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INTRQDUCTION 

The work programme includes t w o  d i s t i n c t  s t u d i e s .  

1. Effects of ozone and acidic mist on the physiology and f r o s t  

h a r d i n e s s  of tree seedlings in open top chambers. 

2. Open top-chamber proper t ies .  

For each of  these s t u d i e s ,  this interim report provides a description of 

the experimental work completed d u r i n g  the  growing season of 1988-1989 and 

t h e  work in progress d u r i n g  1390. It i nc ludes  the maln results and 

examples of specific measurements and i d e n t i f i e s  t h e  major developments and 

achievements. In the cxperinental study of effects of acidic mist and 

ozone on Norway spruce and Beech, the  work forms a part of the  forest 

decline s t u d i e s  in progress a t  a range of institutions throughout Europe. 

The second project includes descriptions of chamber properties and 

character is t ics  for  a g r i c u l t u r a l  crops and for  trees. W i t h i n  COST 612 t h e  

work on open-top chamber properties and their in te rac t ions  w i t h  growth, 

development and pollution effect responses has  a much wider application. 

The da ta  base of chsmber characteristics within t h i s  study is therefore 

available to a l l  groups within t h i s  co-operative and con t r ibu t ions  to t h e  

s t u d y  of chamber effects  w i l l  be encouraged d u r i n g  t h e  analysis af data for  

t h e  final r epor t  d u r i n g  1991. 



I .  Effects of oi:~ne_..3.nd a c i d i c m i $ . t _ o ~ - , g r _ q w ~ p _ h ~ g j . : ~ J ~ o ~ o f  Norway 

s p r u c e  and..-B-ash and the-f ros t; hardiness of NorwrwayY~ruce. 

The treatments ware designed to si mu1 ate two distinct aspects of t h e  

pollution climate of Eurape. 

a. High a l t i t u d e  forests exposed to acidic mist. 

b .  Central European mid a1 ti tude locations which experience 

between 20 and 50 episodes each year of Ozone at concentrations 

( an  episode being  an event d u r i n g  which Ozone concentration 

exceeds 70 ppbV, in prac t ice  such episodes in Europe show 

m a x i m a  between 70 and 150 ppbV). 

For experimental reasons t h e  treatments exc lude  other pollutants which 

wo11ld necessarily complicate the interpretation. Such additions (of SO, 

and NO, a t  the  5 t o  10 ppb l e v e l )  may be an important feature  of fu tu re  

experiments . 

Q_z_~pe.and Ozone plus Ac5d Mist 

In the experiments in 1988 and 1989, Beech and Norway spruce seedlings 

which had been grown from seed in cllarcoal filtered a i r  in n glasshouse 

were subject to the following trea taren t : 

Charcoal f i l tered air (CF) - 2 chambers - each with 50 Norway spruce + 

50 Beech 

Ambient (see table  1 ) I$ It 

CF + episodes to 100 ppbV O3 I$ It 

CF + I I " 140 ppbV 0, t t  I+ 

CF + 
T i  

I' 140 ppbV O3 It $1 

+ acid  mist t l  



Concent ra t i ~ n - . . C r I  

H2SOb + NH4NU3 (pH 2.7) 2 1 1 1 

H, SO4 2 0 1 0 

I H,S04 + NH4N03 (pH 5 .0 )  0.01 0.005 0.005 0.005 

I 
H2SO4 + N H 4 N 0 3  (pH 2.5)  3.0 1.5 1-5  1.5 

H,S04 + NHbN03 (pH 5 . 0 )  0.01 0.005 0.005 0.005 

I Episodes of O3 were generated from pure oxygen and metered i n t o  t h e  

I charcoal f i l tered o u t l e t  from t h e  fan-filter u n i t  whenever a i r  temperatures 

in t h e  chamber exceed 15'~ and global shor t  wave r a d i a t i o n  exceeds 400 

I ~m-'. Using these criteria the cumulative t o t a l  d u r l n g  1988 was 211 hours 

i n  the period June-September. The d u r a t i o n  of i n d i v i d u a l  episodes varied 

1 between 2 and 8 h o u r s  b u t  averaged 6.3 hours  fo r  the 93 days. These 

I 
exposures were designed to produce an episode regime similar to t h a t  at low 



or moderate altitude sites in Bavaria or the Black Farest, In this way 

t h e y  d i f f e r  from h i g h  alt i tude sites (eg Schauinsland) , where in episode 

conditions elevated Q3 concentrations may persist continuously for several 

days. 

The a c i d  m i s t  tseatmcnt was inc luded  t o  sj.mu1at.e t h e  moderate a1 t i t u d e  s i te  

which experienced polluted cloud water twice each week as well as f r e q u e n t  

O3 epi.sodes. The co~nposition of t h e  acid mist spray was H,SO4 + NHbN03 at a 

pH of 2.5. The mixture had been shown in ear l i e r  work (autumn 1987) to 

induce damage to Red spruce. 

Acid Mist 

I n  a separate group of 12 open-top chambers the observations of extensive 

damage to Red spruce from t h e  Autumn 1987 experiment was followed up by an 

experiment w i t h  Norway and Red spruce to show which i o n  or combination of 

i o n s  caused t h e  damage and t o  show t h e  r e l a t i v e  responses of Norway spruce 

and Red spl-uce to l i n k  the European studies t o  those of t h e  NAPAP co- 

operative in NorLh America. The treatments were a l l  applied in charcoal 

f i l t e r e d  air in chmnbers with lids to exclude rain. The spray system 

px%ovided droplets with a number mean radius of about 40 prn which were 

applied a t  a p r~ec ip i t a t ion  equivalent rate of 3 rnm h-I.  Eoch application 

provided 2 rum of so lu t ion  to t h e  p lan t s  and was j u s t  enough to cause drip 

from t h e  f o l i  age. 

RESULTS 

The Beech and Norway spruce were subject to a range of physiological and 

growth analysis measurements d u r i n g  and followj-ng treatment. 



1. Growth measurements 

P l a n t  height  measurements throughout  t h e  treatment period showed no 

t rea tment  differences.  A t  harvest during December 1988 Norway spruce  

plants from a l l  ozone treatments showed similar amounts of growth and w i t h  

similar p~rtitioning into fol iage stems and roots. The l a rgo  numbers of 

plants used allowad us to de tec t  q u i t e  small treatment differences ( <  10%) 

but no treatments effects were de tec t ed .  Such results are similar to many 

publ i shed  responses of conifers in t h e  first year of ozone treatment. We 

therefore allocated a block of plants  for  the second year's experiment to 

show whether t h e  second year produces larger treatment differences ( >  lo%), 

as has been shown by others. The Beech was subject to extensive aphid 

attack during the  mid summer of 1988 which seriously confounded growth 

a n a l y s i s  and for  t h i s  reason has n o t  been tabulated. 

Unlike t h e  v i s i b l e  injury which had developed on Red spruce in response to 

acid m i s t  a t  p H ' s  in the  range 2.5 to 3.5, the Norway spruce showed very 

f e w  foliar lesions i n  any of t h e  t reatments tabled. I n  t h e  Ozorle 'episode'  

chambers the only treatments to show significant v i s i b l e  i n j u r y  were t he  O3 

at 140 ppbV + acid mist, In these chambers by the  end of the experiment a 

third of a l l  p l a n t s  showed > 20% needle necrosis (34 pl.ants o u t  of 100) 

both t r u e  replicate chambers showing t h e  same response, Table 10, even 

though i n d i v i d u a l  treatments of D3 at 140 ppbV or acid mist H,S04 + NHCN03 

at pH 2.5 produced no significant v i s i b l e  in jury .  The 1988 and 1989 

experiments separated t he  major ions  to i d e n t i f y  t h e  ion or ion ic  

combination responsible for  the damage result seen on both Red spruce and 

Norway spruce seedlings. 
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NQrldgy-sp4lcc--lPosj_hardiness response lg aeid mi.sl

The nethod used to assess frost hardiness closely fol lo l 's that developed

for Red spruce and is based on eleclrolyte leakage (Murray 9!a1.,  1989).

The nethod has lreen shodn to quantify the needle rortslity resufting fr.oo

ffeezing treatDent.  The ent ire populat ion of shoots taken fron freezing

tests ab 6 tenperaiures evenly spaced over 10" above aid belo$ the ki l l ing

temperature fal l  inLo t l ro dist incl  populat ions, one t{ i th ]arge electrolyte

Leakage rates. lhe needles from which quickly Lurn b.own, and the other

ni th sEal l  electrolyte leal<age rates r j th needles which do not quickly turn

EIg€t Eeldiqcc.g

Frost hardiness of Norway spruce seedl ings fol toir ing experinental  exposure

to pol lutants in open-top chambers (Table 2),  oas tested on 29 August,  19

Seplember, 10 october and 7 November by excising sect ions of current-year

shoois,  exposing them Lo a r 'angc of control led freezjng lemperetures, and

evafuat ing daDage by visuaf scoring and electrolyte teakage using Dethods

developed al  ITE (Munay qt_a!. ,  1989).  No signi f icant effects of

pof lutant t reat&ent wefe obse|ved unt i l  f fost hardening started iD October.

Signif icant effects of pol lutant t reatment on the degree of f rost haral iness

\ i ,ere lhen obscrvcd, l r i th lethal damage to lhe most sensibive 2Ol of the

shoot populaLlorr being caused at higher tenperatures than contror l rees.

Figxre 1 sho$s that lhe effect of  pol luted Eist  l ,as felated to the presence

of sulphaLe and amnonium ions! not to acidi ty or ni t rate, ?his r .esporrse

was sini lar to that shown for red spruce \plcea rubens) in the same

experinent (Capc C.!_q!. ,  1989).  No effect of  exposure to eplsodes of ozone

at 100 ppb was detected, and neiLher was there an effect of  f i l ter lngI
I
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Freezing temperatures causing 20% shoot death in Norway spruce 
in response to acid mist or ozone exposure. 
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u Figure 1. Freezjng temperatures causing 20% shoot death in Norway spruce 

i n  response to acid m i s t  or ozone exposure. 
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ambient air. However, episodes of 140 ppb ozone produced a small b u t  

s ign i f ican t  incresse in f ros t  s e n s i t i v i t y .  The e f f e c t  af the combined 

treatm~nt with 140 ppb Ozone and mist was sirnil.ar to t h a t  fo r  Ozone alone, 

demonstrating t;llat effects  of ozoile and polluted m i s t  on f r o s t  hardening 

were no t  a d d i t i v e ,  and may j-ndeed have been less than for polluted m i s t  

alone. We co~lclude that exposure to polluted mist and, t o  a lesser e x t e n t ,  

ozone at concentrations typical  of high elevation forests can induce 

greater sensitivity to frost in Norway spruce seedlings in autumn, and that 

t h e  effects of mist are associated with ammonium and sulphate ions. 

Frost  Hardiness- -- 

Frost hardiness of Norway spruce seedlings was tested on 7 November 1989. 

Resul t s  from the experiments involving treatments with acid m i s t  (see Table 

2 )  arc given in Tab1.e 3,  expressed as t h e  LT5,, or temperatures required to 

cause l e t h a l  damage t o  50% of shoots. Treatment effects on l e t h a l  

temperatures were smaller overall  than in 1988, perhaps reflecting better 

soil c o n d i t i o n s ,  However. the polluted mist treatment containing Ht , NH4*, 

NO3- and Sob2- a t  pH 2.5, applied as 8mm prec ip i t a t ion  equ iva l en t  per week, 

gave an LT,, about; 2 d e g  C h i g h e r  t h a n  t h e  control treatment at pH 5 

(Figure 1). There was no s i g n i f i c a n t  effect with t he  lower treatment rate 

(2mm/week), showihg t h a t  observed effects are caused by dose and/or 

frequency of exposure to mist, rather than to pH or concentration alone. 

Sub-treatments w i t h i n  chambers. where extra s u l p h u r i c  acid was added t o  t h e  

s o i l ,  made seedlings s l i g h t l y  less s e n s i t i v e  to frost, suggesting t h a t  

adverse effects of polluted m i s t  on f r o s t  hardiness were caused by d i r e c t  

action of p o l l u t a n t  mist on foliage rather than by root uptake. 
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Results from t h e  ozone treatment, as in 1988, showed no significant effects 

of treatment w i t h  episodes of I00 ppb ozone, largely because of b i g  

differences between replicate chambers. These results i l l u s t r a t e  t h e  

requirement for  t r u e  treatment replication a t  the chamber l e v e l  if 

m e a n i n g f u l  experiments are to be conducted. Frost hardiness of current 

year and previous year (1988) needles were tested, i n c l u d i n g  1989 needles  

which had been exposed i n  both 1988 and 1989. There was no detectable 

effect of two years'  ozone exposure on frost hardiness of older needles, 

but older  needles were found (in a l l  treatments) to be 8-9 deg C more 

sensitive to f ros t  t h a n  current-year needles (Table 4 ) .  

TABLE 3: Calculated LTj,s for  Norway sp ruce  shoots following 
experimental treatments in 1989 

Trea tnlen t 

'Con t ro l '  8mm/week 
II,SO,, *NI14N03 pH5 

Sulphuric acid 2mmjweek 
pH 2.5 

Mixture 2mm/weck 
H,SOh+NHbNO, pH 2.5 

Mi.x ture 8mm/week 
II,S04 +NB4N03 

Sub- treatment 

Normal 
ex t ra  R,S04 to s o i l  
a1 1 

Normal 
Extra H2SQ4 t o  s o i l  
a l l  

Normal 
Extra H2S04 to s o i l  
a l l  

Normal 
Extra H2S04 to soil 
a l l  

Normal 
Extra H,S04 to  s o i l  



TABLE 4: Frost  hardiness  of Norway spruce fol lowing ozone and acid m i s t  
treatment. 

L e t h a l  temperature OC for LT,,, 
needle death ( L T ~ ~ ~ )  

Charcoal f i l tered  a i r  

Ambient 

CF + 100 ppbv O3 (207h) 

CF + 140 ppbv O3 (207hJ 

CF + 140 ppbv O3 (207h) 

+ acid mist (pH 2.5) 

Gas Exch-age 

The treatments with  acid m i s t  and ozone have been shown to change the frost 

hardiness of Norway spruce. The major processes of photosynthesis and 

evapotranspiration have been shown by other research groups t o  be 

influenced by ozone. In this s t u d y  p l a n t s  from all three treatments (acid 

m i s t ,  ozone and ac id  mist plus azone) have been examined using gas exchange 

techniques to determine the light response curve for photosynthesis. A 

f u l l  light response curve fo r  assimilation was determined using a 

laboratory based open gas exchange system consisting of a hench top IRGA 

(ADC 225 Mk I J I )  and a Michell Series 3000 cooled m i r r o r  dewpoint 

hygrometer.  111,umination was suppl ,  i e d  by two metal h a l i d e  ( Wotan power 

star lamps H Q I  250 W), and the photon f lux  density was varied u s i n g  n e u t r a l  

density f i l ters  . 

The assimil.ation-photon f lux  density rel.ationships (A /Q  curves) f o r  each of 

t h e  treatments are presented as figures 2, 3 and 4. The data for each have 
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bccn analysed u s i n g  t h e  model of J a r v i s  e t  a l .  , (1985) t o  f i t  a non- 

rectangular hyperbola to the assimilation ( A )  and photon flux density (Q) 

data. 

The estimated parameters from the model show:- 

1. That t h e  light saturated rates of photosynthesis  (A,,,) are larger in 

t h e  control  treatment than either the ozone which is reduced by 58% 

or acid mist plus ozone treatments which is reduced by 66%. 

2. Stomata1 conductances in the  ozone treatment were reduced by almost 

50% r e l a t i v e  LO the con t ro l  treatment, but  a smaller 'stornatal 

closure' response was noted for the ozone + acid m i s t  treatment. 

3. Dark respiration rates in f i l tered  a i r  and for  t h e  ozone treatment 

were similar b u t  rates of dark respiration in 

t h e  ozone + acid mist treatment were smaller 

than t h e  control. 

The a n a l y s i s  of variance for  t h e  gas exchange data and the values for 

parameters derived from these d a t a  are presented in tables 5 and 6 .  



TABLE 5: Combined curve analyses of variance (Ross 1981) for  curves 
f i t t e d  using t h e  theoretical model of Jarvis et al., (1985). 

Curve Degrees of Sum of Mean sum F Ratio 
Compari sons Freedom squares of squares 

_1-----1---1-3_1_111_-------------d4--*-----------------------------------  

F i l t e r e d  vs 
treated 

Betwcen treated 4 1.84 0.460 0.52 

Separate curves 128 113.29 0.890 

TOTAL 139 2178.20 15.670 

T A R L S  6 : Estimated parameter values from t h e  theoretical model 
(Jarvis et al. , 1985) 

........................................................................ 
Treatment €7" Rd Am,, 

------------------------------------*------------+--------------d-d----- 

Combirled da ta  0.0319 0.05331 0.593 15 + 40 
se0.0040 0.00450 0.261 1,08 

F i l  tercd 0.0422 0.07750 0.866 22 .404** 
(Charcoal ) se 0.00~17 0.00660 0.311 1.62 

Ozone 0.0360 0.0394 0 - 994 13-13 
(140 P P ~ )  se 0.0049 0.0028 0.260 0.98 

Ozone (140 ppb) 0.0273 0.0533 0.446 14.87 
and acid mist se 0.0047 0.0068 0.326 1.42 
IPH 2 - 5 1  

Vis ib le  I n J y r y  

The acid mist and ozone treated Norway spruce were scored each week f o r  

v i s i b l e  injury ,  as in earlier work on Red spruce, the acid mist treatments 
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had been shown to provide v i s i b l e  i n j u r y  a t  a c t i v i t i e s  in the rmge pH 2.7 

to pH 4 . 5 .  

The first t w o  months showed no i n j u r y  in any treatment but during the th i rd  

month of treatment (Augus t )  small amounts of fol iar  injury were detected in 

t h e  treatments containing soh2- a t  the 1 argest concentrations. By late 

October (after 5 months of treatment application) s igni f icant  differences 

were observed in the mixed ion treatments (H', sohZ-, N H 4 + ,  NO3- referred to 

i n  table  7 as BREW) b u t  no damage was ev ident  in nitric acid treatments. 

The sulphuric ac jd  treatment at pH 2.5 died from visible injury a f t e r  3 

weeks  t r e a t m e n t ,  and the part of Table 7 with H,S04 is a new set  of trees 

and a c i d i t y  reduced from pH 2.7 t o  3.0. The  treatment w i t h  O3 and a c i d  

mist with a l l  ions present a l s o  developed significant needle  i n j u r y .  The 

injury detected in t h i s  work is very similar to t h a t  observed in earl ier  

work on Red spruce .  There is a smaller visible i n j u r y  response to acid  

m i s t  than Rcd spruce by about  a factor  of 2, ( t he  combined treatment for  

Red spruce in otherwise similar conditions provided 20% need1.e damage after 

6 months  of treatment). Such f i n d i n g s  are  closely analogous to t h e  f ros t  

hardiness  response which is also smaller i n  Norway spruce than  Red spruce. 



TABLE 7 Assessment dates 1988 % damage per treatment 

7/6 4 6  19/8 7/9 22/9 29/9 17/10 2/11 24/11 

Brew o o 0.02 0.07 0.35 1.40 5-00" 6 . 2  8 .gw 

HNO, 0 0 0 0 0 0 0.01 0.04 0.04 

NH4S04  0 0 0 0.02 0.06 0.20 0.30 0.30 0.40 

NHbN03 0 0 0 0 0 0 0 0 0 

H ~ S O I ,  0 0.05 0.01 0.01 0,Ol 0.08 0.10 0.50 1.00 

E120 0 0 0 0 0 0 0 0.05 0.05 

O3 Brew 0 0 0 0 0 1.2 3.5* 8.2* 13.y 

Visible injury t o  Norway spruce throughout  t h e  treatment period in 1989. 
(Brew = H', soh2-, NO3-, NH4') . 

Chamber Properties 

The air pollution effects research on shor t  vegetation w i t h i n  Europe and 

North America d u r i n g  t h e  last decade has  bcen largely devoted to studies of 

the  effects of ambient concentrations of tkc? major pollutants. In this 

work t h e  effects have been much more v a r i a b l e  than i n  earlier work with 

1 arge conce~l  t r a t j  ons of p o l l u t a n t s  in which large vegetative responses were 

common. Not only have the r e s u l t s  bcen more variable in magnitude, they 

have also shown p o s i t i v e  and negative responses, as i n  t h e  work at  small 

SO, and NO, concentrations by Fowler e t  a1 . , (1986) . A t  these small 

concentrations the interaction of t h e  chamber environment with t h e  pollu- 

tant effect becomes very important.  The work a t  ITE du r ing  t h e  last two 

years has concentrated on providing a description of the physical environ- 

ment wi th in  t h e  chambers, and showing haw t h e  small d i f fe rences  in ternpera- 

tu re  and t h e  larger changes in the r a d i a t i o n  environment affect  growth, 

development and p o l l u t a n t  response. In t h i s  report we b r i e f l y  describe the 
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physical measurements made and an ana lys i s  of the major effects of changes 

i n  t h e  energy budget  within chambers on crop growth. 

Measuremen& 

The measurement of temperatures with i .n  the  open-top chambers i n  use a t  t h e  

ITE laboratories include air temperature - i n s i d e  and outside the chamber 

a ~ d  in t h e  manifold a i r ,  s o i l  temperature, in pots containing young trees, 

leaf temperature and wall temperature (on North and South facing walls). 

These measurcmcnts were made u s i n g  a combination of r a d i a t i o n  sh ie lded  

thermocouples and small thermocouples attached to plant leaves or to 

chamber components. Data from a l l  sensors were recorded us ing  Campbell 2lx 

loggers, 

H u m i d i t 1  --- 

Mcasurcrncnts have been made us ing  psychrometers inside and outside t h e  

open-top chambers. 

Solar  Radi a t i o n  

Tube and Kipp solarmetres have been used i n s i d e  OTCs to show both the 

s p a t i a l  variability and t h e  average loss of short wavelength radia t ion  

wi Lhin t h e  cllarnbers , 

Net.r.ad! i. on 

N e t  radiornetres have been used t o  show both t h e  v a r i a b i l i t y  in n e t  r a d i -  

ation with in  t h e  chamber and the di f fe rences  between i n s i d e  and outside.  
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To illustrate t h e  results of these measurements a series of ex~mp1.c figures 

are presented which demonstrate the main features. 

n3merat,v?.e 

The average air temperatures i n s i d e  open-top chambers are invariably larger 

than ambient, The magnitude of t h e  differences lies generally in the  range 

0.2  to 2 * ~  depending mainly on location and t h e  flow rate of air  through 

the chambers, the increase i n  temperature consis ts  of two components, one 

d u e  t o  t h e  action of the  blower or pump which  is constant and one which 

depends on i n c i d e n t  solar radiation. Both components are  offset by 

incursion of ambient a i r  through t h e  open-top chamber of t h e  chamber and 

therefore in t roduce  an effect which is proport ional  to the external 

windspeed. 

The mar1ifol.d temperat;ures measured in our studies include t h e  component 

which is due t o  the pump (0.25°~) so t h a t  for  F igure  5 t h e  increase in a i r  

ternparature inside the chamber d u r i n g  one of the  hottest days of 1989 is 

shown t o  exceed manifold temperature (ie ambient + 0 .24 '~ )  by up to 4-12. 

The walls of the chamber which are glass intercept radiation and as a 

consequence w a l l  temperatures on t h e  sunlit side are in some cases 1 0 ' ~  

larger t h a n  on the wal l s  of the octagonal chamber which l i e  parallel t o  

direct s o l a r  beam (Figure 6 ) .  

Solar  r a d i a t i o n  

The attenuation of s h o r t  wave radiation by the chamber walls and manifold 

is well illustrated by the  data in Figure 7. The spikes for t h e  i n t e r n a l  
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sndiu t i o n  measurement r e s u l t  from shadows of components of t h e  chamber 

crossing t h e  radiometer (a  Kipp solarimeter in this case) . For average 

values  tube solarimeters have been used  and these show a 15% attenuation in 

t h e  shortwave rad ia t ion  when t h e  chamber walls are  clean. The value 

increases  to a m a x i m u m  of 25% when walls are d i r t y ,  at the end of a 3-month 

winter period during which t h e  chambers were n o t  in use. 

Temperature cf fects 

Temperature is one of t h e  most important components of the p l a n t  enviran- 

rnent, Warming of as little as 1 ' ~  has been shown t o  increase p l a n t  

productivity by about 10% (Grace, 1988 and Juntilla, 1986) , for many 

species, however some annual crops may be negatively affected. (Monteith, 

1981). He explained this phenomenon by s ta t ing  the rate at which t h e  crop 

deve lops  from sowing, through phenological stages t o  f lowering,  is often 

determined by temperature. Therefore d u r i n g  warm years, t h e  crop dura t ion  

is reduced and consequently the total photosynthesis and dry matter 

produc t ion  i s  a l s o  reduced. However, warm years also tend to be dry, so it 

would be unwise to base too much confidence on the  f i e l d  data  i n  t h e  

absence of more detailed i n v e s t i g a t i o n  , 

Temperature also a f f ec t s  p l a n t s  at the  cellular level via carbon uptake and 

p a r t i t i o n i n g .  The main affect  commonly soen is an increase in the 

shoo t / roo t  r a t io  (Rajan et a l .  , 1971, Pearcy, 1976). Temperature may have 

an immediate affect on enzymat ic  systems which control the rate and 

partitioning of photosynthetic products ,  t h e  effects  of temperature on 

i n d i v i d u a l  enzymatic systems are of ten unknown. The overall  affect of 

temperature on product  partitioning of carbon leads at higher temperatures 
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t o  more sucrose and at lower temperatures, where growth is reduced,  more 

starch.  

A t  another level plant  phenology is c1,osely coupled to temperature . The 

stages of bud phenolom and how temperature controls them is described in 

Figure 8, During autumn (September t o  November in B r i t a i n )  t h e  growing 

p l a n t  apices receive cooler temperatures and shortening daylengths which 

t r igger  the  onset of bud dormancy, Dormancy can be split i n t o  two phases: 

' rest '  and 'quiescence' . 'me initial phase ( res t ) ,  physf obogically 

maintained by t h e  plant itself, as a very high thermal time (day degrees) 

to budburst requirement.  This is progressively decreased by exposure to 

chilling temperatures during t h e  winter  months, until f u r t h e r  exposure, no 

longer reduces t h e  thermal time for  buds to begin growing in a w a r m  

environment. The buds  at this stage are said to be fully chilled and have 

entered t h e  quiescent phase of dormancy. The quiescent  phase I s  maintained 

while environmental conditions; such as cool temperatures, remain 

unfavourable for growth. During t h e  spr ing temperatures rise and as soon 

as t h e  buds have received su f f i c i en t  warm temperatures they w i l l  fl.ush and 

resume growth (Nienstaedt , 1967, Fuch igan i l  e t  al . , 1982; llaorenbos , 1953) . 

A l l  buds have a thermal heat requirement which dif fers  between cu l t i va r s  of 

t h e  same species and between d i f f e r e n t  species {Couvillar m d  I I e n d e r s h o t t ,  

1974). The accumulation of degree days and its effect  on developmental 

processes such as budburst will vary with increasing daily temperatures. 

The level of winter  chilling and thereby t h e  rate at which the resting 

phase of dormancy is progressively decreased during the w i n t e r  months  will 

a lso  vary, Budset although sensitive t o  daily temperatures, is controlled 



REST PHASE QUIESCENT PHASE 
I 

Growth triggered 
by warm 

Fully chilled 

- 
Sept I 

Oct 
L 

Now 
1 

Dec I Jan 
I 

Feb 
I 

Mar i 
APT 

1 
May 

1 



19 

more closely by daylength.  Therefore any alteration of t h e  enrichment 

within an open-top chamber will have a greater i n f l u e n c e  on spr ing  than 

autumn phenology. 

Increases in temperature within an OTC could if large enough, have dramatic 

consequences by reducing t h e  number of chill days over t h e  winter and 

thereby increase the  requirement fo r  warm days to budburst fo r  many p l a n t  

species, 

Murray, C m l n e l l  and Smith (1989) parameterize models for 15 woody perennial  

species based on an empirical thermal time-chilling model developed by 

Cannell and Smith (1983).  The models were used w i t h  met data collected a t  

two sites in Scotland, a mild lowland site and a harcher upland s i te ,  to 

p r e d i c t  t h e  effect of increasing temperatures on t i m i n g  of budburst  and the 

temperature on t h e  date of budburst, their results are shown in Figure 9 .  

Figure  9: P r e d i c t e d  changes i n  the d ~ t e  and temperature on the day of 

budhurs t  a s  a consequence increased temperatures for  5 groups 

of woody perennials a t  Edinburgh and Braemar. Each p o i n t  

denotes a loc warming in the direction of the arrows. 

A one-degree rise in the mean daily temperature as found in many open-top 

chambers would have very l i t t l e  effect on the t iming of budburst except a t  

harsher sites.  However, temperature rises ahove 2 ' ~  w i l l  delay budburs t  

fo r  some species by as much as 2 weeks and, w i l l  also advance budburst by 

an equivalent  mount: for other species. 





Leaf te~nperatura 

For s t u d i e s  of growth and develop~nent t h e  leaf (and meristem) temperature 

are of greater i n t e r e s t  than  a i r  temperature. The measurement of leaf  and 

air temperatures during the same dny shown for  manifold  and air temperature 

(Figure 10). shows t ha t  even i n  t h e  well stirred a i r  i n s i d e  these chambers, 

leaf temperatures (on Beech leaves) may exceed air  temperatures by up to 

6 ' ~ .  The effects of t h e  chamber of leaf development ere therefore an 

important mechanism by which t he  growth of p l a n t s  are  affected by open-top 

chambers. These measurements are consis tent  with thosc of ear l ier  s tud ie s  

in which smaller OTCs were used to study barley growth and yield responses 

to a i r  p o l l u t a n t s .  In these studies t h e  growth i n  t h e  chambers at h i g h e r  

temperatures led t o  earlier crop senescence by two weeks. The effect was 

entirely consistent with an effect mediated by thermal time above a base 

temperature of 4 OC. The p l a n t  temperatures inside t h e  chambers averaged 

0 . 5 ' ~  ubove those ou t s ide  and this fo r  t h e  cereal crop in these experiments 

would have accelcratred development by approximately 2 w e e k s .  

A development of t h i s  analys is  is in progress a t  t h e  i n s t i t u t e  using two 

versions of a crop growth model (Thornley, 1989). The model for  grass and 

for forest growth is being used to investigate the long term effects of 

temperature differences i n  t h e  range 0.5 to 5.0 'C on growth development 

and The i n i t i a l  results of t h e  model show a 20% decrease in dry 

matter y i e l d  of grass i n  response to a 5 ' ~  increase in air temperature. 

Such rcsu1.t~ are consistent with the effects observed in open-top chambers 

re la t ive  to outdoor - ambient plots from t h e  cereal experiments at Glasgow. 
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It has n o t  been possible so far t o  extend t h e  work using the tree growth 

model, b u t  this will be one of t h e  tasks d u r i n g  analysis for  t h e  f i n a l  

report. 



REFERENCES 

CANNEI,L, M. G . R .  & SMITH, R. I. 1983. Thermal time, chilldays and 

prediction of budburs t  in Picea sitchensts. J. Appl. Ecol. ,  20: 

951-963. 

CAPE, J.N., FOWLER, D., EAMUS, D., MURRAY, M . G . ,  SHEPPARD, L . J .  & 

LElTH, 1 . D .  1989. Effects of acid mist and ozone on f ros t  hardiness 

of Norway spruce seedlings. In: Air P o l l .  R e s .  Rep. 26, pp 331-335. 

Eds,  H.D.  Payer, T. Pfirrmann and P. Mathy, 

COUVILLON, G . A .  & HENIIERSHU'TTT. C.11. 1974. A characterization of t h e  

'after-rest '  period of flower buds of two peach cult ivars  of d i f f e r -  

ent chilling requirements. 3. am. Soc, Hort. Sci . ,  99: 23-26. 

DOORENBOS. J. 1953. Review of the literature on dormancy in buds of 

woody plants  . Neded. L~ndbouwhogesch - Wageni ngen Vol . 53: 1-24. 

FUCHIGAMI, L . H . ,  TIMMIS, R. & GUSTA, L.V.  1982. A degree growth stage 

( ' G s )  model and cold acclimation in temperate woody p l a n t s .  In: 

Plant cold hardiness and f r eez ing  stress V o l .  2 .  Ed. P.H. Li & A .  

Sakai .  Acadcmic Press. pp92-116. 

GRACE, J. 1988. TemperaLurc as a de te rminan t  of p lan t  productivity. 

In: P l a n t s  and temperature. Ed, S.P. Long and F. I. Woodward, pp 

91-107. Soc ie ty  for  Experimental  Biology. 

JUNTILLA, 0. 1986. Effects of temperature on shoot growth in n o r t h e r n  

provenances of Pi ??us sy luestris L. Tree Physiology 1, 185-192. 

MURRAY, M . B . ,  CANNHLL, M.G.R. & SMITH, R.1, 1989. Date of budburst of 

f i f t e e n  tree species i n  B r i t a i n  following climatic warming. Journal 

of Applied Ecology, 26, 693-700, 



MONTEITH. 3 .I,. 1981. Climatic va . r i n t i on  m d  t h e  growth of crops. 

U . R .  Mct, Soc. 107, 749-774, 

NXENSTAEDT, H.  1967. Chi l l ing  requirements i n  seven Ptcea species. 

S i l v a e  Genetica; 16: 65-68, 

PEARCY, P.W. 1976. Temperature effects on growth and CO, exchange rates  

in control and desert races of A t r i p Z e x  Zentiformis. Oecologia 26, 

245-255. 

RAJAN, A . K . ,  BITfHEHfDGE, B. & HLACKMAN, G . E .  1971. Interrelationships 

between t h e  n a t u r e  of light: source, ambient air temperature and the 

vegetative growth of d i f f e r e n t  species w i t h i n  growth cabinets. Ann. 

Rot.  35, 923-943. 


