of wet and dry deposition become increasingly important in addition to 

the obvious significance of root systems in nutrient supply. 

The most relevant response that can be studied at the branch or 

canopy level is carbon economy. Measurements of photosynthesis, dark 

respiration, and allocation to maintenance processes are potentially 

useful indicators of  whole plant carbon economy (McLaughlin, 1987)  and 

can all be addressed meaningfully on individual branches. The 

remaining portions of this paper focus on (1) the relevance of 

measurements of these parameters to evaluating whole plant responses 

and ( 2 )  results of two studies that indicate that branch or canopy 

level studies can meaningfully address whole tree responses. 

Studies on nutrlent relations 

Carbon Allocation Processes As Indicators Of Whole Plant Response 

Photosynthesig. The exchange of  carbon,both photosynthetic uptake 

and respiratory losses, by foliage of forest trees has been an obvious 

focal point in many studies aimed at evaluating tree growth potential 

(Shaedle 1 9 7 5 ) .  With respect to air pollutant impacts, changes in 

photosynthesis particularly have figured prominantly in efforts to 

understand the concentration threshold for physiological responses 

(Botkin et al, 1972) ,  characterize differences in sensitivity among 

genotypes of the same species (Boyer et al. 1 9 8 6 ,  Eckert and Houston 

1980) or evaluate comparative sensitivity across a variety of different 

species (Reich and Amundson 1985, Reich 1 9 8 7 ) .  Understandably most of 

the research to date has been conducted under controlled laboratory 

conditions. As efforts shift increasingly to the field in attempts to 

evaluate effects of  current pollutant deposition on forested 

landscapes, additional considerations become important in efforts to 

evaluate risks to forest systems posed by current or projected 

pollutant levels. Among these are: 
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1. Are ambient levels of pollutants sufficiently high to cause 

impairment of  gas exchange processes? 

2. What is the significance of typically short term measurements of 

gas exchange rates to seasonal changes in carbon assimilation capacity 

of the tree? 

3 .  What: is the resilience of  a tree’s photosynthetic systems following 

pollutant stress episodes that diminish photosynthetic capacity? 

4 .  How can measured changes in gas exchange rates of foliage be 

integrated over space within the canopy to adequately describe changes 

in whole-canopy production capacity? 

With respect to ambient p o l l u t x n t  concentrations, current evidence 

indicates that the principal pol.lutant occurring at phytotoxic levels 

in both Western Europe and the United States is ozone (Skelly 1980, 

McLaughlin 1985). 

studies on effects of  ozone on crop and tree species (Reich and 

Amundson 1 9 8 5 ) ,  showed that ambient levels of  ozone occurring in the 

eastern U.S. are typically high enough to reduce rates of net 

photosynthesis of all. seven species tested. Reductions in growth were 

linearly related t o  reductions in Pn at different 03 levels. The 

effects o f  exposures on growth ranged from a minimum of about 20% f o r  

tree seedl.i.xigs to abour 60% for crops. 

A review of several controlled field and 1.aboratory 

At present we have relatively little information on the  response 

and recovery cycle o f  net photosynthesis (Pn) to successive ambient 

ozone epi.sodes of varying length and frequency. The length and 

frequency of respites between significant exposures may be an important 

determinant o f  responses s f  forests to chronic pollutant exposures 

(Taylor and Norby, 1985). Measurements of  Pn at any point i.n time, 

while they may provide important information on the integration of 

exposure effects to that time, may not adequately describe the past or 

futxre kinetics of the photosynthetic system. Boyer et al. (1986) 

indicate that Pn of white pine recovered following exposure to 0.05 ppm 

( 6  h/d) but decreased more rapidly on each successive day of exposure 

suggesting progressive impairment o f  the photosynthetic system. The 

manner in which response and recovery systems operate over time to 
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determine seasonal influences on carbon assimilation capacity is an 

important issue that can be approached at the branch level with branch 

exposure systems. 

In the San Bernardino Forest in Southern California where ozone 

levels are among the highest for forested ecosystems in the United 

States, several aspects of photosynthetic production of  sapling 

ponderosa pine trees were adversely affected by exposure to ambient 

concentrations (Coyne and Bingham, 1981). These included reduced Prn, 

reduced stomatal conductance, reduced carboxylation capacity and 

premature senescence of older needles, and decreased recovery of 

stomatal function following winter depression. In this study, high 

initial photosynthetic activity of  current year foliage was associated 

with high sensitivity to gaseous pollutants. This direct relationship 

of Pn rate appears to be a general property of  plant sensitivity to 

gaseous pollutants based on controlled fumigation studies (Reich and 

Amundson 1985, Boyer et al. 1986, Oleksyn and Bialobok 1986). The 

relationship between Pn rate and sensitivity was inverse in older 

needles, however, due to incomplete recovery of stomatal function 

following wintertime depression (Coyne and Bingham, 1981). 

Thus, Pn has two dimensions: (1) as an indicator of carbon 

assimilation rate, the initial basal rate may be directly related to 

sensitivity to 0 3  uptake and hence the potential for Pn reduction in 

the presence of 0 3 ;  and (2) as an indicator of longer term capacity for 

the integration of pollutant and other stresses over the life of  the 

foliage, decreases in Pn reflect sensitivity to deterioration of the 

integrity o f  photosynthetic systems. 

It should be noted that compensatory factors may partially offset 

the effects of  stress on photosynthetic systems. 

foliage of some plants to respond to a decrease in source to sink ratio 

by increasing Pn efficiency may be an important characteristic 

determining tree resilience to foliar damage (McLaughlin and Shriner 

1980) .  Mann et al. (1982) suggest that such a mechanism may be 

involved in the absence of a detectable photosynthetic depression of 

The capacity of 
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foliage of ozone sensitive whit:<: pine trees growing in the field in 

east Tennessee. 

Dark respiration. To date relatively 1it:tle emphasis has been 

placed on pollutant-induced effects on dark respiration. However, 

stimulation of dark respiration is an expected consequence of plant 

repair mechanisms (WcLaughlin and Shriner 1980) and may deplete as much 

or more carbon from available energy pools as reduced photosynthesis. 

Increased dark respiration may be particularly significant when coupled 

with. reduced rates of  Pn. Barnes (1.972) detected reduction of 

photosynthesis (-10 % average) and stimulation aE dark respiration 

( +33 B average) in seedlings of  three species o f  southern pi-nes 

exposed to 15 pphm 03 under laboratory conditions. 

(1982) found that dark respiration was stimulated approximately 50 % 

while photosynthesis was reduced only 7% in mature field grown white 

pine trees showing hi.gh apparent sensitivity to ambient levels of ozone 

in east Tennessee. Obviously, increased emphasis on dark respiration 

is warranted in research aimed at accurately quantifying pollutant 

impacts on total assimilate supply. 

McLaughlin et al. 

Translocation. There i s  good evidence that air pollutants may 

exert: significant effects on plant productivity by altering 

partitioning o f  dry matter between plant parts (Manning 1978, Oshima 

1979, Tingey 1978, and Tingey et al. 1976). One important aspect of 

altered distribution of biomass is the rats of  transport of assimilates 

from the canopy to competing sinks f o r  those assimilates within the 

plant. Several recent studies under both laboratory (Jones and 

Mansfield 1982, McT.,aughlin and McConathy 1983 ~ Noyes 1980, Teh and 

Swanson 1982, and Tingey 1978) and field conditions (McLaughlin et al. 

1982) have indicated that carbohydrate translocation may be both 

sensitive t o  exposure to air pollutants and useful as a general 

indicator of po7.luti.m related stress. 

The transport of assimilates away from production centers to 
points of  utilization within the tree represents an integristive step in 

the carbon utilization cycle that may be examined either at the branch 

level, or at the whole plant level. At the branch level shifts  in 



translocation from foliage may occur either as a consequence of  

interference of pollutants with the loading of the phloem with 

assimilates or as a consequence of increased assimilate demand by 

foliage. A review of studies with several plant species indicates that 

internal costs of maintaining leaf functions are high (McLaughlin and 

Shriner 1980), 

increased by exposure to TpoPlutamts at Bevels high enough to cause 

metabolic or cytologic injury. 

These maintenance costs would he expected to be 

Where the interest Is in the transport and utilization Q E  

photoassimilates Over time or across tissue types, the use of carbon-l4 

and radiochemical techniques provides a technique by which r%e face of 

photoassimilated carbon may be budgeted (McLaughlin etr al. B982) ,  

Although nonspecific in terms o f  individual biochernfcal frnc: tions , this 
technique provides a convenient way to examine the net effects of  many 

processes associated with the carbon transport and utilizaeion by 

tissues stressed by air pollutants, 

Branch Level Studies And Tree Growth Relationships 

Two examples of branch level studies are provided to drmonstratx 

the utility of branches as functional zinits for study and tu Fllustrate  

diverse approaches to the use of branches or portions of tree canopies 

as indicators o f  tree level responses to ambient pollut.ant 1evels.The 

first presents data derived from a previously publishad study on 

photosynthesis, dark respiration and carbon a1 location of w h j  re pinta 

exhibiting varying degrees of  response to apparent ambient ozone damage 

(PlcLaughlin et a1.,1982). The latter presents preliminary data from a 

within canopy gas exchange system being developed to monitor continuous 

photosynthetic responses to daily and seasonal fluctuations i t 1  ambient 

ozone levels. 

Carbon allocation bv pollutant stressed white pine branches. To 

determine the physiological relationship between carbon allocation 

patterns, differences in sensitivity to v i sua l  foliar syriiptoms typical 

of  ozone damage, and reduced radial growth rates of f i e l d  grown white 

pine McLaughlin et a1 (1982) examined seasonal changes i n  carbon 
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economy. ‘The study foctised on seasonal. differences in allocation of  C -  

14 labelled photosynthate of lower branches 1abel.l.ed four times during 

the growing season. E’xoni an examination o f  differences in 

photosynthetic uptake, translocation of  photosynthate away from tagged 

branches and incorporation i.nto associated woody and foliar tissues up 

to 5 years in age, the authors concluded that the more sensitve trees 

were reflecting the cumulative effects o f  chronic reductions i.n 

photosynthate available for export f rom branches.These effects included 

reduced photosynthetic tissue due 1.0 premature senescence of older 

neeedles, decreased photosynthetic activity, i-ncreased respiratory 

l o s s e s ,  and increased retention of photosynthate in foliage. 

From the combined seasonal data and respirati-on measurements made 

in the laboratory on detached branches at the end of  the growing season 

one can calculate what the combined effects o f  these multiple processes 

might be in terms o f  the level of photosynthate available f o r  export 

f rom these branches (Tab1.e D.1). Such a budget demonstrates the 

influences of multiple processes that can be measured at the branch 

level o h  carbon economy of the branch, but it a lso  emphasizes that t h e  

total effect is a result of multiple processesl not merely 

photosynthetic rate. The combined data f rom these multiple processes, 

when expressed as a net reduction in carbon export from the study 

branch to the larger branch and bole tissues, show a reduction o f  

translocatable photosynthate o f  approximately 58 % .  When thi.s reduction 

in avai-lable photosynthate to the main stem i s  compared 

to the 66 % reduction in radial growth between setisiti-ve and resistant 

trees , it provides sorns encouragement that the branch is a sui-table 

unit of study f o r  evaluating the basis and dimensions o f  larger scale 

growth responses 

Canopy level gas exchange. In response to a need to provi.de 

measurements o f  changes in the carbon assimilation rates of  whole 

canopies o f  soybeans exposed to air pollutants in open top chamnbers, a 

system has been developed that uses boundary layer gas exchange rates 

at the l ea f  surface to characterize gas exchange processes on a 

continuous basis during txhe growing season. T h e  system (McConathy and 
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Table D. 1. A comparison of carbohydrate production and 
utilization by f i e l d  grown white pine trees exhibiting 
varying degrees of  apparent: sensitivity to chron-ic a i r  
pollution stress (see McLaughlin e t  al. 1982 f o r  details) 

Sensitive Trees A s  A Percentage O f  Resistant Trees 

WePght of fo l i age  p e r  branch'. 

Photosynthetic rate 2 

Respiration of  foliage 3 

- 20 B 

- 7 %  

4- 6 8  % 

4- 1 2  8 4 Internal al.location of carbon 

Calculated availability of  photosynthate - 58 % 
for translocation to bo1.e 5 

- 6 6  s Measured radial growth 6 

'Based on the average wsight  and average length of  

2Based on seasonal rates of C - 1 4  uptake 
3Based on measurementts in the laboratory made on 
detached branches in August  

/+Based on seasonal retention of C - 1 4  pliorosynthate 
by foliage 
'~alculated from measurements I - 4  to consider 
production arid i n  sitiu utilization of photosyrithak. 
'Measured difference in annual increase in basal area 
of tree rings. 

retention of  needles o f  var ious  age classes 
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McLaughltii, 1987) u t i l i z e d  a s e t  of  t e n  0 . 3  m tubes connected t o  a 

s ing le  manifold t:o c l raracter ize  r e l a t i v e  d iu rna l  and seasonal changes 

i n  the exchange o f  gases i n  the Leaf a i r  i n t e r f a c e .  A s  a way o f  

i n t eg ra t ing  procasses across  the  p1.ant canopy and followi.ng changes i n  

those processes f u r  the same canopy across  the growing season i n  

rel .a t ionship t o  changes f o r  o ther  canopies i n  different:  t reatments ,  

t h i s  system can pro-vide usefu l  information on the cumulative e f f e c t s  o f  

tsrcatruent condi t ions on gas excliange processes .  Figure D" 1. descr ibes  

the  p r inc ipa l  components o f  the  system o r i g i n a l l y  t e s t e d  i n  the  fie1.d 

on soybean canopies.  Figure I>. 2 represents  the types of  data rou t ine ly  

col. lected with t h i s  system when comparisons a r e  made batween charcoal 

f i l t e r e d  and nor1 fiI.te?.-ed condi t ions.  I n  add i t ion  t o  the  comparative 

d iurna l  t rends i n  temperature ) wind speed, s o l a r  r a d i a t i o n ,  and 

exchange o f  C O 2  and 1-120, the  importance of wind speed i s  demonstrated 

by the inf luence of i n i t i a t i n g  E m  c i r c u l a t i o n  i n  the  morning on net 

C02 d i f f e r e n t i a l  . 
Kesul ts  of C02 exchange measurements on f i v e  days during the  1984  

growing season a r e  shown i n  Table D.2. These d a i l y  mean da ta  descr ibe 

re1ai:i:ve photosynthet ic  r a t e s  of  1 2  soybean canopies represent ing three  

rai.n treatments ( h  chambers each) with 6 chambers having charcoal  

f i l t e r e d  a i r  and 6 non- f i l t e r ed  a i r .  Standard e r r o r s  include the  

v a r i a b i l i t y  a t t r i b u t e d  t o  across  - treatment t i i f f e r e n c e s  with in  each 

considered treatment mean. 

The daCa show l a t e  season redueti-ons i n  both the level. and 

durat  i.on of photosynthesis f o r  p l a n t s  grown in arrhient a i r  and higher  

r a i n f a l l  a c i d i t i e s  (McConathy and McLaughlin, 1986) . Reductions i n  

r e l a t i v e  photosynthet ic  r a t e  were more pronounced as the  a c i d i t y  l e v e l  

increased and, l i k e  the  e f f e c t s  o f  f i l t r a t i o n ,  became m o s t  apparent 

only  toward the  end oE the growing season. 

This technique i s  dependent on boundary l aye r  processes and hence 

In a n  open t o p  chamber system wi.nd speed i s  inf luenced by wind speed. 

i s  dominated by the introduced a i r  from the blower system and hence 

these measurernent:s shou1.d not be s i g n i f i c a n t l y  influenced by arnbi-ent 

w i n d s .  However f o r  l a r g e r  t rees  i n  the ambient environment t h e  
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/ 

Figure D . 1 .  Scl-lematic diagram of principal components in the canopy 
gas exchange sampling system. 
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Table D.2. Daily means of  C 0 2  exchange of soybean canopies in 12 open 
top chambers for s ix  days during the 1984 growing season. Data are 
means of 6 chambers (2 in each of the three ra in pH treatments) for 
filtered or nonfiltered treatments or for 4 chambers (2 each in 
filtered or nonfiltered air) for each of the three rain pH treatments. 
Standard errors of the mean are indicated. 

Sampling Date 
7-28 7-29 8 - 2 5  8 - 2 6  9 - 2 3  

1 
Relative Photosynthetic Rate 

Filtered 10.0 +O.  9 7.7-I-1.2 10.0-tl. 6 6 ~ 6a2.7 7.1+0.6 

Nonfiltered 1.0.4 +l.Z 8.7+1.4 G.1+1.8 3.O-r-2.3 4.3+1;.9 

PH 5 . 2  8.5+1.2 7.1+1.0 11.6a1.8 9 . 8 + 4 , 0  10.2+1.3 

PH 4.2  12.5+1.0 9.1+1.4 6.4+1.l 2.7CO. 9 S. 3-1-0.7 

PH 3.2 9 (. 5+1.2 8.3-bl.6 6.2- t .2 .5  1.91-3.4 1 .6+0.8  

I C 0 2  difference in ppm between reference air and sample airpulled from 
10 within-canopy positions at a total flow of approximately 1.2 licers 
per mimute. 
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natura1l.y vary ing  wind speeds can in t roduce  an important  source of 

extees'mal no i sc  i n t o  the  measured s i g n a l .  For c o n i f e r s  t h e  geometry of  

needles  changes the houridary l a y e r  conf igu ra t ion  f u r t h e r  reducing the 

signal.  f o r  phys io log ica l ly  a c t i v e  gases such as C 0 2 .  

To overcome t h i s  l i m i t a t i o n ,  a snnalP li.ghtweight g l a s s  c u v e t t e  

(Figure D . 3 )  has  beexi designed that i.s a t t a c h e d  t o  t h e  tubu le  and 

iflounted on i lrdividual branches t o  measure continuous gas exchange from 

needles  of s p e c i f i c  age c l a s s e s  and from different p o s i t i o n s  wi tb i .n  t h e  

canopy. A s  with the tubule  system, t e n  sampl.irig p o s i t i o n s  a r e  

phys i ca l ly  aggregated and hence rnathmati.ca1l.y averaged wi th  a sampling 

rnanifo1.d. The present system has the c a p a b i l i t y  t o  c o l l e c t  d a t a  from 

up t o  1 ~ 2  manifol.ds a t  d i f f e r e n t  sarnpl-ing p o s i t i o n s .  Data c o l l e c t i o n ,  

reduct:i.on and chamber switching programs are c o n t r o l l e d  by an  IBM 

computer. 

Cuvette dimensions are 4 cm i n  l e n g t h  and 2 em i n  diameter  s o  

t h a t ,  i n  c o n t r a s t  t o  the  previous example wiIA hroadleaves ,  one has  a 

def ined  length  of f o l i a g e  wi th in  the  cuve t t e  a t  any t i m e .  Sac f u l l  

s u n l i g h t ,  two fasci.cJ.es of l o b l o l l y  p ine  ( t y p i c a l l y  6 needles) w i t h i n  

each cuve t t e  a r e  sufficient t o  provide a maximum CO2 drawdown of  15 -25  

ppm wit;hin the  1 . 0  t o  1 . 5  lpm a i r  stream pull.ed through a t y p l c a l  

cuve t t e  system. I n i t i a l  t e s t i n g  with these  c u v e t t e s  showed no 

s i g n i f i c a n t  wi th in-cuvet te  temperature i n c r e a s e ,  e x c e l l e n t  s t a b i l i t y  

w i . t h i . n  the  f r e e l y  moving canopy and no long term v i s u a l  impairment of  

needle  functioin o r  appearance. Comparisons of r a t e s  of photosynthes is  

measured with a Lieor  6200, indi.cated t h a t  rates determined from t h i s  

system, a r e  about half  the L i c o r  r a t e s ,  This  c a l c u l a t i o n  assumes t h a t  

the cuve t t e s  are closed t o  wind incu r s ion  a t  t h e  ends and the f o l i a g e  

i n s i d e  the  cuvet:te i.s con t r ibu t ing  equa l ly  a long i t s  entire c u v e t t e  

l eng th ,  In  p r a c t i c e  an operational.  cuve t t e  l eng th  can be de terntined 

empi r i ca l ly  and used t o  def ine  e f f e c t i v e  needle  l eng ths  and hence 

photosynthe t ic  rates i n  terms comparable I;() those measured wi th  c losed  

systefns " 

Resul t s  of  a ~ i  a n a l y s i s  o f  photosynthe t ic  a c t i v i t y  of  c u r r e n t  y e a r ,  

upper canopy foliage from two 5 (11 tall l o b l o l l y  p ine  t rees  f o r  one day 
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Figure D.3. A 4 crn X 2 cin glass cuvette. has been designed to 
reduce air turbulence and provide a more constant boundary l aye r  
environment around the subtended needle fascicles contained within the 
photosynthetic cuvette. 
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during the 1987 growing season are shown in Figure D . 4 .  Future plans 

for this system involve using a charcoal filtered air stream to reduce 

the ozone levels in one canopy and ambient air to provi.de similar air 

flow to the other t o  allow evaluation o f  the daily and seasonal 

kinetics o f  photosynthetic responses to be followed. Additionaly 

canopy level responses would be followed in relation to sapling growth 

rates in charcoal filtered and nonfiltered open top chambers using 

families of loblolly pine that range from very sensi.tive to insensitive 

to aiiibient levels of ozone. 

Suflmary 

Branch level studies offer many possibilities for obtaining 

important information on the effects of pollutant stress on 

physiological processes of forest trees. The primary consideration in 

designing branch chambers and condueti-ng studies at the branch level 

should be the desired resol.ut:ion and potential uses of the data to he 

obtained. While attempting to obtain envLronmenta1 conditions within 

chambers that are close to those in the unconfined canopy is a worthy 

objective, it is not reasonable to consider branch studies as an 

adequate source of information for an understanding of whole tree 

function, particularly the water and nutrient cycles chat are so 

significantly influenced by the root system. A diversity of approaches 

should be encouraged to provide levels of sophistication of design t:hat 

match the sequence of information needs in the exploratory - 
confirmatory research cycle. 
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Figure D . 4 .  Raw d a t a  showing re la t ive C 0 2  exchange w i t h i n  the  
canopies  of two 5 m t a l l  l o b l o l l y  pine t r e e s  dur ing  September of  1987.  
The X-axis r ep resen t s  recorder  s c a l e  u n i t s  where a change of  one u n i t  
r ep resen t s  a C02 d i f f e r e n t i a l  o f  1 ppm. The scale w a s  ad jus t ed  
i n i t i a l l y  s o  t h a t  3.5 u n i t s  r ep resen t s  approximately 0 ppm d i f f e r e n t i a l .  
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E . 1 .  INTRODUCTION 

This  section addresses the corisiderat i oris; that were inipplementcd I:() 

ensure and document the quality of the data being obtained f o r  this 

project. Many of these considerations are covcred j n  the text, In 

those cases, reference to the location of that material wi$I he made 

with only summary comments regarding principal firndings included here. 

As a part of the national Forest Response Program this project was 

from it's initiation under the programmatic guidance of the Quality 

Assurance (QA) Program. This interaction took several forms: 

1. participation of scaff in workshops designed to suggest 

standard measurement pro roco l s ,  

2 .  a site visit: by a QA team to observe project protoeul. and make 

suggestions f o r  improvements where warranted, 

3 .  staff interactions with other investigators working out 

procedural details of current methodstand, 

4 .  Observation of procedural pro toco l s  previously established for 

seedling cultural practices. These p r o t o c o l s  were designated 

initially as formats for ensuring standard procedures f o r  growing 

seedlings across the three sites involved in the initial. 

laboratory studies. 

There were three primary areas in which QA required special 

attention and documentation: plant cultural practices, del ivery and 

monitoririg p o l 1  utarit dose I and measurements 01 plant growth and 

physiology. 

E .  2. PTANT CISLTURAL PRACTICES 

Cultural. practices used in these experiments weye modeled a f t e r  

the "Seed, Seed]-ing, and Design Proeoeol For Determining Response of 

Loblolly Pine to Air Pollutants" supph Led to participating l abora tor ies  

in the Southern Commercial Cooperative in February of 1986 .  This 

document described the seed sei-ection process  a s  w e l l .  as recommended 

cultural conditions. This protmcoil was followed as out1 ined and 

documented in Sects. 2 and 3 with the following exceptioris. 
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E. 2.1 Seedl ing Fertilization 

Because of the large number of  seedlings initially produced (over 

12,000), hand appl.ication of liquid fertilizer to each individual 

container in the nursery was deemed impractical, so a commercial liquid 

spraying device that mixed the appropriate s tock  solution with w a t z e r  

vas used. to apply the fertzi.l.j.zer to the seedlings. Fert.i.l.ization w a s  

in each case foll.owed immediately by a light: water spray to wash the 

surface deposi-ted nutrients froin the foliage. 

Similarly in the field, a slow-release, commercially available 

fertilizer was used to deliver a continuous supply o f  fertilizer 

comp1.eti.r with micronutrtents to avoid hand-watering the approximately 

10,000 seedli.ngs i n  their holding pa l . l e t s .  To test the effects of 

slow-release fertilizer pellets versus the standard liquid fertilizer 

regime w e d  i n  the greenhouse/continuously stirred tank reactor (CSTR) 

s tudi -es ,  a greenhouse comparison test was run for 12 weeks in parallel 

with t hose  studies. The results, shown in Table E-1, indicate that the 

application of liquid fertilizer every 2 weeks induced comparable rates 

of diameter growth in the three families tested, but stimulated height 

growth by approximately 37% on the average. Since seedlings actually 

grew fas te r  in t:he f i e l d  studies compared to  the greenhouse/CSTR 

conditions, i.t can be concluded that the observed faster growdi under 

those conditions was i-n fact a response to more opti.murn radiation and 

temperature conditions since watering rates were similar between the 

t w o  regimes.  

E.2.2 Measurement Protocol 

The slow-release fertilizer and the potting medium used produced a 

soil surface that  vas irregular and subject to significant change as a 

reference point f o r  height measurements over time because of  wetting, 

droplet impaction, and redistribution of  the mix. For this reason, 

seedling heighe w a s  measured from the level of the top of  the seedling 

container to the base of  the terminal bud of  the dominant shoot .  

Because seedling potting depth was variable, the use of pot-rim level. 

as a reference created a bias  towards cal.cul.ating a disproportionately 

high relati-ve growth rate (height growth versus initial height) for any 
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Table E - 1 .  Mean height arid diameter growth f o r  seedlings of three 
lob lo l ly  pine families grown f o r  1 2  weeks i n  the greeIliilouse 

under two f e r t i l i z e r  regimesa 

I 

I,i quid Fe r t i l i ze rb  S l o w  Release Fe r t i l i ze rC  

Family HeiEht Diameter We i p,ht - Diameter 

1 1.73 1 . 7 6  1..  6 1  1 . 8 4  

6 3 .04  2 . 1 5  2.32 2 . 0 7  

7 2 . 0 5  1 . 7 -7 1 . 7 7  1 . 7 4  

aGrowth r a t i o  as fLnal / in i t ia l  a f t e r  1 2  weeks. Mean percent height 
difference,  l i qu id  vs p e l l e t  = + 37%.  Nean diameter difference,  
l i qu id  v s  p e l l e t  < - 1%. 

K C l  applied once every 2 weeks as recommended. 

applied a t  a r a t e  of  11 g t o  the surface o f  each p o t  a t  the 
i n t t i a t i o n  of f i e l d  s tudies .  

bLiquid f e r t i l i z e r :  88-13-21 ppm i n  solut ion as NH4N03, MAzHPOI,, arid 

cPel le t ized f e r t i l i z e r :  17 -6 -10  with micronutrients from Agr l fo rm 
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seedl ings f o r  whi-ch the  pot t ing  surface w a s  deeper than the typ ica l  2- 

cm d e p t h  and f o r  t h i s  reason height  growth data were analyzed as t o t a l  

height: gz-owt:li. I n i t i a l  height: was used a s  a eovar ia te  i n  s t a t i s t i c a l  

anal-yses, however, a.s discussed i n  Sec t .  3 .  T t  should be noted tha t  

po t t i ng  depth was recorded f o r  a l l  o f  the  fami l ies  t h a t  were harvested 

f o r  dry-mass determinations i n  the f i n a l  harves t  so  t h a t  t r u e  values  

f o r  r e l a t i v e  height: growth  could be calcu1at:ed f o r  those approximately 

1000 seedl ings .  We have not  considered t h i s  t o  be necessary f o r  

purposes of  the  present  analyses .  

Diameter growth measurements were made approximately 7. mm b e l o w  

the base of the cotyledonary node after examining the  extents of  stem 

t a p e r  i.1-I t h i s  a rea  and determini.ng t h a t  va r i ab le  po t t ing  depth o f  soiiie 

seedl ings and the  log i -s t ics  of accessing and measuring a l l  seedl ings i n  

a t:::i.iwI.y and cons i s t en t  manner wou1.d reduce the qual-i ty o f  the  da ta  

obtai.ned by the suggested root  c o l l a r  measurements of stem diameter" 

Stems were found t o  have l i t t l e  tiaper below the  cotyledonary node. 

This minimized errors due t o  es t imat ion o f  the  2-mm reference p o i n t .  A 

summary of  measurement e r r o r s  f o r  weight and diameter i s  provided i n  

Sec t .  2 .  Fi.gures E . l  and E.2 show the natnre  of  the  v a r i a b i l i t y  

between measurements taken by seven ind iv idua ls  a f t e r  si.x weeks of 

exposure. 

E . 3 POT..T.,UTANT DOSE 

The methods of dispensing and monitoring po l lu t an t  dose,  both ac id  

r a i n  and ozone, are discussed i n  Sect .  2.. There were seve ra l  

cons Lderntions i n  evaluat ing the performance o f  the pal.1.ut:ant 

d i s t r i b u t i o n  and i-iionitoring system u t i l - i zed  i n  the  f i e l d  s t u d i e s ,  These 

included the l eve l s  of po l lu txnts  inoni-tored within the chambers, the  

e f f i c i ency  o f  the  sampling l i n e s  i n  de l ive r ing  an accuratx p i c t u r e  of 

acttial concentrat ions o f  ozone i n  the chambers, c a l i b r a t i o n  of  the 

monitoring instrriruents , and variability o f  dose de l ivered  wi th in  and 

between chambers. 
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Fig.  E . l .  Mean Height nieasurernents obtained by seven ind iv idua ls  
measuring a s tandard s e t  of  e i g h t  Pobl.ol.ly p ine  seed l ings  s ix  weeks 
a f t e r  the  i n i t i a t i o n  of  the twelve week exposure sequence. 
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Fig ~ E .  2 .  Mean diameter measurements ob ta  i ned by seven 
ind iv idua l s  measuring a standard set o f  e i g h t  l o b l o l l y  pine seed l ings  
s i x  weeks a f t e r  the  i n i t i a t i o n  of  t he  twelve week exposure sequence. 
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E . 3 . 1  DisDensinP and rnonjtorinx ozone: F i e l d  S tud ie s  

Ozone w a s  d i s t r i b u t e d  t o  ind iv idua l  chambers by a computer- 

c o n t r o l l e d  pneumatic va lve  system t h a t  w a s  s t a r t e d  up manually t o  

reduce c o n t r o l l e r  o s c i l l a t i o n s  dur ing  the  t r a n s i t i o n  from ambient 

background concent ra t ions  t o  the  4 0 - ,  8 0 - ,  o r  160-ppb add-on l e v e l s  

s p e c i f i e d .  The k i n e t i c s  of a t y p i c a l  d a i l y  concen t r a t ion  regime f o r  

ambient concen t r a t ion  and each of  t h e  ozone add i t ions  are shokm in 

Figure E-3. While add i t ions  a t  t h e  40- and 80-ppb l e v e l s  provide 

r a t h e r  s teady  s ta te  add i t ions  t o  t h e  syeciEied ambient l e v e l s ,  it i s  

apparent  i n  F ig .  E-3(c) t h a t  a t  t he  h i g h e s t  a d d i t i o n  l e v e l  t h e r e  was 

about a 10% overshoot o f  t he  d e s i r e d  ozone concen t r a t ion .  Desired mean 

concen t r a t ion  levels were r a t h e r  we l l  r e p l i c a t e d  however, as noted i n  

Table 2 .3  (Sect .  2 )  and were t y p i c a l l y  wit:hin 5 1 5  ppb of  t h e  d e s i r e d  

mean a d d i t i o n  l e v e l .  Both v a r i a b i l i t y  among chambers a t  the same 

t rea tment  l e v e l  (Table 2 .3)  and v a r i a b i l i t y  a t  t e s t  p o s i t i o n s  wi rh in  a n  

ind iv idua l  t e s t  chamber w e r e  very  low (Sec t ion  2 ,  F i g .  2 .3 ) .  

The accuracy of  ozone concent ra t ions  monitored i n  these  

experiments w a s  checked both by p e r i o d i c  c a l i b r a t i o n  of t h e  t h r e e  

monitors used i n  t h i s  shared time system (Sec t .  2 ,  Table  2-11 axid by 

checking t h e  e f f i c i e n c y  of sample l i n e s  wi th  a s t anda rd  ozone a d d i t i o n  

made a t  t he  chamber end. Instrument c a l i b r a t i o n s  i n d i c a t e d  very  c l o s e  

agreement between int:roduced and monitored l e v e l s  o f  ozone wi th  ac tua l  

concent ra t ions  t y p i c a l l y  be ing  reproduced by va lues  t h a t  averaged 

- + 1 ppb a t  t h e  low end and 5 ppb a t  t h e  h igh  end (a 2 t o  3% e r r o r ) .  

V a r i a b i l i t y  ac ross  1 2  sampling pos i t i ons  wi th in  a r e p r e s e n t a t i v e  

chamber (Sec t .  I, Fig .  1 . 3 )  w a s  q u i t e  low, wi th  a c o e f f i c i e n t  of 

v a r i a t i o n  of  5%.  

E . 3 . 2  Dispensinig and M o n i t o r i q  Ozone: Laboratory S tud ie s  

Ozone provided i n  t h e  l abora to ry  s t u d i e s  w a s  generated by 

i r r a d i a t i n g  an oxygen supply stream. Control  o f  ozone l e v e l s  w a s  

manual and d a t a  were recorded on a s t r i p  c h a r t  recorder  and reduced 

manually as noted i n  S e c t .  2 .  Resu l t s  of  instrument  c a l i b r a t i o n  on 

e i g h t  d a t e s  are included i n  Sec t .  2 .  Accumulative doses f o r  the. 160- 
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Fig. E . 3 .  Kinetics of t y p i c a l  daily exposure concentrations for 
ambient ( A ) ,  and ambient p l u s  L O  gyb,  80 ppb,  and 160 ppb controlled 
exposlires to ozone ( B ,  C, and D ,  r e s p e c t i v e l y ) .  
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and 320-ppb treatments were 40 ppmoh and 80 ppmeh, respectively. 

levels were only approximately 10% below the target concentrations of 

46 ppmoh and 92 ppmoh set forth as initial objectives. 

These 

One QA lapse occurred early in the lab experiments when an 

ethylene supply tank ran low on pressure and caused the ozone monitor 

to read abnormally low concentrations in the chambers. By manually 

increasing the ozone flow into the chambers the technician was able to 

maintain the desired recorder levels; however, based on the recorded 

flow settings we estimate that chamber ozone levels may have exceeded 

target concentrations by as much as 100%. Little vi-sible injury and no 

apparent growth effects were produced by this exposure short term 

episode however. 

Calibration of  ozone monitcrs used in both field and laboratory 

studies was accomplished using a Permacal 8 5 Q O  unit that was cross-  

calibrated against the calibration system maintained by the TVA A i r  

Quality Laboratory in Knoxville, Tennessee. 

E. 3 . 3  Acid Rain Doses 

Two aspects of the acid deposition were of primary interest in 

these experiments: the range in precipitation chemistry and the volume 

of water delivered to the chambers across the system. Statistics on pH 

of the rain simulants were shown in Table 2.5 and Fig. 2.9 (Sect. 2 ) .  

These data indicate that while there was overlap of treatment ranges 

three distinct pH treatments were obtained. 

values were more acidic than desired at the extremes, they were quite 

comparable at the intermediate level. The concentrations achieved 

represent a close approximation to the range of mean ambient pN of  

rainfall across the southeastern region at the two higher pH levels and 

the level of episodic "worst case" events at the lower end. Mean ionic 

concentrations from two rain events are compared with target 

concentrations in Table E.2. Mean ionic concentrations f o r  two rain 

events for the CSTR are also shown. 

Although actual mean 

Rainfall volume was of interest in these studies not only because 

of  its ro l e  in delivering the treatment dose, but also because 
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Table E.2. Ionic concentrations of rain simulants (mg/L) 

Fi.el.d study, actual concentrations 

5.2 0.097 <.la 0.93 1.h7 1 . 7 7  0.86 0 .50  0.27 1.20 

4.5 0.055 <.l 0.66 1.35 2.32 0.20 0.32 0.20 1.72 

3.3 0.058 <.1 0.51 3.02 8.05 0 . 1 7  0.34 0.23 2.66 

b F i e l d  study, target concentrations 

5.0 0.035 0.03 0.17 0.61. 1.48 0.11 0.26 0.16 2.43 

4.3 1.30 3.20 2.46 

3 . 5  6.00 15.00 2.50 

CSTR s tudy ,  actual concentrations 

0.088 <.la <.50a 2.98 4.55 0.31 0.59  0.51 1.53 

CSTK study, Target concentrations b 

0.035 0.03 0.17 1.30 3.20 0.11 0.26 0.16 2.46 
I _- 

adetection unit. 
bfrom Irvi.ng (1985) .  
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seedl ings were grown above the  s o i l  l e v e l  and hence d id  not rece ive  

o ther  s i g n i f i c a n t  sources of  moisture.  Ths mean volume of  r a i n f a l l  

de l ivered  t o  chambers i n  each o f  the th ree  blocks f o r  e i g h t  

representa t ive  events during the  twelve week per iod o f  exposure is  

shown i n  Table E . 3 .  From these da t a  it i s  apparent t ha r  t he re  was no 

cons i s t en t  p a t t e r n  o f  b i a s  i n  the  amount of r a i n f a l l  de l ivered  across  

the  three  blocks and no b a s i s  f o r  concern t h a t  block responses were 

s i g n i f i c a n t l y  influenced by varying l e v e l s  of  depos i t ion  of  prescr ibed  

doses.  

For the  CSTR s tudy ,  p l an t s  were randomly loca ted  on the  two r a i n  

t ab le s  over time so  t h a t  any v a r i a t i o n s  i n  volume received was 

minimized. 

E . 4  MEASUREMENT OF PLANT GROWTH AND PHYSIOLOGY 

E . 4 . 1  P lan t  Growth 

The l a rge  number of seedl ings u t i l i z e d  i n  the  f i e l d  s tud ie s  

necess i t a t ed  the  use of 1 2  d i f f e r e n t  people during the var ious 

measurement operat ions throughout the  growing season. V a r i a b i l i t y  o f  

measurement tendencies between observers w a s  a source of  concern and 

f o r  t h i s  reason both  a record of  who d id  the measuring on iridiJridua1 

p a l l e t s  and the  performance of observers on spec i f i ed  seedl ings  were 

documented. Measurers were given in s t ruc t ions  on s tandard measurement 

protocol  i n i t i a l l y  and were in s t ruc t ed  t o  i n i t i a l  the  s p e c i f i c  p a l l e t s  

wi th in  each chamber t h a t  they measured. I n  most  cases  there  were two 

o r  more t r a ined  measurers per  chamber and measuring and da ta  recording 

d u t i e s  were r o t a t e d  a t  l e a s t  once during measurement o f  the  s i x  p a l l e t s  

per  chamber. Diameter was measured with a d i g i t a l ,  battery-powered 

c a l i p e r  using the  long ax i s  of the p a l l e t  t o  o r i e n t  the  measurement 

along a constant  plane.  

times per  hour;  however, instrument d r i f t  w a s  neg l ig ib l e .  

Cal ipers  were e l e c t r o n i c a l l y  zeroed seve ra l  

V a r i a b i l i t y  o f  measurements was determined during each measurement 

da te  by having each observer measure a s tandard s e t  of p l a n t s .  

d a t e ,  the  same group of  p l an t s  was remeasured th ree  times during the  

day t o  determine prec is ion  a s  well. as accuracy of the  measurement team 

On one 
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Table E - 3 .  Rain fa l l  volumes del ivered  t o  each of 
th ree  blocks f o r  e igh t  dat:es ( c m  depth)a 

Treatment da te  8 /8  8/L5 8/19 8/22 8/20 9/12 9/23 10L.l;Q 

Block I 2 . 5 1  1 . 2 4  1.14 1 . 1 2  1 . 1 2  1 . 0 9  1 . 5 7  1 . 0 4  

Block I1 3 . 3 7  1 . 3 7  l . 0 2  1 . 1 2  1 . 3 0  0 . 8 9  1 . 7 0  1 . 0 2  

Block Ill: 2 . 8 7  1 . 3 7  1 .14  1 . 1 5  1 . 2 4  0 . 9 1  2.00 0 . 9 1  

"Summed r a i n f a l l  depths  f o r  blocks I ,  11, I11 were 1.0.88 cm, 1 1 . 7 9  cin, 
and J . I .  6 0  cm respec t ive ly  across  the e igh t  da t e s .  
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members. Figures E-1 and E-2 were included to demonstrate typical 

variability in height and diameter measurements by individuals on the 

same group of plants on September 19, 1986, at the midpoint of the 

study. Coefficients of  variation for all measurement periods averaged 

3 . 8 %  for height and 5 . 6 %  for diameter. Variability in repetitive 

measurements by the same individuals is shown in Table E - 3 .  Average 

coefficients of variation were 5 .4% for height and 2.1% for diameter. 

E.4.2 PhysioLonical Measurements 

Photosynthetic measurements were obtained by three different 

approaches during these studies : Siemens Sirigor, L i c o r  , and I4C 
labelling techniques. The comparability of measurements between 

techniques for measurements on the same subsets of  plants has been 

covered in Appendix C .  

Starch analyses were developed in collaboration with other 

investigators in the  cooperative and were accompanied by measurements 

of starch recovery from commercially available standard samples. 

these measurements it was determined that recovery of starch was 

approximately 95%. 

From 

Nutrient analyses were performed at the University of  Georgia Soil 

Testing Laboratory (see Sect. 2) and were accompanied by a set of  

standard samples supplied by the Cooperative QA staff. Results o f  

these analyses indicated that most o f  the analyses from the Georgia 

laboratory were within the acceptable limits for most of the nutrients 

(see attached letter). The only exceptions were the Mn, Fe, and A 1  

analyses, which were lower than the prescribed limits of variability by 

the Cooperative. The discrepancy for these nutrients was likely due in 

large part to the sample preparation as noted by the results of 

subsequent analyses summarized in the follow-up letter by 

Dr. Robert Isaac of the Georgia Laboratory. 
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OAK RIDGE NATIONAL LABORATORY 
OPEWTED RY hlAF7TlN MXRIEITA ENFRGV SYSTEMS INC 

POSl  OFFILE OOX X 
OAK RIDGE TENNESSEE 37831 

November 11, 1987 

Dr. Robert  Isaac 
Soi 1 T e s t i n g  and P1 a n t  A n a l y s i s  Labora to ry  
U n i v e r s i t y  o f  Athens 
2400 Co l l ege  S t a t i o n  Road 
Athens, Georgia 30605-3693 

Dear Dr. Isaac:  

We r e c e n t l y  sent  some samples o f  l o b l o l l y  p i n e  f o l i a g e  t o  y o u r  l a b o r a t o r y  
for n u t r i e n t  analyses.  I n c l u d e d  were f o u r  samples c o n t a i n i n g  NBS p i n e  and 
c i t r u s  f o i l a g e  which were t o  serve a s  c r o s s - l a b  standards.  We were 
s a t i s f i e d  w i t h  t h e  r e s u l t s  o f  t h e  analyses. However, t h e  Fo res t  Response 
Program’s Q u a l i t y  Assurance O f f i c e r  has i n d i c a t e d  t h a t  t h e  Mn, Fe, and A1 
va lues  ob ta ined  by you r  personnel  f o r  t h e  p i n e  sample were lower than t h e  
NBS means by more than 3, 3 and 2 r e s p e c t i v e  NBS s tandard d e v i a t i o n s .  
These r e s u l t s  are shown on t h e  a t tached  sheet .  

We do n o t  r e q u i r e  any f u r t h e r  a c t i o n  on y o u r  p a r t ,  b u t  wished t o  
communicate t h i s  d iscrepancy t o  you. A t  present ,  we a r e  s imp ly  f l a g g i n g  
these d a t a  as  n o t  meet ing o u r  Data Q u a l i t y  O b j e c t i v e s .  However, I welcome 
any comments o r  suggest ions r e g a r d i n g  these d i f f e r e n c e s .  

S i  n c e r e l  y , 

Mary Beth Adam 
Environmental  Sciences D i v i s i o n  
B u i l d i n g  1505, M§-034 

MBA:l lc 

cc:  Sandy McLaughl in 

Attachment 
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Fol i ar Inorganic Analyses 

Comparison with  NBS Standards 

Reported 
Values 

M n  534.6 

Fe 107.4 

A I  4 7 2 . 7  

NBS 
Values 

67521 5 

2 0 0 ~ 1 0  

545+30 



294 

REFERENCES 

Ayrrne, , V .  Northup Se rv ices ,  I n c . ,  Qual i ty  Assurance Program, l e t t e r  

t o  M .  R .  Adams, Oak Ridge Nat ional  Laboratory,  1987 .  

Isacc,  R . ,  Univers i ty  o f  Georgia S o i l  Tes t ing  and P lan t  a n a l y s i s  

Laboratory,  l e t t e r  t o  M .  B ,  Adams, Oak Ridge National. Laboratory,  

Janurary  5 ,  1988. 

"Seed, Seedl ing,  and Design Protocol  f o r  Determinine Response of  

L,oblolly Pine t o  A i r  P o l l u t a n t s , "  Personal Communication from 

Southern Commercial Fores t  Research, Cooperative Coordinator 

t o  P r inc ipa l  I n v e s t i e a t o r s ,  January,  1986. 



295 

ORNL/TM- 10777 

INTERNAL DISTRIBUTION 

1-5. M. B .  Adams 
6. L. J. Allison 
7. C. F. Baes III 
8 .  D ,  E. Carpenter 
9 .  R .  C. Durfee 

10-14. N. T. Edwards 
15. M. P. Farrell 
16. C. W. Gehrs 

22. S .  G .  Hildebrand 
23. D .  W. Johnson 
2 4 .  J. W. Johnston 

2 5 - 2 9 .  P .  A .  Layton 
30. S .  E. Lindberg 

31-35. S .  B. McLaughlin 
36. R. J. Norby 

37-41. E. G .  O’Neill 
4 2 .  J. W, Ranney 

17-21. P. J. Hanson 

43 . 
44 

45-49.  
50 ~ 

5 1 ”  
5 2 .  
53” 
54 I 

55. 
5 6 .  
57 I 
5 8 .  
5 9 ”  

4 0 - 7 9 .  
80-81. 

8 2 .  
83 ~ 

84 .  

R. M. Reed 
D. E. Reichke 

R. M. Rush 
D. S .  Shriner 
L. k. Sigal 
6 ,  L. Simmons 
E. D. Smith 
s .  H. S t o w  
P .  F. Tiner 
R .  S. Turner 
H. Van Miegxoet 
Central Kesearch Library 
ESD Library 
Laboratory Recoa-ds Department 
Laboratory Records, RC 
ORNL? Patent Office 
ORNL Y- 12 Technical Library 

sa. K. Roy 

EXTERNAL DISTRIBUTION 

85 ‘ 

8 6 .  

8 7  I 

813. 

8 9 .  

9 0 .  

91. 

9 2 - 1 0 1 .  

102. 

103. 

104. 

Gunnar Abrahamsen, Norwegian Forest Research Institute, 
Postbox 61, 32  As-MW, Norway 
Folke Anderssoa, Swedish Coniferous Forest Project, Department 
of Ecology and Environmental Research, Swedish, University of 
Agricultural Sciences, P. 8 .  Box S - 7 5 0  0 7 ,  Upsalha, Sweden 
J. Bachmann, U.S. Environmental Protection Agency, OAQPS, 
MD-12, Research Triangle Park, XC 27711 
R. H. Ball, Acid DPposition Planning Staff, U.S. Environmental 
Protection Agency, 401 M Street, SW,  RD-676, Washington, DC 
20460 
W. R .  Barchett, Acid Deposition Planning Staff, 
U.S. Environmental Protection Agency, 401 M Street, SW, 
RD-676, Washington, DC 20460 
J. M. Barnes, Cooperative State Research Service, U . S .  
Department of Agriculture, Office of the Administrator, 
Administration Bldg, Room 6 4 4 0 - S ,  Washington, QC 20250 
J. Barse, ERS/NRED/IPB, GHI Bldg. ,  Room 4 0 8 ,  500 12th Street, 
SW, Washington, DC 20250 
A. M. Bartuska, Acid Precipitation Program, North Carol ina 
State University, 1509 University Drive, Raleigh, NC 27606 
D. A .  Bennett, Director, Acid Deposition Planning Staff, 
U. S .  Environmental Protection Agency, 401 M Street, SW, 
RD-676 ,  Washington, DC 20460 
R. P.  Berube, Deputy Assistant Secretary for Environment, 
EH-20, U . S .  Department of Energy, Washington, DC 20585 
R .  Blair, U.S. Environmental Protection Agency, 200 SW 35th 
Street, Corvallis, OR 97333 



296 

105.  @ .  M .  Borgstrorn, Director-, Office of NEPA Project Assistance, 
EH-25, U.S. Department o f  Energy, Washington, DC 20585 

106. Pat Brewer, Tennessee Valley Authority , 1.345 Commerce Union 
Bank Building, Chattanooga, TN 37401 

107. 0. P .  Bricker , Water Resources Division, U. S . Geological 
Survey, MS 432,  Rest:on, VA 22092 

108. D. T,. Britc, President, International Science and 'Technology, 
inc., 1810 Michael Faraday Drive, Reston, VA 22090 

109. V, S .  Broecker, Lamont-Doherty Geological Observatory o f  
Colimbia University, Palisades, NY 10964 

110. J. Thomas Callahan, Associate Prograin Director, Ecosystem 
Studies Program, Room 33tjP 1800 G Street:, NW, Nati.ona1 Science 
Foucidation, Washington, DC 20S50 

111.  M. R .  Church, Corvallis Envirarunental Research Laboratory, 
U. S . Environmental Protection Agency, 200 SW 35th Street, 
Corvallis, OR 97333 

35th  Street, Corvallis, OK 97330 

of Washington, Seattle, WA 58195 

Microbiology Building, University of Maxyland, 
College Bark, MD 20742 

115. W. E .  Cooper, Department o f  Zoo logy ,  Col_l.ege of Natural 
Sciences, Michigan State University, East Lansing, MI 48824 

116. E. B .  Cowling, Acid Precipitation Program, North Carolina 
State University, 1509 University Drive, Raleigh, NC 2.7606 

117. Christopher Cronan, Land and Water Resource Center, I1 Coburn 
Mall, University o f  Maine, Orono, ME 04409 

118. M. B .  David, Corvallis Environmental Research Laboratory, 
U . S .  Environmental Protection Agency, 200 SW 35th  Street, 
Corvallis, OR 97333 

1 1 9 .  3o2in Dowd, Assistant Professor, School of Forest Resources, 
University of Georgia, Athens, GA 30602 

120.  H .  Drucker , Biomedical and Environmental Research, Argoone 
National Laboratory, 9780 South Cass Avenue, Building 202, 
Argonne, IL 60439 

Environmental Protection Agency, MD 57, Research 
Triangle Park, NC 27711 

Department, Pacific Nosthest Laboratory, P. 0. Box 9 9 8 ,  
Richland, UA 99352 

112. Robbins Church, U. S .  Environmental Protection Agency, 200 SW 

113.  Dale W. Cole, College of Forest Resources, AR-10, University 

l l l t .  R. R. C o l ~ e 1 . 1 . ~  Director, Maryland Bloteehnology Institute ~ 

121.  J .  L.  Durham, Chief, Aerosol Research Branch, U . S .  

122 .  C .  E .  Elderkin, Geosciences Research and Engineering 

123. John Fitzgerald, Department o f  Microbiology, University of  

124. G "  .J . Foley , Directors Environmental Monitoring Systems 
Laboratory, M D - 7 5 ,  Research Triangle Park, NC 27711 

125.  Neil Foster, Canadian Forestry Service, 90 Florwln Drive, 
Sault Ste. Marie, Ontario, Canada 

Georgia ,  Athens, @A 30602 



23 7 

129. 

130. 

131” 

132. 

1 3 3 .  

134. 

135. 

136 

137. 

1 3 8 ,  

139. 

140 ~ 

141. 

142. 

143. 

144, 

145. 

146. 

1 2 6 .  R. PI. Friedman, OfEice of Technology Assessment, U . S .  

127. J . N. Galloway, Univel-sity of Virginia, Clark Hall 

128. Donald Gatz, Illinois State Water Survey, 22184 CErifEith Drive, 

Congress, 600 Pennsylvania Avenue, SE, Washington, DC 20003 

Charlottesville, VA 22903 

Champaign, I L  61820 
S .  A. Gherini, Tetra Tech, ?cncs, 3746 Mt. Diablo Boulevard, 
Lafayette, CA 94549 
James H. Glibson, Coordinator, National Atmospheric Deposition 
Program, Colorado State University, Natural RCSOILPCCS Ecology 
Laboratory, F o r t  Collins, CO 80525 
C. R. Goldman, Professor of Limnology, Director of  Tahoe 
Research Group, Division of Environmental Studies, University 
of  California, Davis, CA 95616 
R. A. Goldstein, Electric Power Research Institute, 
3412 Hillview Avenue, Palo Alto, @A 9eC303 
William Graustein, D e p t .  o f  Geology and Geophysics, 
Yale University, New Haven, CT 06511 
Arnold Gnilka, Duke Power Company, P.O. Box 33189 ,  
Charlotte, NC 28242 
David Grigal, Dept. o f  Soil Science, University of: Minnesota, 
St. Paul, MN 55108 
6 .  Hakkarinen, Energy Analysis and Environment, Electric Power 

J. M. Hales, Atmospheric Chemistry S e c t  i o n ,  Pacific Northwest 
Laboratory,  P .O .  Box 999, Richland, WA 99352 
W. F. Harris 111, National Science Foundation, B j o t i e  Systems 
and Resources, 1800 G Street, W, Room 114r), Washirigton, DC 
20 5 50 
Jeanne Hartman, Llbrarian, Botany Department , N o r t h  Carolina 
S t a t e  University, 1503 Varsity Drive, Raleigh, NC 27606 
W. W. Heck, U.S. of Agriculture, SEA-AR-SR, Botany Department, 

Research Instttute, 341.7. Hillview Avenue ~ Pal  o A I  t o ,  CA 94303 

North Carolina State University, 1509 V a r s i t y  Drive ~ 

Raleigh, NG 27606 
6 .  R. Hendrey, Ecological Research Division, Office of  Health 
and Environmental Research, Office o f  Energy Research, ER-75 ~ 

U . S . Depart nient: of Energy, Washington, DC 20545 
R .  Herrmann, Water Resources Field Support Laboratory, 
National Park Service, Colorado State Universi-ty , 1-07-C 
Natural Resources Laboratory, Fort Collins, CO 8 0 5 2 3  
B. B. Hicks, Director, Atmospheric Turbulence and Diffusion 
Laboratory, National Oceanic and Atmospheric Administration, 
P . O .  Box E, Oak Ridge, TN 37831 
W. E. Hogsett, U.S. Environmental Protection Aeency, 200 SW 
35th Street, Corvallis, OR 97333 
G .  R .  Holdren, Northrop Services, Inc., 200 SW 35t-h Street, 
Corvallis, OR 97333 
J . W. Huckabee, Program Manager, Ecological Studi e s  Group, 
Electric Power Research rnstitute, 341 2. tIillview Avenuc, 
P.O. Box 10412, Palo Alto, CA 94303 



298 

14 i . P . M. I r v i n g ,  R i  omedical and Environmental Kesearch , Argonne 
Nati-onal Laboratory ~ 9700 South C a s  Avenue, Buj-lding 203 ,  
Argsnne, IL 60439 

1 4 8 .  A .  C .  J a n e t o s ,  Off ice  of Environmental Process arid Ef fec t s  

149 

150 

151 

1.52 

7. 53 

154 

155  

156  

157 

1 5 8  

Research, U .  S . Environniental Prot:ect:ion Agency, 401 M S t r e e t ,  
SW, R D - 6 8 2 ,  Washington, DC 20460 
M r .  .John J .  Jansen ,  Research and Development Dept . ,  Southern 
Company ServLces, I n c . ,  800  Shades Creek Parkway, P .O .  Box 
2625,  Birmingham, AL 35202 
A r t  Johnson, Department. of Geology, D-4, Univers i ty  of 
Pennsyl-vania Philade1phi.a PA 19106 
M .  G .  Johnson, Northnrop Se rv ices ,  I n c . ,  200 SW 35th S t r e e t ,  
C o r v a l l i s ,  OR 97333 
George Y .  Jordy ,  Di receor ,  Off ice  of  Program Analys is ,  Off ice  
of  Energy Research, ER-30, G - 2 2 6 ,  U . S .  Department: of Energy, 
Washington, DC 205hS 
J .  A .  Kadlecek, Atmospheric Sciences Research Center ,  S t a t e  
Univers i ty  of  New York, Albany, NY 12222 
R .  I.,.. Kane, Off ice  o f  Foss i l  Energy, MS FE-13, Room 5A035, 
1000 Independence Avenue U .  S ~ Department o f  Energy ~ 

Washington, DC 20585 
E .  Kap lan :  Brookhaven Nat ional  Laboratory ~ 1 South Technology 
S t r e e t ,  Bui lding 4 7 5 ,  Upton, NY 11973 
V .  C . Kennedy, U . S . Geo1ogica:L Survey, 345 Middle f i e l d  Road ~ 

Menlo Park,  CA 91r025 
E .  C . Krug, Connecticut AgricuJ-tural. Experiinent S t a t i o n ,  
Box 1105,  New Haven, C'I' 06504 
R .  T .  Lackey, Chief ,  A i r  Po l lu t ion  Ef fec t s  Branch, Corval-l is  
Environmental Research Labora tory ,  U. S . Environmental 
P ro tec t ion  Agency, 200 STnl' 3 5 t h  S t r a e e ,  C o r v a l l i s ,  OK 97330 

I n s t i t u t e  o€ Ecosystem S tud ie s ,  The Mary Flaglet: Cary 
Arboretum, Box AB,  MiJ.lbrook, NY 12545 

Brookhaven Nat:i.onal Laboratory,  1 South Technology S t r e e t ,  
Buhdi .ng 318, Upton, NY 11973 

Mil lbrook,  N-y 12545 

Atmospheric Adminis t ra t ion,  6010 Executive Blvd. ( R -  32)  , 
Rockv i l l r ,  MD 20852 

U .  S .  Environmental Protecl-iion Agency, 401 M S t r e e t ,  SW, 
RD-676, Washington, DC 20640 

1 6 4 .  C .  J .  Mankin: D i rec to r ,  Oklahoma Geological  Survey, The 
Universi-ty of  Oklahoma, 830 Van V l e e t  Oval, Room 1 6 3 ,  
Norman, OK 73019 

1 6 5 .  13. Manowitz , Department of  Energy and Environment, Brookhaven 
Nat ional  Laboratory,  1. South Technology S t r e e t ,  Bui lding l 7 9 A ,  
Upton, NY 11.973 

1 5 9 .  G .  E .  J.,ikens, Direc to r ,  The New York Botanical  Garden, 

1 6 0 .  F .  TJ. LipEert , Departincnt of  Energy and Envi-ronment , 

1 6 1 .  @ .  M .  Lovet t ,  I n s t i t u t e  of Ecosystein S t u d i e s ,  Cary Arboretum, 

1 6 2 .  1;. 14achta, A i r  Resources Laboratori-es , National  Oceanic and 

1 6 3 .  J ,  I,. Malanchuck, Acid Deposit ion Planning S t a f f  



299 

166. 

167. 

168 

169. 

170.  

1 7 1 "  

1 7 2  - 

173. 

Helen McCammon, Di rec to r ,  Ecological  Research Div is ion ,  Off ice  
of  Heal th  and Environmental Research, O f f i c e  o f  Energy 
Research, ER-75, U. S .  Department of  Energy, 
Washington, DC 20545 
W i l l i a m  McFee, Department of  Agronomy, Purdue Un ive r s i ty ,  
West La faye t t e ,  I N  47909 
Kevin T.  McLaughlin, Land U s e  Programs, Empire S t a t e  E l e c t r i c  
Energy Research Corporat ion,  3890 Carman Road, 
Schenectady, NY 12303 
D .  € I .  McKenzie, Corva l l i s  Environmental Research Laboratory,  
U.S" Environmental P ro tec t ion  Agency, 200 SW 3 5 t h  Street . ,  
C o r v a l l i s ,  OW 97333 
P .  Michael,  Atmospheric Sciences Div is ion ,  Brookhaven Na t iona l  

Laboratory,  1 South Technology S t r ee t ,  Bui lding 4 7 5 ,  Upton,  PTY 
11973 
J .  E .  M i l l e r ,  U . S .  Department of  Agr i cu l tu re ,  SEA-AR-SIP, 
Botany Department, North Carol ina S t a t e  Un ive r s i ty ,  1503 
V a r i s t y  Drive,  Raleigh,  NC 27650 
Myron Mi tche l l ,  Department o f  Environmental arid Forest 
Biology, SUNU College o f  Erivironinental Science and F o r e s t r y ,  
Syracuse,  NY 13210 
J .  Neuhold, Department of  WildlLfe Sc iences ,  Coll.ege of  

174. 

17.5. 

176. 

177. 

178. 

173. 

180. 

181 ~ 

182. 

183. 

184. 

185. 

186. 

I 

Natura l  Resources , U t a h  S t a t e  Un ive r s i ty ,  Logan, UT 84322 
Wade Nut t e r ,  Associate  Professor .  School o f  Fo res t  Resources,  
Un ive r s i ty  o f  Georgia,  Athens, GA 30602 
John Peine,  Uplands F i e l d  Research Laboratory Great Smoky 
Mountains Nat ional  Park,  Gat l inburg ,  TN 37738 
R.  M. Perhac,  Environmental Assessrnrnt Department , E l e c t r i c  
Power Research I n s t i t u t e ,  3412 H i l l v i e w  Avenue, Halo Al to ,  CA 
94303 
C ,  Peterson ,  U.S. Environmental P ro tec t ion  Agency, 200 SW 35th 

J e f f r e y  Pe terson ,  PK0jet:t Manager, New York S ta te  Energy 
Research and Development Author i ty ,  2 Rockfe l le r  P l aza ,  
Albany, NY 12223 
C. W. P h i l p o t ,  Fo res t  Se rv ice ,  U . S .  Department o f  Agr i cu l tu re ,  

S t r e e t ,  C o r v a l l i s ,  OR 97333 

1 2 t h  and Independence Avenue, SW, P . 0 ,  Box 2417, Room 606, 
RPE,  Washington, DC 20013 

Charles  P h i l p o t ,  FSASR, U.S.D.A, Fores t  Se rv ice ,  P .O .  Box 
2417, Washington, DC 20012 
R .  Phipps,  U . S .  Geological  Survey, MS 461,  Reston, VA 22092 
R .  J .  P i cke r ing ,  Qua l i ty  of  Water Rrmch,  U . S .  Gcological  
Survey, 12201 Sunr ise  Val ley Drive,  Nat ional  Center ,  MS 412, 
Reston, VA 22092 
Louis F.  P i t e l k a ,  E l e c t r i c  Power Research I n s t i t u t e ,  
Ecological  S tud ie s  Program, P.O. Box 10412, P a l o  A l t o ,  CA 
94303 
C .  F .  Powers, Corva l l i s  Environmental Research Laboratory,  
P ro tec t ion  Agency, 200 SW 35th S t r e e t ,  C o r v a l l i s ,  OR 97333 
D .  L .  Rad lo f f ,  Fores t  Se rv ice ,  U . S .  Department o f  A g r i c u l t u r e ,  
12 th  and Independence Avenue, SW, P . O .  Box 2417, Room 6 0 6 ,  
RPE, Washington, DC 20013 
Harvey L.  Ragsdale,  Human and Natura l  Ecology Program, Bioloey 
Department, Emory Un ive r s i ty ,  Atlant-a,  GA 30'322 



300 

187. 

188 

189 

190 .  

191. 

1 9 2 .  

1-93. 

194. 

195,  

1 9 6 .  

197. 

198. 

1.99. 

200. 

201. ” 

202. 

203. 

204. 

205. 

206. 

207. 

D .  J . Raynal. Departinerili o f  Environmental and Fores t  Biology, 
SUNY College o f  Envi roimental  Science and Fores t ry ,  
Syracuse,  N-Y 13210 
W. A. Reiners ,  Department o f  Sotany, Univers i ty  o f  Wyoming, 
Laramie, WY 82071 
Dick Rei-ner t ,  U. S .  Departmezlt: o f  Agr icu l tu re ,  SEA-AR-SR, 
Kctany Department, North Carol ina S t a t e  Un ive r s i ty ,  1509 
Varistly Drive, Ralei.ghl NC 27560 
D .  S. Ren-ne, Pacific Northwest Laboratory,  P . O .  Box 999, 
Richland,  W A  99352 
D .  D. Rich te r ,  S o i l s  atid Watershed Management, School of  
Natural  Resources,  Univers i ty  of  Michigan, Ann Arbor,  M I  48109 
P .  L.  Ringold,  Deputy Di rec to r ,  Intxragenry Task Force on Acid 
P r e c i p i t a t i o n ,  722 Jackson Place ,  NW, Washington, DC 20506 
e .  Rizrdan, Direc to r ,  Off ice  of  Nonitor ing Systems and Quali-ty 
Assurance, U. S .  Environinental P ro tec t ion  Agency, 401 M S t r e e t ,  
SW, RD-680, Washington, DC 20460 
R .  E ~ R o s e n t h a l ~  Program Pntegratioxi Analysis Div is ion ,  Off ice  
oE Energy Research, EK-32, G-226, U . S .  Department o f  Energy, 
Washington, DC 20545 
K .  K. Schre iber ,  Eastxcrn Energy and Land IJse Team, U . S .  Fish 
and Wild1 i.Se Se rv ice ,  Box 705 ,  Kearneysvi l le ,  TdV 25430 
P .  W. Shaffer ,  Morthrop Serv ices ,  I n c . ,  200 SW 35t:h S t r e e t ,  
C o r v a l l i s ,  OR 97333 
J .  D. Shannon, Argonne Nat ional  Laboratory,  9700 South Cass 
Avenue, Bui lding 202, Argonne, I L  60439 
D. H .  S lade ,  Physical. arid Technological .Research Div is ion ,  
Off ice  o f  Health and Enviromiental. Research, Offi-ce of Energy 
Research, ER- 74, U ~ S I Department of Energy, Washington DC 
20545 
R .  J .  S t e r n ,  D i rec to r ,  Off ice  o f  Environmental Compliance, MS 
PE-7.5, FORRESTAS,, U . S .  Department. o f  Energy, 1000 Independence 
Avenue, SW, Washington, 1 X  20585 
D a C, ~ S t r e e t s  Argonne National. T..aboratory , EES Div is ion ,  
9700 South Cass Avenue, Building 362, Argonne, I L  60439 
Arne 8 .  Stuanes , Norwegian Forest Research i n s t i t u t e  , 

Wayne T .  Swank, Coweetx Hydrologic Laboratory,  R t .  1, Box 216, 
O t t o ,  NC 28763 
D. Tingey, 1J. S I Environmental P ro tec t ion  Agency, 200 SW 35th 
S t r e e t ,  C o r v a l l i s ,  OR 97333 
D .  T i rpak ,  Acid Deposit ion Planning S t a f f ,  U . S .  Environmental 

Washington, DC 20450 
Rogsr Walker, Dept.. of Range Wi ld l i f e  and Fores t ry ,  Univers i ty  
of Nevada, 1000 Valley Road, R e m ,  NV 89512 
M. 1,. Warnick, Program i n t e g r a t i o n  P,nalysis Di.vi.sion, Of f i ce  
of Energy Research ~ EK-33. ~ G-226, U .  S ~ Department of Energy, 
Washington, DC 2054 
Leonard M .  Wienstefn,  Program Direc tor  sf Environmental 
Biology, Corne1.k Un ive r s i ty ,  Bsyce Thompson I n s t i t u t e  f o r  
P l an t  I‘tesenrch, I t h a c a ,  N-Y 1L83 

P . O .  BOX 61., 1432 AS-NZM, N o r ~ a y  

P r o t e c t i o n  Agency, 481 M S t r e e t ,  SW, RD-676, 



30 1 

2 0 8 .  Marvin Weseley, Argonne National Laboratory, APF/ER, Building 

209. E. H. White, College of Environmental Sciences and Forestry, 

210. Raymond G .  Wilhour, U.S. Environmental Protection Agency, 

181, 9700 S .  Cass Avenue, Argonne, I L  60439 

State University of New York, Albany, Nu 12222 

Environmental Research Laboratory, Sabine Island, 
Gulf Breeze, FL 32561 

Room 4G-036,  Forrestal Building, U s  S. Department of Energy, 
Washington, DC 20585 

of Wealth and Environmental Research, Office o f  Energy 
Research, E R - 7 5 ,  U.S. Department of Energy, 
Washington, DC 20545 

213. Office of Assistance Manager for Energy Research and 
Development, Oak Ridge Operations, P.O. Box 20001, U.S. 
Department of  Energy, Oak Ridge, TN 37831-8600 

Oak Ridge, TM 37831 

211 .  T. Williams, Office of Envi romnen ta l  Analysis, P E - 2 6 ,  

212. Frank 3.  Wobber, Ecological Research Division, Office 

2lLc-223. Office of Scientific and Technical. Information, P . 0 .  BOX 62, 




