 RESPONSE OF SELECTED FORESTRY
AND AGROFORESTRY TREE SEEDLINGS
~ TO WATER STRESS

BY
RAJESH N.

THESIS
_ Submitted in partial. fulfilment of the
‘ requnrements for the degree of

ﬁlazter of éuemz in jforestry

. Kerala Agncultural Umversnty

‘Department of Tree Physiology” and - Breeduig

COLLEGE - OF F'ORESTRY
Vellqukara Thnssur -

' 1996



Xp . R

I hereby declare that this thesis entitled Response of
selected forestry and agroforestry tree seedlings to water stress
is a bonéf.ide record of research work done by me during the
course of research and that this thesis has not previously formed
_'the basis for the award té me of any degree, diploma,
associateship, fellow.ébip or other similar title of any other

University or Society.

Place : Vellanikkara RAJESH, N.

Date : 27-02-1996



Dr. P.K. ASHOKAN College of Forestry

Associate Professor ’ Kerala Agrl. University
Department of Tree Vellanikkara, Thrissur

Physiology and Breeding

CERTIFICATE

Certified that this thesis entitled Response of selected
forestry and agroforestry tree seedlings to water stress is a
record of research work done by Sri. RAJESH, N. under my
guidance and supervision and that it has not previously formed
the basis for the award of any degree, fellowship or

associateship to hin.

——

Place : Vellanikkara Dr. P.K. ASHOKAN
Date . 27-02-1996 : Chairman
Advisory Committee



CERTIFICATE

We, the undersigned members of the Advisory Committee
of Sri. RAJESH, N. a candidate for the Degree of Master of
Science in Forestry, agree that this thesis> entitled
Response of selected forestry and agroforestry tree seedlings to
water stress may be submitted by Sri. RAJESH, N. in partial

fulfilment of the requirement for the Degree.

—

Dr. P.K. ASHOKAN
(Chairman, Advisory Committee)
Associate Professor
Department of Tree Physiology & Breeding
College of Forestry

Kerala Agrl. University
Vellanikkara, Thrissur

oo P %Wj

Dr. LUCKINS C. BABU Dr. S. SHANKAR
(Member, Advisory Committee) (Member, Advisory Committee)
Associate Professor & Head Scientist and Head
Dept. of Tree Physiology & Division of Soil Science
Breeding Kerala Forest Res. Institute
College of Forestry Peechi, Thrissur

Kerala Agrl. University
Vellanikkara, Thrissur

R

Dr. K. SUDHAKARA EXTERNAL EXAMINER
(Member, Advisory Committee)

Associate Professor

Dept. of Silviculture &

Agroforestry

College of Forestry

Kerala Agrl. University

Vellanikkara, Thrissur



ACKNOWLEDGEMENTS

I+ 46 with atmoost nespect and devotion, I place on
necond my deep Aeﬁae oft gratitude and Andebtedness o my
majon advidson, DR. P.K. ASHOKAN, Associate Protesson,
Depantment of Tree Physiology and Breeding, College of
Forestny who was wdth me, gulided me duning the cowtse of
study . His enudite guidance, unstinted suppont and
constant evaluation night fsriom the Ancepition of the wonk
1o the prepanation o the manuscraipit made my ztask on easy

stneet. I considen it as a privilege to wonk unden him.

I extend my sincerne grnatitude to DR. LUCKIN C. BABU,
Associate Professon and Head, Department o4 Tree
Physiology and Bnreedding, College of Fonrnestnry, Dk. S.
SHANKAR, Scientist and Head, Division of Soil Science,
Kernala Fonrnest Researnch Institute, Peechdi{ and DR. K.
SUDHAKARA, Assocdate Professon, Department ot
Siﬂvicugiune and Agnrnogonestrny, College of Forestny fHon
thein Lninoapective'Auggebiioné, COﬁQiauct;ve caiticdsm
and valuable advices thrnoughout the conduct o4 my study.
They were 4Ain my advisony commitiee and theinr immense and
vaﬂuabﬂe contnibutions are acknowledged with great
nespect and devotion. I owe speciafl thanks to DR. S.
SHANKAR fon having helped me 4in iime by the supply o

pLanting matenials.



My heantpHelt gnaiiiude to DR. JOSE XKALLARACKAL,
Scilentist ﬁnd Head, DAvLsion of Plant Phys.iology, Kenalc
Fonest  Reseanch Institute, Peechdi f{fon allowding me Lo
utilize the valuabhle pacilities unden him. Mr.C.K. SOMEN
oy ithe same division was width me {hon Long houns 4An Zhe

44ield, o whom I cannoi express my Lindebtedness An wornds.

I- am grateful Lo DR. K. GOPIKUMAR, Assocdiate
Professon and Head, Depantment of Fonesit Management and
Utilisation, College ofy Fornestry thon the timely supply of
pLlanting mateniaﬂg. DR. B. MOHANKUMAR, Azsocdate
Protesson and Head, Departtment of Siﬂviéuﬂtune and
Ag&oﬁonebimy andiDR. N.K. VITJAYAKUMAR, Assccidate Professon
and Head, Depa¢tment o4 Wood Scdence and Technoﬂogy aﬂéo

helped me at various stages o my siudy.

Thank ane due to Sni. V.K.G UNNITHAN, Department. oh
Agnicuﬁiunaz Statistics, College oy Honticulture fon his
valuable suggestions in the statistical part of my wonle.
Special thanks to DR. K. NANDINI, Ass.istant Professon,
KHDP, ﬁon the valuable helps nendened duning zthe cowtse

ot my study.

I extend my unresenved thanks to Mn. S4ATU VARGHESE
and Mn. UVIJU VARGESE, who wene with me .in tield even
duning the odd hours of day and made my 44iefd wonk Less

Labonriouws and momeniows.



The monal suppont gdven by my beloved .éniendé
MUHAMED SAKEER, ANIMON, KUNHAMU, GOPAN, SUNIL KUMAR,
KANNAN, RAMAKRISHNA, JOSEPH, DHANESH and JUSTIN aﬁwayé 
inspined me and thein valuable assistance ai vaﬂioqé
stages Ain the execution of K my study 48 nememberned with

Qnat&tude.

The study encouniéned no {4inancial constrnaints (Gon
which the Junion Reseanch Fefllowship awanded by ICAR 45

duly acknowledged.

I shall be failing 4in my duty it I fornget to place

on aecond ithe {Hacilities ofpered bg my alma_ maten,

College o{ Fonestry, Vellanikkara. The uninhibited and
timely help by the office and Libnrnary staht o Colklege of

Fonrnestny 44 wanwmly acknowledged.

Thanks are also due to Sai. R. Noel who ook keen

Antenest in neatly typing the manuscaipt in time.

My parents, bhnrnoithen and othen f{family membherns was
always with me with thein undinhibited monral supponi and
boundless affyection. I behold to them {foneven {Hon all
I am today and hope to he in {futurne.

Finally I bow my head beforne THE ALMIGHTY.

RAJESH, N.



o m 1y beloved Grandma
Witk love......



CONTENTS

CHAPTER PAGE

1 INTRODUCTION 1-3
2 REVIEW OF LITERATURE 4 -22
3 MATERIALS AND METHODS 23 - 35
4 RESULTS 36 - 126
5 DISCUSSION 127 - 150
6 SUMMARY 151 - 155

REFERENCES [ - Xvi

PLATES

ANNEXURE

ABSTRACT




DAP

DAS

NR

SLA

RGR

NAR

LDR

RWC

SYMBOLS AND ABBREVIATIONS

Days after planting

Days after the beginning of water stress
Not recorded as the plants dried off due to
severe water stress

Specific leaf area

Relatilve growth rate

Net assimilation rate

Leaf diffusive resistance.

Leaf water potential

Relative water content

Approximately



LIST OF TABLES

Table
No.

Title

Page
No.

Plant height, rooting depth and collar diameter
of A. triphysa seedlings as affected by different
levels of water stress

Number of leaves, leaf area, leaf weight and
specific leaf area of A. triphysa seedlings as
affected by different levels of water stress

Shoot weight, root weight, root/shoot ratio and
total dry matter production in A. triphysa
seedlings as affected by different levels of water
stress

Relative growth rate, net assimilation rate and
relative water content of leaves of A. triphysa
seedlings as affected by different levels of water
stress

Leaf diffusive resistance (m mol m? s”) in
A. triphysa scedlings as affected by different
levels of water stress through a nine day cycle

Transpiration rate (ug H,O cm™s™) in A. riphysa
seedlings as affected by different levels of water
stress through a nine day cycle-

Leaf temperature (°C) in 4. triphysa seedlings as
affected by different levels of water stress
through a nine day cycle

Biochemical attributes of 4. triphysa seedlings as

‘affected by different levels of water stress at the

end of the growth period

37

39

42

43

45

48

49

52




Table
No.

Title

Page
No.

10

11

12

13

14

16

17

Inter-correlation matrix of total dry matter
production and other plant characters in

- A. triphysa

Inter-correlation matrix of net photosynthesis
and other physiological parameters in A. triphysa

Plant height, rooting depth and collar diameter
of A. mangium seedlings as affected by different
levels of water stress '

Number of leaves, leaf area, leaf weight and
specific leaf area of A. mangium seedlings as
affected by different levels of water stress

Shoot weight, root weight, root/shoot ratio and
total dry matter production in A. mangium
seedlings as affected by different levels of water
stress

Relative growth rate, net assimilation rate and
relative water content of leaves of A. mangium
seedlings as affected by different levels of water
stress

Leaf diffusive resistance (m mol m? s) in
A. mangium seedlings as affected by different
levels of water stress-through a nine day cycle

Transpiration rate (ug H,O cm™s™) in A.mangium
seedlings as affected by different levels of water
stress through a nine day cycle

Leaf temperature (°C) in A. mangium seedlings

as affected by different levels of water stress )

through a nine day cycle

53

53

55

57

60

61

63

66

67




Table
No.

Title

Page
No.

18

19

20

21

22

23

24

25

26

Biochemical attributes of A. mangium seedlings
as affected by different levels of water stress at
the end of the growth period

Inter-correlation matrix of total dry matter
production and other plant characters in
A. mangium

Inter-correlation matrix of net photosynthesis
and other physiological parameters in
A. mangium

Plant height, rooting depth and collar diameter
of S. macrophylla seedlings as affected by
different levels of water stress

Number of leaves, leaf area, leaf weight and
specific leaf area of S. macrophylla seedlings as
affected by different levels of water stress

Shoot weight, root weight, root/shoot ratio and
total dry matter production in S. macrophylla
seedlings as affected by different levels of water
stress

Relative growth rate, net assimilation rate and
relative water content of leaves of §. macrophylla

seedlings as affected by different levels of water

stress

Leaf diffusive resistance (m mol m? s) in
§ .macrophylla seedlings as affected by different
levels of water stress through a nine day cycle

Transpiration rate (ug H,O cm?s') in
S. macrophylla seedlings as affected by different
levels of water stress through a nine day cycle

70

71

71

73

75

78

79

82

84




Table
No.

Title

Page

No.

27

28

29

30

31

32

33

34

35

Leaf temperature (°C) in S. macrophylla
seedlings as affected by different levels of water
stress through a nine day cycle '

Biochemical attributes of S. macrophylla
seedlings as affected by different levels of water
stress at the end of the growth period

Inter-correlation matrix of total dry matter
production and other plant characters in
S. macrophylla

Inter-correlation matrix of net photosynthesis
and other physiological = parameters in
S. macrophylla

Plant height, rooting depth and collar diameter
of P. marsupium seedlings as affected by
different levels of water stress

Number of leaves, leaf area, leaf weight and
specific leaf area of P. marsupium seedlings as
affected by different levels of water stress

Shoot weight, root weight, root/shoot ratio and
total dry matter production in P. marsupium
seedlings as affected by different levels of water
stress

Relative growth rate, net assimilation rate and
relative water content of leaves of P. marsupium
seedlings as affected by different levels of water
stress

Leaf diffusive resistance (m mol m® s') in

P. marsupium seedlings as affected by different
levels of water stress through a nine day cycle

- 85

88

89

89

91

93

97

100




Table
No.

Title

Page
No.

36

37

38

39

40

41

42

43

44

Transpiration rate (ug H,0 cm?s') in
P. marsupium seedlings as affected by dilfcrent
levels of water stress through a nine day cycle

Leaf temperature (°C) in. P. marsupium
seedlings as affected by different levels of water
stress through a nine day cycle

Biochemical attributes of P. marsupium
seedlings as affected by different levels of water
stress at the end of the growth period

Inter-correlation matrix of total dry matter
production and other plant characters in
P. marsupium

Inter-correlation matrix of net photosynthesis
and other physiological parameters in
P. marsupium

Plant height, rooting depth and collar diameter
of T. grandis seedlings as affected by ditferent
levels of water stress

Number of leaves, leaf area, leaf weight and

~ specific leaf area of T. grandis seedlings as

affected by different levels of water stress

Shoot weight, root weight, root/shoot ratio and
total dry matter production in 7. grandis
seedlings as affected by different levels of water
stress

Relative growth rate, net assimilation rate and
relative water content of leaves of 1. grandis
seedlings as affected by different levels of water
stress

102

103

107

108

108

110

112

115

116




Table
No.

Title

Page
No.

45

46

47

48

Leaf diffusive resistance (m mol m? s') in
T. grandis seedlings as affected by different
levels of water stress through a nine day cycle

Transpiration rate (ug H,O cm’™) in T. grandis

~ seedlings as affected by different levels of water

stress through a nine day cycle

Leaf temperature (°C) in T. grandis seedlings as
affected by different levels of water stress
through a nine day cycle

Inter-correlation matrix of total dry matter
production and other plant characters in
T. grandis

118

120

121

123




LIST OF FIGURES

Fig. Title - After Page
No. No.
1 Soil moisture characterisation curve of the potting 25

media
2 Diurnal variations in the leaf diffusive resistance 49
of A. triphysa seedlings as affected by different
levels of water stress
3 Diurnal variations in the leaf water potential of 49
A. triphysa seedlings as affected by different levels
of water stress
4 ‘Diurnal variations in the net photosynthesis of 50
A. triphysa seedlings as affected by different levels
of water stress
5 Diurnal variations in the leaf diffusive 64
resistance of A. mangium seedlings as affected
by different levels of water stress
6 ‘Diurnal variations in the leaf water potential of 64
A. mangium seedlings as affected by different
levels of water stress
7 Diurpal variations in the net photosynthesis of 68
A. mangium seedlings as affected by different
levels of water stress
8 Diurnal variations in the leaf diffusive 85

resistance of . macrophylla seedlings as affected
by different levels of water stress




T. grandis seedlings as affected by different levels
of water stress ‘

Fig. Title Alter Page
No. No.
9 Diurnal variations in the leaf water potential of 85
S. macrophylla seedlings as affected by different
levels of water stress
10 ‘Diurnal variations in the net photosynthesis of 86
S. macrophylla seedlings as affected by different
levels of water stress
11 Diurnal variations in the leaf diffusive 103
resistance of P. marsupium seedlings as affected
by different levels of water stress
12 Diurnal variations in the leaf water potential of 103
P. marsupium seedlings as affected by different -
levels of water stress
13 Diurnal variations in the net photosynthesis of 104~
P. marsupium seedlings as affected by different ’
levels of water stress
14 Diurnal variations in the leaf diffusive 121
resistance of T. grandis seedlings as affected by
different levels of water stress
15 Diurnal variations in the leaf water potential of 121
T. grandis seedlings as affected by different levels
of water stress
16 - Diurnal variations in thenet photosynthesis of 123




DAP interval as influenced by different levels of
water stress

Fig. Title After Page
- No. No.
17 - Plant height at 120 DAP as influenced by 128
different levels of water stress
18 Collar diameter of tree seedlings at 120 DAP as 128
influenced by different levels of water stress
19 Number of leaves per plant at 120 DAP as 131
influenced by different levels of water stress
20 Leaf area per plant at 120 DAP as influenced by 131
different levels of water stress
21 Leaf weight -per plant at 120 DAP as influenced 133
by different levels of water stress :
22 Shoot dry weight of tree seedlings at 120 DAP as 133
influenced by different levels of water stress
23 Root dry weight of tree seedlings at 120 DAP as 135
influcnced by dilferent levels of water stress
24 Total dry matter production in trce scedlings at 135
120 DAP as influenced by different levels of water
stress
25 Relative growth rate of tree seedlings at 90-120 136




Fig. Title After Page

No. No.

26 Net assimilation rate of tree seedlings at 90-120 136
DAP interval as influenced by different levels of
water stress

27 Leaf diffusive resistance of tree seedlings at 139
1400 hrs as influenced by different levels of water
stress

28 Leaf water potential of tree seedlings at 1400 hrs 139
as influenced by different levels of water stress

29 Net photosynthesis of tree seedlings at 1200 hrs as 145
influenced by different levels of water stress

30 Total chlorophyll content in the leaves as 145
influenced by different levels of water stress

31 Proline content in the leaves as influenced by 148
different levels of water stress

32 Soluble protein content in the leavesas influenced 148

by different levels of water stress




LIST OF PLATES

nine day water stress cycle (x 100)

Plate Title Alter

No. Page No.

1 One year old A. triphysa seedlings grown under 37
different levels of water stress for 90 days

2 One year old S. macrophylla seedlings grown 37
under different levels of water stress for 90 days

3 One year old A. mangium seedlings grown under 55
different levels of water stress for 90 days

4 An A. mangium seedling which dried up 55
completely when subjected to S; level of water
stress

5 One year oldP. marsupium seedlings grown under 110
different levels of water stress for 90 days

6 One year old T. grandis seedlings grown under 110
different levels of water stress for 90 days

7 Cross section of A. triphysa leatf grown under 124

~three day water stress cycle (x 100)

8. Cross section of A. triphysa leaf grown under six 124
day water stress cycle (x 100)

9 Cross section of A. mangium leaf grown under 124

- . well watered (control) condition (x 100)
- 10 Cross section of A. mangium leaf grown under 124




Plate

Title After
No. Page No.
11 Cross section of S. macrophylla leaf grown under 124
well watered condition (x 100)
12 Cross section of S. macrophylla leaf grown under 124
nine day water stress cycle (x 100)
13 Cross section of S. macrophylla leaf grown under 124
well watered condition (x 450)
14 Cross section of S. macrophylla leaf grown under 124
nine day water stress cycle (x 450)
15 Cross section of P. marsupium leaf grown under 124
well watered condition (x 50)
16 Cross section of P. marsupiwm leaf grown under 124
nine day water stress cycle (x 100)
17 Cross section of T. grandis leaf grown under well 124
- watered condition (x 100)
18 Cross section of T. grandis leaf grown under six 124

day water stress cycle (x 100)




ﬁnz‘m&/ uction




INTRODUCTION

India with its large human and livestock population, is facing a large
gap in the pfcsﬁ:nt productién and projected demands éf timber, fuel wood
and fodder. A variety of tree species are commonly managed under forestry
and agroforestry prograrrimcs to'meet the increasing deinands of industrial
timber and fuel wood. Plantiné of trees, especially in farmlands gained wide
popularity in the recent years providing additional benelfit to the farrﬁers.
A clamour for p'lantin'g trees like Tectona grandis L.F. (teak) and Acacia
mangium Willd. (mangium) in farmlands has been observed in the recent
years especially among fh‘e faﬁners of Keraia. Tre't-‘,.species like Swietenia
macrophylla King (méhogany) and Ailanthus triphysa (Dennét. ) Alston.

(rvnatti)“ are also being planfgd in the homesteads of Kerala.

Water _is ,considéred as the.most important limiting factor for
establishment’ and growth of trees in dry areas which form about 75 per cent
of the total cultivated area in India. The utilization of water by plants varies
from species to species and even between types within a species. Reg1ons
with abundant, well distributed rainfall develop luxuriant forests whereas
regions with consistenfly severe seasonal drought tend to be grasslands or

d : oo
esert scrub (Kozlowski ef al,, 1991). Correlation between water supply and

rowth exi scarci
g xist because water scarcity affects most of the physiological

roces, i i
p ses }nvolved In plant growth. Water deficits can have a
‘ ) c
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major impact on the establishment success of the seedlings (Stoneman et al.,
1994). Water deficit or water stress refers to situations in which plant water
. potential and turgor are reduced enough ‘to interfere with normal
physiological functioning and growth of the plants. The exact cell water
potential at which this occurs depends on the kind of plant, the stage of
development and the process under consideration (Kramer, 1983). Water
deficits can vary in intensity from small decreases in water potential,
detectable only by instrumenltal measurements, through transient midday

| wilting,» to permanent wilting and death by dehydration.

A variety of tree species are.widely plant»ed under rainfed situation
in various agroclimatological zones of Kerala. These areas are prone to
water stress due to the seasonality of rains which result in six to seven
months of dry periods. The information about the response of these trees
to water stress is of greét importance in selecting tree species for different

- agroclimatic zones.

The response .o'f the trees will vary from species to species and
depending on the growth' stages also. Young plants are considered to be
more susceptible to water stress. Information regarding. thé response to

~water stress. of tropical tree seedlings are sAparse, whereas considcrable
amount of literature is available on temperate species (Zahner, 1988;

Kaufmann, 1968; Cannel et al, 1978; Seiler, 1985; Kozlowski, 1982;
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Kozlowski et al, 1991 etc.). Hénce it is a felt need to gather scientific
information on the response of common tree seedlings to water stress in
order to identify suitable tree species for planting in different agroclimatic
zones for viable forestry and agroforestry programmes in our state: Hence,
an experiment was undertaken to study the response of important forestry
and agroforestry tree seedlings to water stress with an objective of
investigating morphological, physiological, biochemical or anatomical
response of the tree species to water stress. The study also aimed at
elucidating the mechanisms if any, involved in the stress tolerance of the
selected tree seed.lings and ultimately to identify the tree species téle’rant to

water stress.
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REVIEW OF LITERATURE

Water'is an important input which limits the distribution and grov;/th of -
_plants. Water deficits influence all phases of tree growth and are probably
responsible for more growth loss than all other causes combined (Kramer,
1980). The primary effects of water deficits include a decrease in water
content and cell turgor of plant tissue and a decrease in the free energy status
or potential of the remaining water. Tree growth is reduced both directly,
through the effects on cell turgor and indirect>ly.through the intermediation of
seed germination, photosyﬁthesis, respiration, mineral nutrition, enzymatic

activity, hormone relations, nitrogen metabolism etc.

There has been a lot of studies on the respoﬁse of agricultural and
horticultural crobs to water stress (Gileset al., 1974; Alberte et al., 1977; Evans,
1983; Kramer, ,1983; Turner et al., 1986; Momen et al., 1992). However, such
studies are limited in fores;tly species, especially in tropical forestry. Thé

reported findings pertinent to the present investigation are reviewed here.

2.1 Influence of water stress on growth parameters
The most obvious general effect of water stress is the reduction in
overall plant size (Kramer, 1983). Water deficit inhibit both leaf growth and

internode expansion. Because cell enlargement depends on cell turgor, the
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elongation of cells is very sensitive to desiccation. Water stress directly and
physically reduces growth by lowering cell turgor, because cell enlargement in
response to change in water balance occur too rapidly to be mediated by

metabolism (Kozlowski, 1982).

2.1.1 Height growth

After the seedling stage, the effect of water deficits on shoot growth
become more complex, and depend in part on growth habitat. A summer
drought may or may not influence current year height growth depending on
when the water stress occur and on the inherent pattern of shoot elongation
of the species affected (Kozlowski, 1982). At the community level, tree height
is often reduced by the availability of water and trees usually grow taller in
valleys than in shallower dry soils of the adjacent uplancis. | Waring and
Schlensinger (i985) suggested that decreasing predawn water potential is well

correlated with a decreased tree height at maturity.

Water stress was observed to severely depress first year loblolly piné
seedling growth and high correlations between grthh and soil moisture was
only found when soil moisture was limiting (Cannell et al, 1978). Driessche
(1991) observed a drastic reduction in height grbwth and dry weight of
Pseudotsuga menzei&ii, Pinus contorta and Picea glauca seediings in response tb

drought stress. Drought caused a significant decline in height growth and new
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shoét dry weight in two year old seedlings of Picea rubens, but old shoot dry
weight, root dry weight and root/shoot ratio were not appreciably affccted
(Roberts and Cannon, 1992). A similar trend of decreasing height growth was

observed in water stressed Lirodendron tulupifera seedlings (Cannon et al., 1993.

2.1.2 Leaf growth

One of the damaging effects of water stress is the reduction in leaf
area, which reduces the water loss but reduces the surface that carry on
photosynthesis. Most éf the reduction in leaf area as a result of drought
appears to result from siowing of cell expansion. Water stress not only reduce
leaf size but often increases the ratio of mesophyll to external leaf surface.
Whereas normal diurnal changes in leaf dehydration do not greatly affect final
leaf size, desiccation for long period results in smaller leaves (Boyer, 1976).
Water deficits also.reduces leaf area by leaf senescence and inducing early

abscission (Ludlow and Muchow, 1990).

Loblolly and white pine needle growth decreased» as mean soil water
potential decreased (Kaufmann, 1968). In Alnus glutinosa seedlings, water
stress treatment reduced leaf size and increased the epicuticular wax content
(Seiler, 1985). Restricted water supply caused a five fold reduction in number
of leaves per plant and a reciuction of up to 20 per cent in average size in

Eucalyptus maculata and E. brockwayi seedlings (Myers and Landsberg, 1989).
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. . . C A
Prolonged periodic water shortage reduced the amount of foliage by 90 per

“cent in Fagus sylvatica (Cermak et al., 1993).

In Pinus contorta, specific leaf area increased in response to nursery
drought treatment (Driessche, 1991). Rhizopoulou and Davies (1993) observed
in Eucalyptus globulus that although leaf area of unwatered seedlings were less,
the corresponding leaf dry weight was quite similar to that of well watered
seedlings. Soon after rewatering, leaf area of plants experiencing water
shortage was comparable to that of well watered plz.mts. Green house
experiments in Eucalpptus marginata seedlings by Stoneman and Dell (1993)
indicated that rate of leaf growth was very sensitive to water deficits.
Stoneman er alA(]994) Aagain in E. marginata seedlings in a soil drying and
rewatering experiment reported that the rate of leaf growth declined linearly -
with predawn leaf v;/ater potential to reach zero at -1.5 MPa. Therc was no

recovery of ieaf growth rate within the first three days after rewatering.

2.13 Root growth

The shoot water deficits that 'develop on hot sunny days are eventually |
transmitted to the roots throu.gh the sap stream. Water deficits in roots recduce
the rate of root elongation, root branching and cambial growth. In a study by
Pessin (1939) on long ieaf and slash pine seécllings, it was evident (hat root

growth is less affected than shoot growth by varying moisture levels. Although



8
growth of both root and shoot decreases under drought, the root-shoot ratio

generally increases (Xramer and Kozlowski, 1979).

Kaufmann (1968) reported that root growth of loblolly and scot pine
seedlings in a slowly drying soil was reduced to about 25 per cent of the rate
at field capacity by a soil water potential of -0.6 MPa or -0.7 MPa. Root
regeneration of white pine seedlings decreased considerably with increasing soil
moisture tension (Day and Mac Gillivray, 1975). Northern red oak (Quercus
rubra) root regeneration and increasing root length were inhibited at 4 bars
and then stopped completely at ‘6 bars (Larson and Whitmore,1970). Waring
and Schlesinger (1985) cited several experiments suggesting that tree roots do
not grow much at soil water potential below 7 bars. However, roots resume

growth within one or two days after rewatered.

In addition to reduction in root growth, there will be suberisation of
roots when water stressed (Kramer, 1969). Lventhough it is said that water
absorption is reduced by suberisation, Chung and Kramer (1975) showed that

considerable absorption occurs through suberised roots.

In Alnus glutinosa seedlings Seiler and Johnson (1984) observed that the
root/shoot ratio significantly increased eventhough water stress greatly reduced

shoot, root, nodule and total plant dry weight. However, in loblolly pine



seedlings Seiler and Johnson (1988) reported a decreasing trend in the
root/shoot ratio in respdnse to water stress. In Acacia albida and A. seyal, root
growth was found to be reduced on soils at or below a water potential of -0.7
MPa (Awodola, 1991). A 385% increase in root:shoot mass ratio for
droughted Asimina triloba plants was observed by Nash and Graves (1993).
Moderate moisture stress applied hastened root dry weight gain but did not
affect other morphological characters in Thuja plicata (Krasowski and Owens,
1991). When subjected to restricted watering regimes, ten week old seedlings
of Acacia mangium showed an increase in root growth capacity and root/shoot
ratio (Awang and De Chavez, 1993). However, in Picea rubens, Robert and
Cannon (1992) observed that drought did not affect the root dry weight or

root/shoot ratio.

. Drought stimulated the growth of fine roots in the surface and upper
soils layers in Fagus sylvatica (Cermak et al., 1993). Root growth of unwatered
Eucalyptus globulus seedlings was gradually increased in deeper soil layers,
where thick root apices and high soil ‘water depletion per unit lengtﬁ was
recorded.. As a result, root absorbing surface area was as large in unwatered

plants as in well watered plants (Rhizopouldu and Davies, 1993).
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2.1.4 Teotal dry matter production

‘Water deficits géncrally have a negative effect on the dry matter
accumulation in plants as it impairs with many of the physiological processes
which determines growth like photosynthesis, respiration, enzyme activity ctc.
Dry matter production was significantly affected in four Acacia species when

controlled watering was employed (Kireger and Blake, 1994).

In a comparative study of Eucalyptus maculata and E. brockwayi under
different levels of water supply, Myers and Landsberg (1989) found that total
dry mattér production was higher in E. maculata but net assimilation rate was
higher in E. brockwayi seedlings. Water stress reduced dry matter
accumulation in Pseudotsugq menzeisil, Pinus contorta and Picea glauca
seedlings grown in containerised nursery (Driéssche, 1991). In Acacia
auriculiformis, Phillips and Riha (1993) reported that above ground biomass
accumulation decreased by 21% below that of well watered controls in the
ﬁoderately drought stressed and by 47% below in severely drought stressed
seedlings. Dry matter production was positively correlated with Lranspirational
water use in Eucalyptus globulus under water stressed condition (Osorio and
Pereira, 1993). However, differences in total plant dry weight under
waterstress were less obvious in an experiment conducted with two Populus

clones and four hybrid progenies (Tshaplinski and Tuskan, 1994).
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2.2 Influence of water stress on physiological parameters
Water loss from plant tissues alter a number of physiological processes.
It causes a loss of turgor inside the cells, followed by closure of stomata,
alteration of cellular membrane relations, reduction of leaf water potential efc.

All these together causes metabolic disruption in plants.

2.2.1 Relative water content

Relative turgidity of the leaves caﬁ be employed as a'measure of water
deficit in plants (Weatherley, 1950). Sinclair and Ludlow (1985) proposed that
relative water content (RWC) as an alternative measure of plant water status
which tells upon the metabolic processes in tissues and lethal leaf water status.
They reported that photosynthesis, protein synthesis, NO, reduction and leaf
‘senescence are better correlated with changes in cell volume and RWC than

with water potential in certain plants.

Coffee leaves maintained a high relative water content under
dehydrating conditions, and this has been attributed to an efficient stomatal
control (Bierhuizen et al.,‘ i969, Josiset al., 1983). Using detatched loblolly and
white pine needles in a Warburg respirometer, Miller and Allen (197‘1)-
observed that there is a positive correlation bet§veen relative needle water

content and stomatal aperture. In Eucalyptus marginata seedlings drought
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stressed plants maintained a higher relative water content for a given leaf water

potential at values below 1.5 MPa (Stoneman et al, 1994).

2.2.2 Leaf temperature

Leaf temperature status is an indirect measure of plant water stress
(Idso er al., 1978a). When plants were well supplied with water, transpiration
would be at the potential rate and the leaves will be relatively cool (Idso et al.,
1978b). They also observed a declining trend in transpiration during moisture
deficient situation and the concomitant increase in leaf temperature. Such
situations will lead to the reduction in photosynthesis resulting in the decline
of total biomass production. Decreasing soil moisture resulted in reduced
plant water status and stomatal “conductance leading to clevated leaf

temperature (Mtui et al., 1981).

2.2.3 Stomatal Responses

Stomata begin to close when the turgor of guard cells decreases.
Stomata usually closé during relatively garly stages of leaf water deficit, often
long before leaves wilt (Kozlowski, 1976). The reduction of epidermal turgor
in plants surrounded by dry air can result in stomatal closqre, eventhough bulk
leaf water potential is high. Stomatal diffusive resistance was found unaffected
by leaf water potentiﬁl (Culter et al,, 1977) in certain plants. The critical leaf

water potential for stomatal closure reported for different species should not
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be taken too seriously because the value varies for different clones and
cultivars (Palardy and Kozlowski, 1979) and because the response of stomata
to leaf water deficits is modified significantly by factors like internal CO,
coﬁcentration, air humidity, wind, age of leaf, osmotic adjustmen'ts etc. (Davies

et al., 1974; Kozlowski and Pallardy, 1979).

Stomatal conductance has been reported varying with leaf water
potential by several experiments.” In Alnus glutinosa seedlings, water stressed
individuals showed a much lower initial leaf conductance after which it was
gradually dropped as leaf water potential decreased (Seiler, 1985). In the
meantime Vance and Running (1985) observed that in Larix occidentalis
seedlings also, minimum stomatal conductance declined with decreasing leaf
water potential. Leaf conductance declined exponentially with decreasing
predawn water status in Ulmus americana seedlings (Walters and Reich, 1989).
Ellsworth and Reich (1992) correlated leaf conductance with predawn leaf

water potential in Acer saccharum secdlings.

Stomatal closure during the middle of the day has been reported for
many speci(’;s of forest trees (Kramer and Kozlowski, 1979; Kozlowski, 1982).
Althoﬁgh rﬁid day stomatal closure has_ been attributed to several causes, an
important factor in the lag of absorption bchind'transpirafion, which induces

leaf dehydration ‘and reduction in leaf water potential to a critical level
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associated with stomatal closure. For example in days when water deficits in
shoots of mature Acer saccharum and Betula papyrifera trees were not severe,
stomatal opening was rather stable throughout the day. During drought,
however stomata closed in the afternoon énd reopened late in the evening
(Pereira and Kozlowski, 1978). Mid day stomatal closure on both leaf surfaces
occurred in Populus clones when VPD was high (Pallardy and Kozlowski,
1981). Granier et al. (i992) observed midday stomatal closure and resultant

reduced sap flow in Goupia glabra, a rainforest tree species.

Driessche (1991) observed a reverse trend of increasing stomatal
conductance in lodge pole pine seedlings when severe nursery drought was

imposed.

2.2.4 Transpiration rate

The rate of transpiration is directly dependent to the gradient of water
vapour betwcen intercellular spaces of the leat and ambicnt air. Although
high transpiration rate often causes injury, transpiration is unavoidable because
a leaf structure favourable for the entrance of CO, also is favourable for the
loss of water vapour (Kozlowski et al, 1991). Stomatal closure was found to
be 'an'adaptatie)n mechanism for reduced transpiration rate at water deficit
condition (Turnér etal., 1986). Under certain situations a ciecrease in stomatal

conductance will reduce transpiration relatively more than photosynthesis.
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Transpiration rates wére often reduced significantly in certain Acacia sp.

in drie? soils (Lange et al, 1987). Rate of transpiration was positively
correlated with leaf water potential (Schulze and-Hall, 1982). Isolde (1989)
observed a morning peak conductance and subsequent decreasc [or certain
Acacias which was more pronounced under water stress, indicating a decisive
stomatal regulation of transpiration. In a comparative study of water stress
response of Eucalyptus maculata and E. brockwayi seedlings, Myers and
Landsberg (1989) observed that transpiration rates were higher in E.
brockwayii. Out of the fifteen species of Acacias studied by Srinivasan et al.
(1989), A. auriculiforms had the lowest transpiration rates and stomatal
condﬁctancg A study conducted in. two rain forest tree species (Simarouba
amara and Coupia glabra)A in a plantation revealed that transpiration may be

limited by stomatal closure despite a high annual rainfall (Granieret al., 1992).

2.2.5 Leaf water potential ({ )

Comprehensive reviews on the subject of plant water potential and its
relevance to water stress assessment are available (Slatyer, 1967; Slavik, 1974;
Turner and Kramer, 1980). A pressure chamber measurement of plant
moisture stress provides an estimate of plant watcr potential. The water
potential of leaves can vary over a-considerable range (above a critical value)

without a marked effect on stomatal aperture (Jarvis, 1980). When a critical
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water potential is reached stomata begins to close. Different species respond

differently to water stress.

In many spccics stomatal resistance to air humidity can be correlated
with leaf water potential. A study 0011ducted by Guehl et al. (1991) on the. leaf
gas exchange in response to drought found that stomata closed very rapidly
in_Abies bornmulleriana when water supply is withheld even prior to there being
any important decrease in leaf predawn water potential. In Helianthus annuus
and H. petiolaris, water stress induced a gradual and similar decreasc in leaf
conductance from 1.6 to 0.3 cm s as watér potential decreased from 0.5 to -

2.0 MPa (Sobrado and Turner, 1983).

During a summer drought foliar predawn water potential and minimum
water potential fell to -4.8 MPa and -5.5 MPa respectively in Fraxinus excelsior
(Cartier et al, 1992). In Quercus petreae, imposed drought caused predawn
leaf water potential to reach values as low as -2.0 MPa with a progressiv¢
decrease in hydraﬁlic conductance (Breda et al, 1993). Batten et al. (1994)
observed a predawn leaf water potential of -0.3 MPa in irrigated trees whereas
it progressively declined to -0.9 MPa in unirrigated trees. Minimum day time
leaf water potential in the unirrigated trees decrease from -1.0 to -1.1 MPa at

the beginning of drought period to -2.2 to -2.4 MPa after 3 months,
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2.2.6 Photosynthesis

Any serious interference with photosynthesis by water deficits is likely
to significantly reduce growth. As lcaves become progressively dehydrated the
rate of photo-synthesis decreaseé | and eventually the process may stop
altogether (Brix, 1972, 1979). The initial effect of water stress on
photosynthesis appears to be one of lowering stomatal conductance in response
to low atmospheric humidity (Schulze, 1986). Although several investigators
have shown that incrcasing water deficits arc accqmpanicd by dccrease in rate
of photosynthesis (Kozlowski, 1949; Brix, 1979; Kriedemann, 1971 etc), there
has been a controversy about the critical séil moisture at which photosynthesis
1s first reduced. The reduﬁtion in photosynthesis is generally believed to be
brought about by both stomatal and non stomatal inhibition of the process

(Teskey et al., 1986).

In two year old loblolly pine seedlings CO, uptake decreased with -
increasing Diffusion Pressure Deficit (DPD) on the needles and photosynthesis
was found to be correlated with transpiration rates (Brix, 1962). A linear
relationship was found between soil moisture content and photosynthesis of
Pinus sylvestris seedlings (Schultz and Gautherum, 1971). Decrease in
photosynthesis of Pseudotsuga menzeisii began when shoot water potential

dropped to near -1.0 MPa and at -3.5 MPa the rate was negligible (Brix, 1972).
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Rates of net photosynthesis declined drastically in Ulmus americana seedlings

with decreasing predawn leafwater status (Walter and Reich, 1989).

Xeric seedlings of Quercus rubra showed higher photosynthetic rates and
stomatal conductance to water vapour than mesic seedlings during well watered
conditions. During a drought cycle, xeric seedlings maintained positive net
photosynthesis at significantly lower predawn leaf water potential and relative
water contént (Kubiske and Abrams, 1992). Dickmann et al. (1992) obscrved
that drought produced both stomatal and mesophyll limitations in
photosynthesis of two clones in poplar and the photosynthesis were
significantly reduced during drought. In leaves of young Quercus petrae
saplings, calculated intémal CO, were involved in the drought induced

reduction of net photosynthesis (Epron and Dreyer, 1993).

Net photosynthesis was reduced ny 70 per ccﬁt in onc ycar oid
containerized Liriodendron tulupiferc\z seedlings when water supply was with held
(Cannon et al., 1993). Stoneman et al. (1994) observed a decline of 40% in
mid day photosynthetic rates of those of well watered seedlings in Eucalyptus

marginata at a predawn leaf water potential of -1.0 MPa and reached zero

at -2.2 MPa. Photosynthetic rates recovered rapidly following rewatering.
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23 Inﬂuencenlof water stress on biochemical aspects

There is an increasing evidence that the concentrating effects of
dehydration (Potter and Boyer, 1973) and certain cellular solutes (Rao et al.,
1987) cause some metabolic alterations during water deficiency. Many of the
plant species accumulate substances which are normal cell constituents,
particulaﬂy free amino acids, during a period of water deficit. The overall
observations ma-de in plants under stress conditions indicated that synthesis of
chlorophyll, soluble prétein and nitrate reductase enzyme reduced and proline
accumulation increased with water deficit. IHanson and lli.tz (1982) reported
that osmotic adjustment occur's by synthesis of organic anions, soluble
carbohydrates, amino acids etc. These osmotic agents including proline,
betaine, sucrose etc., lowers solute water potential and promote water uptake
by tissues while protecting proteins, membranes or other cellular components

from dehydration (Fox and Geiger, 1986).

23.1. Chlorophyll content

In general, chlorophyll content of leaves reduces with increasing water
deficits. Mesophyll cells were more sensitive to water stress and in about 75%
of mesophyll cells, the chloroplast become swollen under waterstress condition
(Giles et al,, 1974). In cotton chloroplast membrane integrity was lost under
water deficit situation (Vieira de Silva et al., 1974). Chlorophyll content was

decreased to almost 60% of control, eight days after irrigation in maize leaves
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(Alberte et al, 1977). Makhmuda (1983) reported that moisture stress
inhibited biosynthesis of the precursor of chlorophyll in wheat leaves which
ultimately reduced the chlorophyll content. In Grevéllia robusta, the total
chlorophyll, chlorophyll *a’ and ’b’ contents decreased with increasin;b7 water
stress. Synthesis/accumulation of chlorophyll b’ was found to be more sensitive

to water stress when compared to chlorophyll "a’ (Nautiyal er al., 1993).

2.3.2 Proline

Proline was first noted to accumulate in wilted plant tissue by Kemble
and Mac fherson (1954) in experiments with excised perennial rye grass. In
1966 three laboratories reported on the phenomenon of: proline accumulation
during drought stress (Stewart, 1981). Proline accumulates during water stress
because water deficit stimulates its synthesis from glutamate by loss of feed
back inhibition, decreases the rate of proline oxidation and dccrease its
incorporation into protein (Kramer, 1983). It has been postulated by Schwab
and Géff, (1986) that protection of membranes is accomplished by t'hc

accumulation of proline when cells become dehydrated.

Proline accumulates in all organs of the intact plant during water deficit,
although accumulation is most rapid and extensive in leaves (Singhet al, 1973). -
In a number of plants, osmotic regulation occurs largely by increased foliar

synthesis of proline from glutamine (Hanson and Hitz, 1982) by both increasing
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activation of regulatory cnzymes and enzyme synthesis.  High proline
accumulation was advocated as a drought resistance mechanism. Hui-Juan and
Bin (1993) repprted a greater amount of proline accumulation in drought

resistant Robinia pseudoacacia seedlings.

| 2.3.3 Soluble proteins

Water stress changes the pattern of protein synthesis in plant tissue.
Hulbert et al (1988) reported that plants adapt to and tolerate drought stress
‘through response mechanisms including changces in protcin. Many such stress
related proteins have been reported which are characterized by the type of
stress. Those enzymes associated with solute accumulation during osmotic

adjustment would be classified as drought stress proteins (Newton et al., 1991).

It is generally thought that total protein accumulation is decrcased by
drought. Dissobiatioh of polysomes and.an accumulation of monosomes
occur in cells, when tissue is exposed to water streés (Genkel et al.,, 1967).
Evans (1983) reported that nearly 30 to 50% of the leaf soluble protein was
contributed by ribulose 1, 5 bi—S-phosphate ca'rboxylase which was considered
tol be an important enzyme involved in the reduction of CO, in the
photosynthetic process. The activity of the above major enzyme was very much

reduced under water deficit condition in'cotton (Jones, 1973). In wheat lcaves
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also lesser soluble profein content was reported due to reduced ribulose.

bi-phosphate activity in response to drought (Mayoral et al.,, 1981).

Vance and Zaerr (1988) reported qualitative and quantitative changes
in the synthesis of proteins in drought stressed Pinus seedlings. The
accumulation of several low molecular mass membrane and soluble proteins
increased during drought conditioning of eight-week-old Pinus banksiana
seedlings (Mayne et al,, 1994). In vitr_; translation studies showed a general
increase in the abundance of protein products encoded by MRNA’s from
drought conditioned seedlings. Thakur(1991) reported an increase in the total

aminoacid pool of Grewia optiva seedlings in response to water stress.

In short, water stress is having a detrimental effect on overall plant
growth and survival due to the altered morphological, physiological and
biochemical processes of plant. As a general rule, eventhough the leaf area,
shoot growth and root growth are reduced by waterstress, root/shoot ratio has
been found to increase in certain cases. Most of the plants respond to low
water status by cutting off their transpiration by an active stomatal control and
thereby maintaing the water potential. The ﬁptake of water is maintained
through the maintenance of ‘osmoticum by the production of various
biochemical agents like proline, betaine etc. Scveral acclimation to watcrstress
appear to be mediated responses and may be needed to aid survival or even

restore near normal functioning of the plants.
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MATERIALS AND METHODS

An investigation was carried out, at the College of Forestry, Kerala
Agricultural University, Vellanikkara, Thrissur on the response of the
seedlings of selected tree species to water stress. The experiment was

conducted during the months from December 1994 to May 1995.

3.1 Climate and weather éonditions

Geographically, the area is located 40 m above mean sea level at
10° 32°N latitude and 76° 26’E longitude. The area experiences warm and
humid climate with distinct surﬁmer and rainy seasons. The climatic data for

the experimental period are given in Appendix I and 1.

The experiment was conducted to study the water stress response of

the following species.

a. Acacia mangium Willd. (Mangium)

b. Ailanthus triphysa (Dennst.) Alston. (Matti) .
c. Pterocarpus marsupium Roxb. (Bijasal)

d. Stvigtenia macrophylla King (Mahogany)

e. Tectona grandis L.F. (Teak)
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32 Mclhodology

Sleedlings were grown in the nursery beds for about one year. One
year old seedlings, showing apparently uniform growth charécters, of all the
first four species and stumps from one year old seedlings in the case of teak
' were traﬁsplanted in black polythene bags of size 30 x 12 cm, containing
5 kg of 1:1:1 mixture of soil, sand and farm yard manure. All the bags were
irrigated well daily till the seedlings established. After that, they were grown

with irrigation on alternate days.

The following water stress levels were imposed:

S, - Control (watering daily)

S, - Water stress for three days (watering once in three days)
S, - Water stress for six days (watering once in six days)
S; - Water stress for nine days (watering once in nine days)

Dcpcndihg upon the levels of water strc;s,s to be imposcd, irrigalién
was withheld in selected bags for three days, six days and nine days. The
moisture content was determined in frequent intervals to keep the plants in
the expected levels of soil moisture tension. The cycle continued till the end
of the experiment. Whenever there was a break in the stress cycle by rains,
a [resh cycle was startcd by bringing all the bags to saturated soil moisturc

conditions.



25

The soil moisture characterisation curve of the pbtting mixture (Fig.1)
was prepared by using a pressure plate - pressure membrane apparatus. The
soil water potential (soil moisture tension) corresponding to the moisture
content of the. bags for different stages of drying was found out from the
curve. The soil moisture content for different days of drying and the

corresponding soil moisture tension is given below.

Irrigation Soil moisture SMT (bars)
interval content (approx.)
(days). (%)

1 (Sy) ’ 19.08 <0.03

3 (S,) 9.50 1.0
6y 7.40 5.0
9(S;) 5.90 10.0

Every time irrigation was donc slowly and carefully so that the soil in
the bag is just saturated and water just starts seeping out through the

drainage hole provided.

The experiment was laid out separately for each species.

Experimental design : CRD
Treatments : 4
Replications o 5

(Each replication had four seedlings)
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Fig.1. Soil moisture characterisation curve of the potting media
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3.3 Observations recorded
3.3.1 Growth parameters

Destructive sampling at the rate of three plaﬁts .per treatment was
done at an interval of 30 days for 120 days. After measuring height, rooting
depth, collar diameter and number of leaves, the leaves, stem and roots were
separated and the dry weight of each recorded separately. The following

observations were recorded.

3.3.1.1 Plant height
Plant height was taken from the collar to the tip of the growing point

using a metre scale.

3.3.1.2 Rooting depth

Root depth was measured from the collar to the tip of the longest root

and the mean was expressed in cm.

33.1.3 Collar diameter

The collar diameter was measured with the help of a vernier callipers

and expressed in mm.

3.3.1.4 Number of leaves

At the time of each destructive sampling, the number of leaves of the

seedlings was counted.
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3.3.1.5 Leaf area
The leaf area of individual plants were measured with an Area meter

(Model L1-3100, L1-Cor, Nebraska, USA) and was expressed in cm?.

33.1.6 Stem weight

The destructively sampled seedlings of each species under different
water stress levels were removed of leaf and the root portion {rom the collar
and dried in an oven at 60-80 °C for 48 hours after initial drying for few days

in shade. Average dry weight (g) of the stem for seedlings was calculated.

3.3.1.7 Leaf weight

After shade drying, the leaves used were taken from the shoots
earlier used for stem weight estimation were dried in a hot air oven at
- 60-80 °C for 48 hours. The dry weight was recorded and the average leaf dry

weight per seedling was expressed in g.

3.3.1.8 Root weight

The roots separated at the collar region of the same seedlings was
used to record stem weight. The samples were dried in an oven at
60 to 80 °C for 48 hours after shade drying. The average root weight (g) per

seedling was estimated.
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3.3.1.9 Shoot weight

Shoot dry weight was calculated by summing the average weight of the

leaf and stem of each plant. -

3.3.1.10 Root-shoot ratio
Root-shoot ratio was calculated by dividing the average of the root

weight by shoot weight of each plant.

3.3.1.11 Total dry matter production
Total dry matter production was obtained by the summing of shoot

weight and root weight and expressed as g plant™.

3.3.1.12 Specific leaf arca

Specific leaf area was calculated by dividing the leaf area by leaf

weight per plant and the average value expressed as m’g™.

3.3.1.13 Relative growth rate

Relative growth rate (RGR) was calculated from the following formula
given by Blackman (1919).

RGR | = (log, w, - log, w))/t,-t,

W, = Dry weight estimate at time t,

W, = Dry weight estimate at time t,
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33.1.14 Net assimilation rate
Net assimilation rate (NAR) is an index of the productive efficiency
of plants calculated in relation to total leaf area. NAR is calculated from

the formula given below.

.NAR = (Wpw))/(tt)) x (log, LA,-log, LA,)/LA,-LA,
W, = Dry weight at time t,

W, = Dry weight at time t,

LA, = Leaf area at time t;

LA, = Leaf area at time t,

3.3.2 Physiological parameters
3.3.2.1 Relative water content
Relative water content (RWC) of the leal was worked out using the
following formula suggested byA Barrs and Weatherley (1962). Physiologically
mature leaf was fixed by visual observation. It was third to fourth leaf in
Acacia mangium, A‘ilanthus triphysa, Swietenia macrophylla and Pterocarpus
marsupium and second to third leaf in the éase of Tectona graﬁdis. Leaf
puncl'les were taken from physiplogically mature leaves by using a steel
puncher with diameter of 1.5 cm. Three samples were taken from cach plant
at 0800 hrs and 1400 hrs IST and used for estimation.
Fresh weight - Dry weight

RWC (%) = x 100
Turgid weight - Dry weight
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33.2.2 Léaf water potential ()

A Scholander type pressure chamber (Soil Moisture Equipment
Corboration, Ohio, USA) was used for finding out the leaf water poténtial
(). Measurements were made on mature leaves and five plants per
treatment were sampled. The leaves were cnclogcd in a polybag before hcing
detached (Turner, 1988). The balancing pressure was taken as the water
potential,'(Milburn, 1979). Measurements were taken from 0600 hrs to

1800 hrs IST at 2 hours interval in each treatment.

3.3.2.3 Leaf diffusive resistance

A steady state porometer (Model LI-1600, LI-Cor, Nebraska, USA)
was used to measure the leaf diffusive resistance (LDR) of the leaves.
Physio-logically mature leaves well exposed to solar radiation were selected
for rﬁeasurements. Measurements were taken on the abaxial surface and five
plants were selected from each treatment in all the species and the mean was

expressed in m mol m™ s™.

Observations were recorded during every day after the beginning of
water stress cycle (DAS) at 0800 hrs and 1400 hrs IST till the end of the
cycle to know the pattern of development of stress which lasted for six days

in teak and nine days in rest of the species.
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Diurnal variations in leaf diffusive resistance was also measured from
+ 0600 to.1800 hrs IST. Measurement were made from fivé plants per

treatments in all the species.

3.3.2.4 Transpiration rate

Transpiration rate were recorded by a steady state porometer.
Measurements were done on well exposed mature leaves (same as of
diffusive resistance) at 0800 hrs and 1400 hrs IST. Observations were made

on five plants per treatment and the mean expressed in ug cms™.

3.3.2.5 Leaf temperature

Steady state porometer was also used for recording leaf temperature
of the seedlings. Leaf temperature from five plants per treatment was taken
from the same leaf as of diffusive resistance measurement at 0800 hrs and
1200 hrs IST. Apart from this, diurnal variation in leaf temperature was also
observed from 0600 to 1800 hrs IST in each of the treatments in different

species.

'3.3.2.6 Net photosynthesis

Net photosynthesis was measured with a portable infrared gas
analyzer (IRGA) (Model L1 6200, Li - Cor, Nebraska, USA) using a one
litre leaf chamber. The leaf chamber has sensors for measuring

photosynthetically active radiation (PAR), relative humidity, leaf and chamber
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temperaturcs. The measurcmcnts'wcrc recorded on the data logger supplicd
with the instrument. The Pn was calculated in the data loggers itself using
the software provided with it by the manufacturers. The data were later
transferred to a computer and processed further. The measurements were

recorded at 2 hrs interval from 0800 hrs to 1600 hrs IST.

3.3.3 Biochemical parameters

Biochemical estimations were conducted using [ully cxpanded leal
(mostly second or third leaf from the top) which were sampled during
predawn hours (0700 to 0800 hrs IST) at the end of the growth period
(120 DAP). Three replicates were used from each treatment for the
estimation. In teak, none of the parameters could be @stimated due to the

interference of phenols in the leal.

3.3.3.1. Chlorophyll content

Chlorophyll content of the leaf was estimated following the method of
Starner and Hardley (1967).‘ Samples were collected from the selected plants,
cut into pieces and mixed well; 0.1 g of the sample was weighed into a mortar
and ground with a pestle to extract the chlorophyll using 80 per cent acetone.
The extract was filtered using Whattman No.1 filter p‘aper and made up
to 25 ml using 80 per cent acetone. The absorbance were read

at 663 nm and 645 nm wave length in a spectrophotometer. The
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chlorophyll ‘a’, chlorophyll ‘b’ and total chlorophyll of each samples

~ were calculated using the following formulae.
‘Chlorophyll ‘a’ (mg g of tissue)

2.69 (OD at 645 nm) x V

= 12.7 (OD at 663 nm) -
1000 x w

Chlorophyll ‘0’(mg g of tissue)

4.68 (OD at 663 nm) x v

= 22.9 (OD at 645 nm) -
1000 x w

Total chlorophyll (mg g of tissue)

8.02 (OD at 663 nm) x v
= 20.2 (OD at 645 nm +

1000 x w
oD = Optical density
A% = Final volume of 80 per cent acetone extract
W = Fresh weight of tissue in gram

3.3.3.2 Proline conient

Fresh leaf samples were collected from selected plants, cut into pieces
and mixed well. A known amount of the leaf material (500 mg) is
homogenised with 10 ml of 3 per cent aqueous sulphosalicilic acid,

centrifuged at 3000 r for ten minutes. Two ml of the supernatant liquid was
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taken and the following reagents were added: 2 ml of' glacial acetic acid, 2 m!
of acid ninhydrin mixture, 2 ml of 6 N orthophosphoric acid. The contents
were allowed to react at 100 °C for 1 hOL'll‘ and the reaction was terminated
by keeping it in an ice bath for ten minutes. The reaction mixture was mixed
vfgorously with 4 ml of toluene —using a mixer forl() - 20 seconds. The upper
coloured chromophore containing toluene was aspirated from the aqueous
phase and warmed at room temperature and the OD was read at 520 nm in
a spectrophotometer. The proline content was determined from a standard
curve of pure proline as per Bates et al. (1973) and expressed in pg g fresh

weight.

3.3.3.3 Soluble protein

The procedure given by Lowry et al. (1951) was followed for the
estimation of soluble protein content. Foliar-samples were collected [resh
from selected plants in each treatment, cut into pieces and mixed well. Five
hundred mg of the leaf material was extracted with 10 ml of 80% ethanol.
From the aliquot 0.1 ml was pipetted into a test tube, made up to 2 ml with
distilled water and 5 mi of alkaline copper reagent was added. After
5 minutes, 0.5 ml of Foiin phenol reagent Was added to the above solution.
The OD was measured at 620 nm using a spectrophotometer. The amount
of protein is estimated after referring to a standard curve with bovine serum

and was expressed in mg g of sample.
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Alkal‘ine copper reagent
Reagex‘u A 2% Sodium carbonate in 0.1 N NaoH
Reagent B : 0.5% Copper sulphate (CuSo, - 5 H,0) in 1% potassium
sodium tartarate |

50 ml of Reagent A and 1 ml of Reagent B were mixed prior to use.
3.4 Anatomical studies

Physiologically mature leéves well eiposed to sun were selected for
anatomical studies. Hand sections of the leaves were taken and stained in
saphranine and examined under the low power and high power of light
microscope. | Photographs of the section were taken, examined and their
anatomical details as inﬂu¢nced by different levels of water stress was

obse_rved.

3.5 Statistical analysis
The data were sﬁbjected to Analysis of Variance for Completely
Randomised Design (Panse and Sukhatme, 1989). Correlation analysis of

various plant characters was done with PC using MSTAT-C package.
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RESULTS

Responses of Ailanthus triphysa (Dennst.) Alston,, Acacia mangium

Willd, Swietenia macrophylla King Pterocarpus marsupium Roxb. and

Tectona grandis L.F. to water stress with respect to. their morphological, -

physiological, biochemical and anatomical parameters were recorded, analysed

statistically and presented in this chapter.

4.1 Ailanthus triphysa (Matti),
4.1.1 Growth attributes’
4.1.1.1 Plant height

- The plant height of A. triphysa at 30, 60, 90 and. 120 days after planting
(DAP) are giveq in Table 1. There was a reduction in plant height when the
seedlings were subjected to water stress. Tth reduction in pl

ant height was

significant at 30 and 90 DAP. In the initjal si‘age

diffi i
tHerence in the plant height recorded at 120 DAP

4.1.1.2 Rooting depth



Table 1  Plant height, rooting depth and collar diameter of A. #riphysa seedlings as affected by different levels of water stress

Plant height

Rooting depth

Collar diameter

Stress (cm) (cm) (mm)

levels 30 60 9 120 30 60 90 120 30 60 9% 120
DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP
s, 365 30 340 415 400 368 335 4753 133 110 159 168
s, 300 333 335 443 330 383 340 362 123 115 132 160
s, 280 260 423 45.0 363 345 390 370 114 108 149 13.8
s, 268 333 293 418 335 383 403 468 100 108 117 119

F *» NS % NS « NS NS NS = NS NS %
LSD (0.05) 7.9 - 124 215 57 - 187 - 21 - . 34
SEM =+ 20 90 316 55 14 36 48 3.9 053 13 10 09

* Significant at 3% level

** Significant at 1% level

NS - Not significant

LE



Plate 1 One year old A. triphysa seedlings grown under
different ' levels of water stress for 90 days

Plate 2 One year old’S. macrophylla seedlings grown under
different levels of water stress for 90 days
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significantly decreased due to the influence of water stress. However, there

was no significant differences between water stress levels of S, S, and S,

4.1.1.3 Collar diameter

The collar diameter recorded at various stress stages for A. triphysa are
presented in Table 1. At all the different stages of growth, collar diameter
showed a decrease due to the effect of water stress. At 60 and 90 DAP,
though the values showed a decrease, they were not significantly different.
At 120 DAP, the collar diameter of unstressed (S, ) and severely stressed (S,)

plants were significantly different.

4.1.1.4 Number of leaves

The number of leaves per plant were reduced drastically due to the
influence of water stress (Table 2). Significant difference in number of
leaves were observed at all the stages of growth. At 30 DAP variation was
from 10.5 to 6.0 whereas at 120 DAP, the reduction became more steeper
with values ranging from 14.0 to 5.0 for water stress levels S, and S,

respectively.

4.1.1.5 Leaf Area
The leaf area per plant (Table 2) showed a decrease in all the water
stressed plants over the control. At 30 DAP, though the leaf arca showed an

increase over the unstressed control, the difference was not significant. The



Table 2 Number of leaves. leaf area, leaf weight and specific leaf area of A. friphysa seedling as affected by different levels of water stress

Number of leaves Leaf area Leaf weight Specific leaf area
Stress (no plant®) (emy?) (g)
levels
30 60 S0 120 30 60 a0 120 30 60 90 120 30 60 90
DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP
Sa 10.5 11.0 12.5 14.0 604 1162 978 1610 10.5 15.9 11.0 14.2 0.58 0.73 0.89
Sy 8.0 S0 10.5 10.5 711 849 643 1246 8.5 10.3 7.1 121 0.84 0.83 0.20
238 7.5 6.5 11.5 9.5 709 785 547 1006 8.2 9.0 6.3 ‘9.5 0.87 0.87 0.87
Sy 6.0 55 5.5 55 653 306 396 696 6.8 4.6 3.7 4.1 0.97 0.66 0.09
1: * * ok L NS * ok Ok * * e ExS dok & NS *
LSD (0.05) 4.2 3.1 1.9 2.6 . 434 35 208 3.5 1.4 1.1 1.9 0.32 - 0.50
SEM == 1.1 0.7¢ 2.50 0.66 71 110 9 53 0.89 0.36 0.28 0.48 0.25 0.22 0.36

* Significant at 5% level *¥ Significant at 19 level NS§ - Not significant
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4.1.1.8 Shoot weight _

The shoot dry weight of A. wriphysa sc::dlings (Table 3) dccrecased
significantly due to water stress. Shoot weights were reduced to 13.80 gin S,
plants compared to 32.5 g in control at 120 DAP. However, the difference

in shoot weight, between levels S, and S, were not significant.

4.1.1.9 Root weight

The root dry weight showed a decreasiné trend as the water stress
levels were increased (Table 3). At 30 and 60 DAP, the root weight recorded
for S, and §; were significantly different from that of S; and S;. But at 90
and 120 DAP, the reduction was more prominent, with all the treatments

showing significant differences at 90 DAP.

4.1.1.10 Root - shoot ratio

The effects of water stress on the root-shoot, weight ratios of
A. triphysa (Table 3) were not pronounced. At 30 DAP, the values for S, and.
S, were signiticantly higher compared to unstressed control. The root/shoot

ratios were not significantly different at other stages of growth.

4.1.1.11 Total dry matter production
Total dry matter production was reduced due to the effect of water
stress (Table 3). At 30 DAP, the water stress reduced dry matter production

in all the water stress levels (S, S, and S3) with pronounced reduction in S,



Table 3  Shoot weight, root weight, root/shoot ratio and total dry matter production in A. triphysa seedlings as affected by different levels of water stress

Shoot weight Root weight Rootfshoot ratio Total dry matter production
® (8 ®

Stress
levels

30 60 20 120 30 60 20 120 30 60 90 120 30 60 o0 120

DAF DAY DAP DAP DAP DAP DAP DAP DAP DA?T DAP DATP DAP DAP DAP DAP

S, 24,0 336 25.1 35.5 2.0 12.8 150 © 149 0.37 0.34 0.65 043 33.0 45,0 390 504

S, 16.1 27.0 208 373 9.0 11.4 7.5 10.2 0.56 0.48 0.33 027 252 400 31.2 47.4

3, 15.0 184 23.0 24.4 8.7 6.4 10.4 8.0 0.58 0.35 0.43 033 23.6 24.5 349 32.4

S, 12.6 93 9.4 13;.8 5.4 3.2 9.5 6.2 0.43 0.34 0.89 0.45 18.0 12.5 20.4 20.0

F i LT W £ 2] " ok ek Mok " NS NS NS * LT % =oH

IsD (0.05) 72 5.1 0.0 8.4 3.5 3.7 2.4 19 0.1 - - - 10.6 5.4 0.3 7.2

SEM = 1.9 1.3 2.3 2.1 0.8% 1.0 0.62 0.49 0.03 0.03 0.50 0.08 2.7 2.1 2.4 1.8

* Significant ar 5% level #* Sionificant at 1% level NS - Not significant

[A%



Table 4 Relative growth rate, net assimilation rate and relative water content of leaves of A. triplysa seedlings as affected
by different levels of water stress

Relative Growth Rate Net Assimilation Rate Relative Water Content
Stress (ng g* wk) (mg cm? wk™) (%)
levels
30-60 60-90 90-120 © 30-60 60-90 90-120 0300 1400
DAP DAP DAP DAP DAP DAP (hrs) (hrs)
So 1.8 25 2.4 0.10 0.10 0.07 61.61 6541
S, 2.01 2.6 2.5 0.11 0.09 0.11 67.24 70.57
S, 0.85 2.0 22 0.06 0.06 0.07 74.28 74.52
S; 0.81 0.98 - 0.90 0.03 0.04 - 0.02 64.16 63.57
F w %k " k& b F34 & ' NS NS
LSD (0.05) 0.19 0.58 041 0.03 03 0.06 ' - -
SEMz 0.05 0.14 0.11 0.01 0.01 0.02 3.28 2.67
* Significant at 5% level *% Significant at 1% level NS Not significant

104
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plants. At 60 and 120 DAP, severe reduction in dry matter production was

observed in S, and S, with S, recording the least values.

4.1.1.12 Relative Growth Rate (RGR)

The‘ mean relative growth rate (RGR) of A. triphysa seedlings in
response to different levels of water stress are given in Table 4. Between 30
to 60 DAP, mild water stress did not affect the RGR, but moderate and
severe water stress reduced RGR significantly. During the next two stages
(ie. 60-90 DAP and 90-120 DAP), only severe water stress reduced the RGR

significantly.

4.1.1.13 Net Assimilation Rate (NAR)
The mean values of NAR for A. triphysa seedlings are given in
Table 4. Moderate and severe water stress reduced the NAR significantly,

whereas mild waler stress did not show significant variation duc to waler

stress.

4.1.2 Physiological parameters
4.1.2.1 Leaf diffusive resistance (LDR)

The data on leaf diffusive resistance recorded over a nine day water
stress cycle are presented in Table 5. Leaf diffusive resistance increased
both at 0800 hrs and 1400 hrs due to water stress. In the case of S, the

values recorded at predawn and midday showed consistency over the nine day



Table 5 Leaf diffusive resistance (m mol m® s™) in A. triphysa seedlings as affected by different levels of water stress

through a nine day cycle

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
() (av) () () () (bn) (9 () (b)) (hs)
S, 4.7 3.93 4,62 4.15 5.13 4.08 5.67 4.04 577 4.13
8, 5.17 13.23 4.95 7.44 8.09 8.82 0.65 1025 6.03 7.02
S, 731 5.83 7.93 7.46 §.49 10.42 6.52 1892 14.07 47.27
S, 8.83 6.00 8.07 8.56 8.55 12.08 -10.39 17.15 047 25,61
F ok Aok e aok ek e EE ] ok o sfeak
1SD (0.05) 2.1 1.10 0.95 0.87 0.79 1.0 1.20 1.2 1.20 5.30
SEM=+ 0.69 0.38 0.32 0.29 0.26 0.34 041 0.41 038 1.76
6 DAS 7 DAS & DAS 9 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 14C0
(hrs) (hrs) (brs) (hrs) (hrs) (hrs) (hrs) (hrs)
S, 533 4.09 5.55 4.15° 4.34 426 5.78 4,12
5, 8.76 9.76 8.69 10.29 6.20 7.87 8.57 .95
S, 24.59 - 75.79 8.57 6.29 7.79 8.35 8.07 11.03
8, 12.72 32.43 16.74 42.39 18.03 72.23 19.61 102.43
F sk ok Hx R k2] ok ¢ e LR
‘1SD (0.05) 1.16 3.59 0.93 2.86 1.70 2.15 0.93 2.95
SEM= 0.39 1.20 0.31 0.95 0.57 0.72 031 0.98

* Significant at 5¢% level

** Significant at 1% level

DAS Days after the beginning of stress

Sh
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cycle. For S, at 1 DAS, the predawn values did not differ significantly, but
the midday values were significantly higher. At 3 DAS, both predawn and
mi;'.lday values were above that of control. Water deficits induced higher LDR
values at 6 DAS in S, (water stress for six days) when compared to S, and S,
Both the predawn and midday values at the beginning (1 DAS) and
end (6 DAS) of the cycle were significantly above that of control and S;. The
increase in diffusive resistance through the six day cycle was gradual. In the
case of S, (nine day cycle), the LDR values at 0800 and 1400 hrs varied

significantly from the control.

The diurnal variations in the leaf diffusive resistance of A. triphysa
seedlings at different levels of water stress is given in Fig.2 and Appendix 1L
Values of LDR for S, (control) declined from 0600 hrs to 1200 hrs with a
sharp decline from 0600 hrs to 0800 hrs. From 1200 hrs onwards resistance
values increased gradually. In the case of S, also, the pattern was similar but
for a slight increase in the LDR during the mid hours. In general, there was
an increase in the LDR recorded for S, (six days stress) and S; (nine days
stress). The values for S, showed a" sharp rise upto 1400 hrs after a slight
decline from 0600 to 0800 hrs. After 1400 hrs-again there was a decline
towards iate evening. A decline was observed for S, S, and S, during
predawn hours which was absent in severely stressed (S,) plants. The peak

resistance was at 1200 hrs which declined towards evening.
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4.1.2.2 Transpiration ratc

The rate of transpiration in 4. friphysa seedlings recorded at 0800 hrs
and 1400 hrs over a nine day water stress cycle are presented in Table 6. The
transpiration [rom control plants did not show much variation through the
cycle. In plants stressed for three days (S,), transpiration reduced significantly
from the control both at 0800 hrs and 1400 hrs. The trend continued
throughout the stress period. Water stress significantly reduced the
transpiration rates in S, (six days stressed plants) at both predawn and midday
measurements. Plants stressed for nine days (S,) exhibited (urther reduction
in the transpiration rates. However, the transpiration rates were recouped

{ollowing rewatering in all the stressed treatments.

4.1.2.3 ILeaf temperature

The lcaf temperature of A. triphysa seedlings exposed to different
levels of water stress are given in Table 7. At the start of the stress cycle
(1 DAS), though the midday measurements varied significantly between
treatments, predawn values did not vary. At3 DAS, the plants cxperiencing
water stress for 3 days (S,) showed significant difference from control during
both the measurements. Leaf temperature at 1400 hrs increased significantly
for S, at 6 DAS. However at 9 DAS, S, plants did not show significant

variation in leaf temperature at 1400 hrs, whereas values at 0800 hrs showed

significant variation.



Table 6 Transpiration rate (ug H,O cm? s) in A. trz:physc-z seedlings as affected by different levels of water stress
through a nine day cycle ’

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hurs) (hrs) (hrs)
S 2.71 5.35 2.93 5.49 2.07 5.04 2.45 5.63 2.28 5.09
5, 2.42 2.12 2.72 3.27 1.44 2.81 1.47 2.64 237 3.37
5, 2.97 3.75 1.69 327 1.46 1.06 2.12 1.55 1.24 0.78
S, 2.95 3.72 1.66 2.78 1.49 1.02 1.28 1.27 1.42 0.99
F oft 3k e £ *’F. e ok 6o ek EE ] % % Heske
LSD (0.05) 0.21 0.67 0.44 0.68 0.24 0.37 0.18 0.36 0.29 0.35
SEM+ 0.07 0.22 0.15 0.23 0.08 0.12 Q.09 0.12 0.09 0.12
6 DAS 7 DAS 8 DAS 9 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) . (hrs_) (hrs) (hrs) (hrs) (hrs) (hrs) _‘(hrs)
5, 2.47 5.46 2.49 5.27 2.93 5.68 2.46 541
8, 1,61 1.44 1.46 2.48 3.25 3.09 1.76 1.49
3, 0.47 0.33 2.83 3.83 1.76 1.33 1.58 1.25
S, 0.94 0.68 0.85 0.96 0.74 041 0.72 0.29
F e e el L3 o ek %0k ek
LSD (0.05) 0.30 0.29 0.21 0.36 0.33 0.34 0.33 0.35
SEM= 0.10 0.10 0.07 0.12 0.11 0.11 0.11 0.12
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Table 7 Leaf temperature (°C) in A. triphysa seedlings as affected by different levels of water stress

through a nine day cycle

Stress 1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
fevels 0800 1400 Q800 1400 0800 1400 0800 _ 1400 0800 1400
(hrs) (brs) (hrs) (hrs) (hrs) (hrs) (hrs) (Lrs) (hrs) (hrs)
8, '27.82 33.90 27.44 32.54 25.60 33.66 26.54 33.56 26.96 33.70
S, 27.10 34.06 27.40 32.88 25.98 34.34 26.58 34.30 27.02 32.28
S, 27.18 34.12 2734 3294 26.20 34.80 26,24 34.78 25.74 35.70
S, 27.52 34.30 28,10 34.00 26.94 34.94 27.84 34.36 27.26 33.54
F o NS & e wok ok ok # ke ok
LSD (0.05) 0.36 - 0.62 0.5¢ 0.48 0.46 0.55 0.95 0.43 0.40
SEM =+ 0.12 0.17 0.21 0.20 0.16 0.15 0.18 0.32 0.14 0.13
6 DAS 7 DAS 8 DAS 9 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400
() (&rs) (brs) (bs) () (trs) (&) (trs)
S, 28.98 3344 26.80 33.54 24.60 35,12 26.92 35.18
5, 2712 3404 27.30 34.04 25.12 35.54 27.16 35.16
S, 27.10 36.86 27.16 34.00 25.20 35.60 27.04 35.08
S, 26.18 34.94 26.58 35.64 24.70 35.52 27.58 35.28
F NS s ok 5 Hok NS ek NS
LSD (0.05) . 0.46 0.34 0.27 0.21 - 030 -
SEM= 0.98 0.15 0.11 0.09 0.07 021 0.10 0.11

*Signiﬁcmn at 5% level

#* Significant at 1% level

NS - Not significant

67
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Fig.2. Diurnal variations in the leaf diffusive resistance of A. triphysa
seedlings as affected by different levels of water stress
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Fig.3. Diurnal variations in the leaf water ‘p_c')t'e.ntiai of A. triphysa
seedlings as affected by different levels of water stress
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4.1.2.4 Leaf water potential

The diurnal variations in the leaf water potential ( ) of 4. triphysa
seedlings exposed to different levels of water stress are given in Fig.3 and
Appendix 1i1. Control (S, and moderately (S,) stressed plants showed similar
variation with minimum v-alucs recorded at 1200 hrs. The § rccorded by
moderately stressed plants (S, were much lower than-the values obtained for
So and S, (Fig. 4). Leaf water potential decreased (Y ) in all the plants with
the progress of the day but increglsed tOWﬂI"dS the evening. However, the

decline in water potential from 0600 hrs to 0800 hrs was sharp in S2 plants.

4.1.2.5 Relative water content (RWC)

The relative water content of the leaves as influenced by different
levels of stress are presented in Table 4. At 0800 and 1400 hrs, no significant
difference was observed among treatments except for S, where a slightly
higher value was recorded.
4.1.2.6 Net photosynthesis

The diurnal variations in the net photosynthesis of A. triphysa secdlings
as affected by different levels of water stress are shown in FigA4. In general,
unstressed (Sg) and mildly stressed (S,) plants showed more net
photosynthesis than moderately (S,) and severely stressed (S,) plants. There
was a rise in net photosynthesis at 1000 hrs for S, and S,. In the case of S,
the net photosynthesis declined sharply with time, upto 1200 noon. A decline

at 1200 hrs has been noticed in all thc.treatmcnts which was more



Net photosynthesis (L1 mol m—=2 a1)
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Fig.4. Diurnal variations in the net photosynthesis of A. triphysa
seedlings as affected by different levels of water stress
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pronounced in unstressed plants. From 14.00 to 16.00 hrs also the net

photosynthesis was highest for S, and it followed in the order $;>8,>S;.

4.1.3 Biochemical attribules
4.1.3.1 Chlorophyll content

The chlorophyll *a’, chlorophyll '’ a;ld total chlorophyil contents of
A. triphysa seedlings experiencing water stress at different levels are given
in Table 8. Chlorophyll ‘a’ contents were lower for stressed plants. The
values for S; and S; decreased significantly from .control. Water stress
reduced the chlorophyll ‘b’ content in all the stressed treatments. The value
observed for control differed significantly from S, S, and S, S, and S, were
on par but §; was signiflicantly below the other water stress levels. 'T'he total
chlorophyll content was also reduced due to the water stress. However, the

values for S, did not show significant difference from the control.

4.1.3.2 Proline content

" Proline content increased in the leaves of A. triphysa as the intensity
of stress increased (Table 8). The values recorded for control (S;) and water
stressed plants (S,, S, and S;) differed significantly from each other. The

lowest contents of proline was observed in unstressed plants and the highest

in severely stressed plants.



Table § Biochemical attributes of A. triphysa seedlings as affected by different levels.of water stress at the end of growth period

Stress levels Chlorophyll "a’ Chlorophyll 'b’ Total Chlorophyll Proline Soluble protein
(mg g") (mg g7) (mg g7) (4587 (g g7)
S, 0.95 0.16 1.11 3.80 4.58
S, 0.68 0.13 1.07 6.35 7.27
3, 0.92 0.15 0.81 6.71 12.02
5, 0.60 0.08 0.62 7.49 14.77
F o % wok o Ho
L3SD (0.05) 0.13 0.07 0.12 0.26 0.66
SEM=+ 0.04 0.02 0.04 0.08 0.25

* Significant at 5% level

** Significant at 1% level

(4]



Table 9 Inter-correlation matrix of total dry matter production and other plant characters in Ailanthus triphysa

Character LA LW CcD SW RW RSR SLA TDMP
LN 0.627%* 0.763** 0.667%* 0.784%* 0.236 -0.126 -0.004 0.640%
LA 0.797%* 0.401**  »  0.757%* 0.563%* 0.183 -0.069 0.823%*
Lw 0.351 0.859%* 0.286 -0.127 0.266 0,717+
CD 0.608** 0,123 -0.084 -0.325 0.459%
SW. 0.292 -0.178 0.119 0.810**
RW 0.735%* 0.536* 0.768**
RSR. {0.513% 6.339
SLA -0.404
* Significant at 1% level *¥ Significant at 0.15z level LA - Leaf area
RW - Root weight LW - Leaf weight RSR - Root shoot ratio
SW - Shoot weight CD - Coilar diameter TDMP - Total drymatter production
SLA - Specific leaf area
Table 10  Inter-correlation matrix of net photosynthesis and other physiological parameters in A. triplysa
Charactcers LT CON TRN CIN NP
ONT 0,732%% 0.308 0.456* 0.446* 0.061
LT 0.005 0.208 0.423% 0.235
CON 0.796%* 0.254 0.611%*
TRN 0.299 0.624%*
CIN -0.094
* Significant at 1% level ** Significant at 0.19% level LT - Leaf temperature CON - Conduc.tance

CIN - Internal CQ,

OQNT - Quantum influx

NP - Net photosynthesis TRN - Transpiration

£S
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4.1.3.3  Soluble protein

Soluble protein content (Table 8) in the fresh leaves of A. triphysa
scedlings were found Lo increasc with increase in waler stress levels and the

variations were signilicantly dilferent.

4.2 Acacia mangium (Mﬁngium)
42,1 Growth attributcs

42.1.1 Plant height

The height of Acacia mangium seedlings at 30, 60, 90 and 120 DAP
are given in Table 11. Plant height was not affected significantly by water
stress upto 60 DAP. At 90 DAP, the reduction in plant height was significant
for plaﬁts under six days (S,) and nine days (S;) water stress cycle. However,
mildly stressed (S,) plants did not differ from the control significantly.

Simitar trend was obscrved at 120 DAP also.
4.2.1.2 Rooting depth

The rootiqg depth of A. mangium scedlings (Table 11) did not show
significant differences due to the water stress treatments, except at 90 DAP,
where the rooting depth was slightly higher for moderately stressed (S,)

plants, but were on par with control and severely water stressed (S,) plants.

%



Table 11 Plant height, rooting depth and collar diameter of 4. mangium seedlings as affected by different levels
of water stress

Plant height Rooting depth Collar diameter
Stress (cm) {em) (mm)
levels
30 60 90 120 30 60 90 120 30 60 90 120
DAP DAP DAP DAP DAFP -DAP DAP DAP DAP DAP DAP DAP
Sp 1120 112.5 135.8 138.5 49.8 - 465 515 573 10.1 9.9 13.1 129
S, 93.0 111.0 132.8 117.9 41.5 453 47.8 41.0 10.0 2.6 10.3 11.1
3, 115.0 97.8 99.5 108.9 47.3 48.0 53.5 41.3 11.3 9.7 2.5 100
S, 101.0 97.8 88.0 154 ' 578 49.1 57.5 60.0 2.8 8.5 10.7 9.6
F NS NS ® * NS NS NS NS NS NS ¥ *
LSD (0.05) - - 29.5 341 - - - - - - 3.3 3.3
SEM= 9.2 9.8 7.5 8.7 3.0 2.5 1.2 6.7 1.1 0.80 0.83 0.83
* Significant at 5% level NS - Not significant

SS
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Plate 3

Plate 4

One year old A. mangium seedlings grown under
different levels of water stress for 90 days

An A. mangium seedling which dried up completely
when subjected to S level of water stress
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4.2.1.3 Collar diameter

The collar diameter of A. mangium at 30, 60, 90 and 120 DAP are
given in Table 11. No significant differences were observed at 30 or 60 DAP.
However, at 90 DAP and 120 DAP the collar diameters were reduced
significantly for all the water stressed seedlings when compared to that of
control. A decreasing trend was observed in collar diameter at 120 DAP as

the stress levels intensified. .

4.2.1.4 Number of leaves

The number of leaves per plant observed at different growth stages as
affected by different levels of water stress are given in Table 12. Water stress
significantly affected the number of leaves at all the stages of growth. At 90
and 120 DAP, a more severe reduction in the leaf number was observed due
to the effect of water stress. However, there were no significant differences
between the severely stressed and moderately stressed plants at both the

growth -stagcs.

4.2.1.5 Leaf Area

The leaf area of A. mangium scedlings at different growth stages
(30, 60, 90 and 120 DAP) are presented in Table 12. At 30 DAP, though the
leaf area was significantly affected by water stress a consistent pattern was not

observed. Moderate and severe water stress reduced the leaf area of the



Table 12 Number of leaves, leaf area, leaf weight and specific leaf area of 4. mangium seedling as affected by different

levels of water stress

Number of leaves Leaf area Leaf weight Specific leaf area
Stress (no plant? (cm? plant ) (8) (m* g%
levels : .
30 60 90 120 30 60 S0 120 30 60 S0 120 30 60 20 120
DAP DAP DAP DAP DAP DAP DAP DAP DAP - DAP DAP  DAP DAP DAP DAP  DAP
Ss 35.0 28.5 53.5 350 2089 1900 3084 2587 264 19.1 351 213 0.78 0.99 0.87 12
S, 245 33.0 305 390 1813 2028 1691 1935 193 15.1 19.7 208 054 13 0.85 095
S, 26.0 29.0 22,0 28.5 3125 986 998 856 313 12,0 138 10.6 099 0.82 0.72 0.82
S, 16.5 19.5 16,0 24.0 2638 590 607 582 259 8.4 6.4 5.8 1.0 0.70 1.0 1.0
F L33 ¥ " [ 1] * . (2] (X ) L] L} (L] * * NS NS NS
SD (0.05) 54 11.0 11.7 13.5 786 991 630 372 6.5 4.7 6.8 105 0.16 -
SEM+ 14 2.8 30 34 200 253 161 95 1.7 1.2 1.7 2.7 0.12 0.39 0.37 0.4

» ¥ Significant at 5% level

** Significant ar 195 level

NS - Not significant

LS
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seedlings at 60 DAP. At 90 and 120 DAP, leaf area was reduced in all the

water stressed plants compared to that of control.

4.2.1.6 Leaf weight

The mean values on dry weight of lcave;.s are presented in Table 12.
The leaf weight was reduced due to the effect of water slre-ss at all the
different growth stages with minimum effect in the initial stages (30 DAP).
Water stress reduced the leaf weight from 60 DAP onwards. A severe
reduction in leaf weight, as compared to the control was observed at 90 and

120 DAP due to water stress.

4..2.1.7 Specific leaf area

The specific leaf area of A. mangium seedlings are given in Table 12.
Specific leaf area was increased significantly for severely stressed (S;) plants
at 30 DAP when compared to other plants. From 60 DAP onwards, specific

leaf area did not show significant variation.

4.2.1.8 Shoot weight

The dry weight of shoot of A. mangium at 30, 60, 90 and 120 DAP are
presented in Table 13. The influence of water stress on dry weight of shoot
was significant from 30 DAP onwards. Shoot weights were significantly
reduced for moderately and severely stressed plants at 60 DAP. A more

severe reduction in the shoot weights could be observed both at 90 and 120
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DAP due to the eflect of water stress. At 120 DAP, the dry weight ol shoot
of severely stressed plants (S,) were significantly lower than that of all other

water stress levels.

42.1.9 Root weight

The dry weight of roots of the seedlings as influenced by the water
stress levels are presented in Table 13. The root weight obscrved in
A. mangium seedlings did not show any significant differences between water
stress treatments at 30 and 60 DAP. However, the dry weight of roots
observed for the water stressed plants at 90 and 120 DAP were significantly
below that of the control. A severe reduction in the root dry weight with

increasing water stress was observed at 120 DAP.

4.2.1.10 Root - Shoot ratio

‘The mean values on root - shoot ratio are given in Table 13. Water
stress had no significant influence on the root - shoot weight ratios of
A. mangium seedlings except at 60 DAP. At 60 DAP, moderalely stressed

(S;) and severely stressed (S;) plants showed significantly higher values when

compared to that of control.

4.2.1.11 Total dry matter production
The mean values on total dry matter production in A. mangium

seedlings are presented in Table 13. The influence of water stress on total



Table 13 Shoot weight, root weight, root/shoot ratio and total dry matter production in 4. mangium seedlings as affected by different

levels of water stress

Shoot weight Root weight Root/shoot ratio Total dry matter production
‘ ® (8) ®
Stress
levels a )

30 60 90 120 30 60 90 120 30 50 90 120 30 60 90 120
DAP DAP DAP DAY DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP
S4 49.5 40.8 84.6 65.4 17.8 173 270 17.6 036 0.78 056 0.41 673 81 1116 831
S, 39.2 36.6 84.6 529 215 188 197 129 0.54 0.87 0.56 041 60.8 55.3 743 638
S, 60.1 26.0 384 31.9 26,0 186 114 7.5 0.44 L3 049 0.33 86.1 44.6 498 394
8, 452 15.2 253 234 155 145 14.5 62 033 13 076 0.37 60.7 337 398 296

F * * . i NS NS . * NS * NS NS NS NS * .
LSD (0.05) 149 15.6 376 355 - - 142 10.7 - 043 - - - - 503 434
SEM= 38 4.0 9.6 9.1 36 39 36 27 0.06 0.11 0.11 0.07 6.6 78 128 116

.
v

* Significant at 5%. level

NS$ - Not significant

09



Table 14 Relative growth rate, net assimilation rate and relative water content of leaves of A. mangium seedlings as

affected by different levels of water stress

Relative Growth Rate

Net Assimilation Rite

Relative Water

(mg g'wk™) (mg ecm™? wk™) Content
Stress (%)
levels

30-60 60-90 90-120 30-60 60-90 90-120 0800 1400
DAP DAP DAP DAP DAP DAP (hrs) (hrs)
So 22 2.0 2.3 0.06 0.22 0.12 87.75 88.52
S, 2.1 0.91 0.85 0.07 0.10 | 0.06 81.41 82.98
S, 2.9 0.99 0.99 0.06 0.05 0.04 80.81 74.42
S, 3.0 14 0.73 0.02 0.02 0.02 82.75 61.49

F kol Kt ok * e ok NS *#
LSD (0.05) 0.34 0.26 0.34 0.03 0.03 0.03 - 22.28
SEM=+ 0.09 0.07 0.39 0.01 0.01 0.01 2.92 7.01

* Significant at 5% level

** Significant at 1% level

NS Not significant

T9
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dry matter production was evident from 90 DAP onwards. Water stress
significantly reduced the dry matter production recorded both at 90 and 120
DAP. At 120 DAP, the dry weight of severely stressed (33) plants was

signilicantly lower than that of all the other water stress levels.

4.2.1.12 Relative Growth Rate (RGR)

The relative growth rate of 4. mangium seedlings in response to
different levels of water stress are given in Table 14. RGR was reduced
significantly during 60-90 and 90-120 DAP due to water stress.r Significant

reductions was observed at all the levels of water stress with severe reductions

during 90-120 DAP.

4.2.1.13 Net Assimilation Rate (NAR)

The net assimilation rates of A. mangium seedlings are given in
Table 14. During the 30-60 DAP only severe water stress significantly
reduced the NAR, whereas at 60-90 DAP and 90-120 DAP, water stress at

all levels significantly reduced the NAR as compared to control.

4.2.2 Physiological parameters
4.2.2.1 Leaf Diffusive Resistance (LDR)

The values on leaf diffusive resistance recorded in A. mangium
seedlings as influenced by water stress are presented' in Table 15. The LDR

recorded were lowest for the control and increased with the increasing levels



Table 15 Leaf diffusive resistance (m mol m? s') in A. mangium seedlings as affected by different levels
of water stress through a nine day cycle

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
S, 6.08 7.27 5.88 7.65 4,54 ° 7.78 651 8.10 6.22 8.99
S, 10.13 10.62 8.79 13.37 15.09 27.71 15.00 11.33 18.83 13.29
S, 12.05 12.93 11.53 17.73 17.79 25.5¢9 18.77 42.62 18.48 74.87
S, 11.05 12.49 13.17 17.76 21.31 30335 33.03 56.75 36.95 231
F 2% ok ' ok Wk !i'*~ XK Sofe sk o L. ek
I1SD (0.05) 2.14 2.84 1.85 2.62. 3.60 3.14 3.38 2.59 2.86 7.09
SEM=* 0.71 0.95 ‘0.6?. 0.87 1.20 1.04 1.12 0.86 0.95 2.36
6 DAS 7 DAS 8 DAS 9 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (rs)
S, 6.83 7.57 7.61 7.17 5.44 8.36 6.13 10.56
S. 16.04 29.75 18.40 12.17 9.76 1530 9.85 2031
S-. 34.23 123.15 20.85 14.75 14.63 18.25 11.89 2939
S; 42,95 162.83 14,80 93.07 40.55 141.75 49,67 187.11
F e s e deck o4t ¥ feag skl ke HOR
LsSD (0.05) 242 11.35 4.45 6.56 3.31 4.69 2.55 3.97
SEAf+ 0.81 3.85 1.48 2.19 1.10 1.56 0.85 1.32

* Significant at 5% level

#* Significant at 195 level

DAS Days after the beginning of stress

€9
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of water stress. At 1 DAS , all the water stressed plants were having
significantly higher LDR above the control both at 0800 and 1400 hrs.
At the end of the three day cycle, S, (water stressed for 3 days) plants were
having significantly higher LDR than the control during the morning as well
as the afternoon hours. Plants stressed for six days (S,) were showing
significantly higher LDR values than the control and plants stressed for only
three days at 6 DAS for both predawn and midday measurements. A steep
rise in the midday values could be observed for S, at 6 DAS. Leaf diffusive
resistance was significantly above all the other treatments at both the
measurements for severely water stressed plants (S,). Both the predawn and

midday LDR showed a steep rise over the control at 9 DAS.

The diurnal variations in the leaf diffusive resistance of A. mangium
seedlings as influenced by different water stress levels are given in Fig.5 and
Appendix IV. Leaf diffusive resistance decreased slightly from 0600 to 0800
hrs in S; and was more or less steady afterwards till dusk where it again
showed a slight increase. In the case of mildly stressed plants (S;) a slight
peak was observed at 1200 hrs. A midday increase in the LDR was observed
in all the water stressed plants. For S, and S, the LDR values rose gradually
with time and two distinct peaks could be seen at 1400 hrs which
then declined. A decline in the leaf diffusive resistance with the sunrise

(0600 to 0800 hrs) was observed in all the plants irrespective of the difference

in water stress levels.
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Fig.5. Diurnal variations in the leaf diffusive resistance of A. mangium
seedlings as affected by different levels of water stress
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Fig.6. Diurnal variations in the leaf water potential of A. mangium
seedlings as affected by different levels of water stress
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4.2.2.2 Transpiration rate

The transpiration rate in A. mangium seedlings as influenced by
different water stress levels are given in Table 16. At the start of the water
stress cycle (1 DAS), all the water stressed treatments had their transpiration
significantly below the control. For plants experiencing water stress for three
days (S,), the transpiration rates were reduced below control at 3 DAS during
both predawn and midday measurements, Water stress reduced the
transpiration rates significantly for moderately stressed (S,) plants at 6 DAS.
At 9 DAS also the severely stressed (S;) plants were showing reduced

transpiration rates with respect to the other treatments.

4.2.2.3 Lecaf temperature

The leaf temperature of 4. mangium seedlings as influenced by the
different water stress cycles are presented in Table 17. No significant
difference in leaf temperature was observed at 1 DAS among the
different water stress level. At3 DAS, mildly stressed plants (S,) showed
significantly higher leaf temperature at 0800 and 1400 hrs. leal temperature
of moderately stressed plants (S,) were significantly higher at 6 DAS during
both predawn and midday measurements. However, no significant differences
were observed at 9 DAS in severely stressed plants (S,) during either
measurements. Eventhen, the leaf temperatures recorded were slightly above

than that of the control.



Table 16 Transpiration rate (ug H,O ecm? s?) in A. mangium seedlings as affected by different levels

of water stress through a nine day cycle

Stress 1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
fovels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (frs) (hrs) (hrs) (hrs) (hs) (brs) (hrs) (hrs) (hrs)
S, 1.94 3.20 1.80 3.24 2.49 3.14 1.39 3.02 1.57 330
S, 1.07 1.72 1.25 1.87 0.79 109 . 0.69 225 0.56 1.87
S, 0.98 2.10 1.03 133 0.72 106 0.62 0.63 0.68 0.41
S, 0.95 1.69 0.85 1.49 0.55 0.52 0.35 0.90 0.46 0.37 .
F o o o o o i ok - - -
LSD (0.05) 0.26 0.70 0.19 0.45 0.19 0.54 0.21 0.53 016 - 040
SEM 0.09 0.23 0.07 0.15 007 0.18 0.07 0.18 0.05 0.13
6 DAS 7 DAS 8 DAS 9 DAS
Stress - : .
levels 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
S, 1.51 3.87 1.26 3.45 1.89 3.10 1.82 2.47
S, 0.61 0.98 052 229 1.24 1.50 0.95 0.79
S, 0.38 0.26 1.29 1.75 0.83 1.35 0.97 0.90
S, 0.30 0.20 0.22 031 031 0.23 0.24 0.15
E - o NS . - - i "
LSD (0.05) 0.12 0.4 - 0.44 0.36 0.44 0.21 0.24
- SEM= 0.04 0.15 0.40 0.15 - 0.12 015" 0.07 0.08

* Significant at 5% level

“* Significant at 1% level

NS Not significant

99



Table 17  Leaf temperature (°C) in 4. mangium seedlings as affected by different levels

of water stress through a nine day cycle

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (Lirs) (hrs) (hrs) (hrs) (hrs) (hrs)
S, 24.28 32.06 24.94 33.26 24.50 33.00 22.82 32.96 22.88 33.00
S, 24.26 32.54 25.04 33.26 24,96 33.52 23.62 33.56 23.68 33.32
S, 24,04 33.30 25.08 33.22 25.26 33.84 23.82 34.06 24.14 33.56
S, 24.10 33.34 25.00 33.24 25,18 34.00 23.82 34.18 24.50 33.96
F NS NS NS Ns * ek L] ool e ok
ISD (0.05) - - - - 0.49 0.48 0.93 0.35 0.45 0.32
SEM=* 0.12 0.27 0.36 Q.35 0.16 0.16 0.31 0.11 0.15 0.11
6 DAS 7 DAS 9 DAS
Stress
leveks 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (Lars) (hrs) (hrs) (hrs)
S, 24.24 33,76 23.72 33.56 26.44 34.04 26.08 36.24
S, 24.56 33.96 24.48 33.90 26.52 35.44 26.74 36.26
5, 25.16 35.74 24,44 34.18 26.86 35.04 26.76 33.50
S 24.98 35.00 24.66 34.18 27.06 35.20 26.42 36.76
F o ok e N = NS Wk NS NS
ISD (0.05) 0.48 1.09 0.50 0.49 - 0.48 - -
SEM=+ 0.16 0.37 0.17 0.16‘ 0.24 0.16 0.44 0.39

* Significant at 5% level

** Sienificant at 1% levsl

NS - Not significant

L9
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4.2.2.4 Leafl water potential

The diurnal variations in the leaf water potential (¢ ) of A. mangium
seedlings exposed to different levels of water stress are given in Fig.6 and
Appendix IV. Leaf water potential ({ ) decreased with increasing [evels of
stress with control showing maximum values. The pattern of variation shown
by mildly (S,) and moderately stressed (S,) plants were similar though
moderately stressed (S,) plants exhibited much lower water potential. The

variation from 1200 to 1400 hrs was not significant in any of the treatments.

4.2.2.5 Relative water content (RWC)

The relative water content of the leaves of A. mangium seedlings
experiencing water stress at different levels are given in Table 14. The RWC
did not show significant variation among the treatments at 0800 hrs.
However, water stress levels affected the RWC of the leaves at 1400 hrs. The
RWC of all the water stressed treatments were si gnificantly below the control.
‘The relative water content in the severely stressed (S;) plants was reduced

significantly below that of all the other plants,

4.2.2.6 Net photosynthesis

In general, the net photosynthesis was lower in all the water stressed
plants when compared with the control (Fig. 7). There was a decline in the
photosynthesis towards the mid day in all the treatments and thereafter

increased towards dusk except for the severely stressed (S;) plants. The
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Fig.7. Diurnal variations in the net photosynthesis of A. mangfum
saeadlings as affected by different levels of watlar stress
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decline in net photosynthesis of severely stressed plants (S,) from 0800 to
1000 hrs was steeper when compared to the other treatments. At 1400 hrs,
the net photosynthesis in S; plants reached zero after which, no

photosynthesis was observed.

4.2.3 Biochemical attributes

4.2.3.1 Chlorophyll content

The chlorophyll ‘a’, chlorophyll 'b* and total chlorophyll contents in
A. mangium seedlings experiencing water stress at different levels are given
in Table lé. Chlorophyll ‘a’ content did not differed significantly among
treatments except for S;, where the content was below the unstressed control.
Water stress reduced the chlorophyl! ‘b’ content sigailicantly in S, S, and S;.
However, there was no significant differences among S,, S,and S,. Total
chlorophyll also exhibited a similar trend as that of chlorophyll ‘b’ with

reduced content.in §,, S, and S,.

4.2.3.2 Proline content

Proline content increased in the leaves of A. mangium as the intensity
of the water stress increased (Table 18). Eventhough the water stressed
plants showed an increased proline level, S, and S, were on par. Highest

proline content was observed in the severely stressed (S;) plants.



Table 18  Biochemical attributes of A. mangium seedlings as affected by different levels of water stress
at the end of growth period

Stress Chlorophyll 'a’ Chlorophyll . Total Chlorophyll Proline Soluble protein

levels (mg g7) (mg &%) (mg ™) (12 g" . (msg)
-8 0.41 0.25 0.43 4,05 8.68

S, 0.40 0.14 0.40 521 10.63

S, 0.39 0.20 0.39 - ' 5.68 11.55

5, 031 0.12 i 0.32 6.70 13.88
F ok * * Aok s
LSD (0.05) 0.06 0.01 0.08 0.83 1.03
SEM= 0.02 0.00 0.02 0.25 0.32

* Significant at 5% level ** Significant at 16 level

0L



Table 19 Inter-correlation matrix of total dry matter production and other plant characters in 4. mangium

Character A 1w CD sSW RW RSR SLA TDMFP
IN 0.543% 0.495* 0.713** 0.737%% 0.375 -0.180 0.038 0.689**
1A 0.927 %+ 0.596** 0.838%* 0.703%* .36 0.584*+ 0.860**
LW 0.544* 0.863%* 0.701** 0.36 0.674 0.880**
CD 0.788%* 0.568%* 027 -0.093 0.783%*
SW 0.665%* -0.423 0.281 0.978%*
RW 0.189 0.172 0.807 %«

RSR -0.287 -0.281
SLA 0.271
¥ Significant at 1% level ** Significant at 0.1 level LA - Leafarea
RW - Root weight ~+ LW - Leaf weight RSR - Root shoot ratio
SW - Shoot weight “CD - Collar diameter TDMP - Total drymatter production
SLA - Specific leaf area \
Table 20  Inter-correlation matrix of net photosynthesis and other physiological parameters in A. mangium
Characters LT CON TRN CIN NP
QNT 0.917%* -0.389 0.117 0.247 -0.389
LT -0.530%* 0.341 0.106 -0.622
CON 0.938** 0.455* 0.854**
‘ TRN 0.526%* 0.756%*
CIN 0.456*

** Significant at 0.1% level
ONT - Quantum infiux

* Significant at 19 level
CIN - Internal <O,

NP - Net photosynthesis

CON - Conductance
TRN - Transpiration

LT - Ieaf temperature

TL
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4.2.3.3 Soluble protein

The mean values on soluble protein is given in Table 18. Walcr stress
increased the soluble protein levels in A. mangium. All the water stressed
plants (S;, S, and S;) recorded significantly higher values above control.

However, the variation between S, and S, was not significant.

4.3 Swietenia macrophylla (Mahogany)
4.3.1 Growth attributes
4.3.1.1 Plant height

The plant height recorded for Swietenia macrophylla seedlings at 30,
60, 90 and 120 DAP are presented in Table 21. At 30 or 60 DAP, there was
no significant variation in plant height due to water stress. However, a
decreasing trend in plant height was observed from 60 DAP onwards. Water
stress significantly reduced the height of the seedlings in S}, S, and S, plants
when compared to the control at 90 DAP. At 120 DAP only S, and S, plants

showed significant reduction in plant height below control.

4.3.1.2 Rooting depth

The rooting depth of S. macrophylla seedlings exposed to different
levels of water stress are given in Table 21. No significant variation was -
observed in rooting depth among the different water stress levels at any of

the stages of growth,



Table 21 Plant height, rooting depth and collar diameter of S. macrophylla seedlings as affected by different

levels of water stress

Plant height Rooting depth Collar diameter
Stress (cm) (cm) (mm)
levels

30 60 %0 120 30 60 %0 120 30 60 90 120
DAP DAP DAP DAP DAP DAP DAP DAP DAP 'DAP DAP DAP
S, 828 106.3 115.0 128.5 30.8 30.5 348 43.0 11.9 4.4 16.7 18.7
S, 102.0 94.5 94.5 123.6 40.5 31.0 30.5 432 14.0 4.4 14.1 142
S, 92.8 883 97.8 91.0 35.5 34.0 338 37.3 15.1 12.4 14.7 13.0
S, 94.0 85.8 97.3 BLS 32.0 35.8 347 39.6 11.3 12.1 12,7 120

F NS NS * * NS NS NS NS NS NS NS *
LSD (0.05) 25.4 46.8 16.4 310 14.5 8.6 7.9 9.8 33 2.6 52 3.0
SEM:+ 6.5 11.9 4.2 79 37 22 2.0 2.5 0.84 0.66 .3 1.3

* Significant at 5% level

**% Significant at 1% level

NS - Not significant

€L
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4.3.1.3 Collar diameter

The collar diameter of the S, macrophylla seedlings at different stages
of grovu;th are presented in Table 21. At 30, 60 and 90 DAP, there was no
significant variation in collar diameter among different treatments. However,
water stress significantly reduced the collar diameter in all the water stressed

(S;, S; and S, ) plants below control at 120 DAP.

4.3.1.4 Number of leaves

The number of leaves per plant of b macrophylla seedlings as alfected
by water stress are presented in Table 22.A Water stress significantly reduced
the number of leaves at all the growth stages. At 30 DAP, the number of
leaves in all the water stressed plants were lower than that of control, with S,
plants significantly different from all the other treatments. At 60 DAP, S,
and S, were on par. Significant reduction in the number of leaves was also
observed at 90 DAP. At 120 DAP, mildly stressed (S,) plants were on par
with control, however, moderate (S,) and severely stressed (S,) plants were

significantly different from control.

4.3.1.5 Leaf area

‘The leaf area recorded for S. macrophylla seedlings at 30, 60, 90 and
120 DAP are presented in Table 22. During the initial stage (30 DAP), no
significant variation was observed in leaf area. From 60 DAP onwards, all

the treatments were significantly different among each other.



Table 22

Number of leaves, leaf area, leaf weight and specific leaf area of S. macrophylla seedling as affected by different
levels of water stress

Number of leaves Leaf area Leaf weight Specific leaf area
Stress (no plant %) (cm? plant Y ® m*g?
levels .
.30 60 90 120 30 &0 %0 120 30 60 90 120 30 &0 90 120
DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP
S 17.0 17.0 20.5 350 1587 3113 3299 4239 15.5 273 32.1 425 1.0 1.1 1.0 0.99
S, 13.0 13.5 18.5 300 2247 2704 1810 3056 19.9 23.0 18.8 19.8 1.1 12 .97 15
S, 9.5 11.5 13.5 145 2278 891 1181 1901 237 9.9 11.5 102 0.96 0.91 1.0 1.9
S, 7.0 5.5 10.5 8.5 1839 688 661 942 172 2.6 42 83 1_.1 2.7 1.6 1.2
F ELd * * L NS £ EE] " NS EES xR L NS e Ed x
LSD (0.05) 3.5 6.1 5.9 5.7 - 265 216 455 - 42 3.8 3.1 - 048 0.33 0.42
SEMz 0.90 L.6 1.5 1.5 589 68 55 116 39 1.1 0.96 0.80 6.38 0.34 023 0.30

* Significant at 5% level ** Significant at 1% level

NS - Not significant

SL



76

4.3.1.6 Leaf weight

The leaf dry weight of S. macrophylla seedlings presented in Table 22
did not show any significant differences at 30 DAP. At 60 and 90 DAP,
water stress reduced the leaf weight and all the treatments were significantly
different from ecach other. However, towards the end (120 DAP), S, and S,
plants which were on par, showed significantly lower leaf dry weight as

compared to S, and control plants,

4.3.1.7 Specific leaf area

The specific leaf area of S. macrophylla seedlings are presented in
Table 22. There was no significant variation at 30 DAP. At 60 DAP, water
stress increased the specific leaf afea significantly in severely stressed (S; )
plants. The trend was similar during 90 DAP also. At 120 DAP, only

moderately stressed plants showed a significant increase in specific leaf area.

4.3.1.8 Shoot weight

The shoot dry weight recorded for S. macrophylia seedlings at different
growth stages are presented in Table. 23. Shoot weight was reduced
significantly by water stress during all the growth stages except at 30 DAP.
At 60 DAP, water stress reduced the shoot weight of plants and all the
treatments were significantly different. The shoot weight in S, S, and S,

plants were lower than the control at 90 DAP. At 120 DAP, though the
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shoot weight of water stressed (S,, S, and S;) plants were lower than that of

control, no signilicant variation was obscrved among them.

4.3.1.9 Root weight

The dry weight of roots of S. macrophylla seedlings are presented in
Table 23. There was no significant differences in root weight due to water
stress at 30 DAP. However, from 60 DAP onwards, there was significant
variation among the treatments. At 60 DAP, the root weight were
significantly reduced due to the effect of water stress. Water stress reduced
the root weight at 90 and 120 DAP also. At 90 DAP, S,, S, and S, plants
were on par. Eventhough, at 120 DAP, the moderately (S,) and severely
stressed plants (S;) recorded a lower shoot weight as compared to unstressed

plants, the difference between S, and S, plants were not significantly different.

4.3.1.10 Root-shoot ratio

.The root-shoot weight ratios observed in §. macrophylla plants at
different growth stages are presented in Table 23. No significant variations
in the root-shoot ratio was observed at any of the growth stages except at 60
DAP. Severely stressed (S,) plants recorded significantly higher root-shoot
ratio at 60 DAP when compared to the other treatments. At 90 and 120
DAP, a decreasing trend was observed, but no significant- difference was

observed.



Table 23 Shoot weight, root weight, root/shoot ratio and total d
: as affected by different levels of water stress

ry matter production in S. macrophylla seedlings

Shoot weight Root weight Root/shoot ratio Total dry matter production
(8 (8 (&)
Stress
levels ;
30 60 90 120 30 60 90 120 30 60 0] 120 30 60 90 120
DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP
3, 41.1 68.0 96.3 129:0 128 15.1 25.7 29.8 031 0.37 0.40 0.36 53.8 83.0 1220 1587
H 64.1 570 616 69.5 20.3 13.0 12.3 146 033 038 033 0.29 844 699 739 84.1
S, 73.1 398  56.3 426 - 192 11.0 162 10.9 0.26 0.37 0.36 0.34 923 508 728 53.5
S, - 476 234 354 35.6 13.4 8.7 104 7.0 0.28 042 0.27 0.26 610 321 458 42.5
F NS E20) & b NS R * N NS % NS NS NS a0k £ L2
LSD (0.05) - 7.5 247 45.6 - 1.8 12,0 58 - 0.05 - - - 8.4 36.3 509
SEM= 9.8 1.9 6.3 11.6 24 0.45 3.0 1.5 0.00 0.01 0.04 0.03 118 2.1 9.2

13.0

* Significant at 5% level

" ** Significant at 152 level

NS - Not significant

8L



Table 24

as affected by different levels of water stress

Relative growth rate, net assimilation rate and relative water content of leaves of S.

macrophylla seedlings

Relative Growth Rate

Net Assimilation Rate

Relative Water

(mg g’ wk™) (mg em? wk) content
Stress (%)
levels
30-60 60-90 90-120 30-60 60-90 00-120 0800 1400
DAP DAP DAP DAP DAP DAP (hrs) (hrs)
S, 4.1 32 2.1 0.13 009 ° 0.09 58.55 64.23
S, 3.7 2.8 2.0 0.10 0.11 0.11 57.92 55.89
S, 2.5 1.9 1.7 0.07 0.04 0.06 57.08 52.70
S, 1.1 1.0 0.96 0.04 - 0.05 0.06 58.58 46.26
LSD (0.05) 0.35 0.88 . 031 0.03 0.03 0.03 ; 10.92
SEM =+ 0.09 0.22 0.08 0.01 0.01 0.01 2.89

3.35

* Significant at 5% level

** Significant at 1% level

NS - Not significant

6L
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4.3.1.11- Total dry matter production

There was no significant variation in the total dry matter produc.tion
at 30 DAP (Table 23). From 60 DAP onwards, water stress significantly
affected the dry matter production. At 60 DAP, total dry matter produced
in all the water stressed plants were significantly different and lower than the
control. At 90 and 120 DAP, the dry matter production was reduced

significantly in all the water stressed plants.

4.3.1.12 Relative Growth Rate (RGR)

'The mean values on the RGR of S, macrophylla seedlings in response
to water stress are given in Table 24. Water stress at all levels significantly
reduced the RGR in S, macrophylla seedlings at 30-60 DAP., During 60-90
and 90-120 DAP intervals, though RGR was reduced due to water stress,
significant reductions were observed only in moderate and severely water

stressed plants.

4.3.1.13 Net Assimilation Rate (NAR)

The net assimilation rate (NAR) calculated for § macrophylla
seedlings at different stages of growth are given in Table 24 NAR was
reduced significantly due to water stress at all the levels during 30-60 DAP.
However, during 60-90 and 90-120 DAP intervals, as in the case of RGR only
moderate and severely stressed plants showed significant reductions due to

water stress,
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4.3.2 Physiological parameters
4.3.2.1 Leaf Diffusive Resistance (LDR)

The data on leaf diffusive resistance recorded in S. macrophylla
seedlings as influenced by different levels of water stress are presented in
Table 25. At the beginning of the cycle (1 DAS), there was no significant
variation in the predawn leaf diffusive resistance. However, at midday S, and
S; plants showed a significant rise in the leaf diffusive resistance though
S, was on par with control. At the end of 3 days of water stress, the mildly
stressed plants showed a higher predawn leaf diffusive resistance. Water
stress induced higher LDR in S, plants at 6 DAS. Both the predawn and
midday values were significantly above that of control. Severely stressed (S,)
plants, at the end of ninc days walter stress, increased their LDR, si gniticantly

above all the other treatments.

The diurnal variations in the leaf diffusive resistance of S, macrophylla
seedlings experiencing water stress at different levels is given in and Fig, 8
and Appendix V. There was a steep decline in the diffusive resistance in
water stressed treatments from 0600 to 0800 hrs which was not much
prominent in control. However, from 0800 hrs onwards, the LDR of water
stressed (S,, S, and §,) plants started increasing while that of control plants
still  decreased and maintained stability till 1600 hrs which then
increased. S, and S, plants showed a more or less similar pattern in the

increase while S; plants showed further severe fluctuations. There was a peak



Table 25  Leaf diffusive resistance (m mol m? sY) in S. macrophylla seedlings as affected by different

levels of water stress through a nine day cycle.

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
Stress -
levels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
S, 9.02 8.14 5.08 5.42 5.84 9.05 470 8.18 5.56 7.79
S, 8.93 8.44 6.99 1023 8.76 8.53 7.15 8.60 595 8.95
S, 8.73 12.20 8.09 14.05 1161 1274 1036  16.13 1158 3063
S, 9.83 17.71 9.34 1591 1511 - 1887 2135 3023 3142 4279
F NS EEd e e ok % sk ok aofe ¥k ok 3k
LSD (0.05) - 1.64 1.66 2.85 127 1.44 2.55 531 232 2.51
SEM = 0.61 0.55 0.56 0.95 0.42 0.48 0.85 1.77 0.77 0.84
6 DAS 7 DAS 8 DAS 9 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400
(bs) (o) (hus) (hs) (brs) (b (brs) (hs)
S, . 519 6.48 5.01 7.65 536 - 7.90 5.40 9.40
S, 7.49 7.67 7.23 8.27 5.89 899 675 10.19
S, 13.44 41.19 11.82 9.84 7.21 8.22 6.81 7.63
s, 28.91 63.76 18.46 7731 24.98 99.51 15.89 11323
F ok ok Fok adek sk L3 ok L2
LSD (0.05) 4.35 7.91 175 2.22 2.73 272 . 080 4.55
SEMz 1.45 2.64 0.58 0.74 091 091 0.27 152

*Significant at 59 level **Significant at 1% level DAS Days after the beginning of stress

28
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in the diffusive resistance of S; plants at 1400 hrs which then declined behind

S, and S, by 1600 hrs. The variations during 1000 to 1200 hrs were not

significant in any of the treatments.

4.3.2.2 Transpiration rate

The transpiration rates of the water stressed seedlings of
S. macrophylla recorded at 0800 and 1400 hrs are presented in Table 26. At
the first day of stress, transpiration rates did not vary si gniﬁcaﬁt]y at 0800 hrs.
At 1400 hrs, water stress reduced the transpiration rates sign-ificantly in S, and
S; plants. At the end of 3 days of water stress, predawn transpiration rates.
were reduced, though midday value showed no significant variation. The
transpiration rates were reduced significantly in S, plants at sixth day of water
stress. Plants stressed for nine days (S,) exhibited a further reduction in the
transpiration rates. However, the transpiration rates were recouped following

rewatering in all the water stressed treatments.

4.3.2.3 Leaf temperature

The leaf temperature of S. macrophylla seedlings exposed to different
levels of water stress are presented in Table 27. At the start of the cycle,
midday leaf temperatures were incrgased significantly due to waler stress,
though the predawn values showéd no variation. Plants experiencing water
stress for 3 days (S,) increased their predawn leaf temperature significantly

above that of control. However, midday values were not affected by water



Table 26  Transpiration rate (ug H,0 cm™ s?) in S. macrophylla seedlings as affected by different

. levels of water stress through a nine day cycle

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (urs) (hrs) (hrs)
8o 1.34 3.15 2.19 3.07 230 3.07 1.89 2.96 2.535 3.06
5, 1.44 3.36 1.55 2.65 1.47 2.88 1.26 2.57 2.63 2.49
S, 1.49 2.17 1.38 1.82 1.51 235 0.91 1.73 1.27 0.52
S, 1.37 1.87 1.18 1.76 0.89 1.57 0.41 0.44 0.61 0.47
F NS £33 LR Wofe L2 WA E$ 3 W E3 3 L%
ILSD (0.05) - 0.29 0.34 0.42 0.19 0.31 0.27 0.30 0.35 0.26
SEM+ 0.12 0.10 0.11 0.14 0.06 0.10 0.09 0.10 0.12 0.09
6 DAS 7 DAS 8 DAS 9 DAS
Stress
leveks 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
5, 2.73 4,35 1.84 2.56 1.77 3.06 2.53 2.88
S, 1.76 3.42 131 2.78 2.87 2.55 2.40 2.49
S, 1.13 0.53 0.98 2.48 1.95 2.88 2.70 2.83
S, 0.55 0.42 0.67 0.37 0.51 0.29 0.79 0.29
F e R L. b 3 e 3k el 3 W L3 ]
1sSD (0.05) 0.61 1.00 0.14 0.33 0.20 0.29 0.21 0.25
SEM=+ 0.20 0.34 0.05 0.11 0.07 0.09 0.07 0.08 _

* Significant at 5% level ** Significant at 1% level NS - Not significant

¥8



Table 27  Leaf temperature (°C) in S. macrophylla seedlings as affected by different levels of

water stress through a nine day cycle

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
Stress levels
0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
()  (Bm) @) () (wy) () () () () ()
Sy 2544 36.?2 25.82 36,90 25.50 3842 26.70 37.96 26.56 3732
5, 25256 37.00 26.02 3638 26,10 38.88 26.70 37.96 26.92 37.36
3, 25.62 37.12 26.52 36.28 26.20 38.88 26.68 38.38 26.86 37.98
S, 25.50 37.24 25.98 36.92 26.86 38.82 26.92 38.52 26.96 38.12
F NS ik * NS w NS NS £ Aok *k
ISD (0.05) - 0.14 0.50 - 0.56 - - 0.32 0.23 0.35
SEM=+ . 0.13 0.05 0.17 0.48 0.19 0.15 0.10 0.11 0.08 0.12
6 DAS 7 DAS 8 DAS 2 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
So‘ 30.14 36.38 24.56 37.88 24.44 38.00 25.96 38.08
3, 29.82 36.26 25.00 38.12 24.84 38.70 26.28 3548
S, 30.08 3472 25.10 38.34 25.12 38.98 26.60 39.02
S, 30.42 37.08 25.40 38.54 25.34 39.24 26.96 30.32
F NS NS . * e Aok ek sk ok
I1SD (0.05) - - 0.60 0.28 0.d2 0.33 0.34 0.2¢%
SEM =+ 0.21 0.82 0.20 0.09 0.14 0.11 0.11 0.10

* Significant ar 5% level  ** Significant at 1% level

NS - Not significant

DAS Days after the beginning of stress

S8
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Fig.8. Diurnal variations in the leaf diffusive resistance of S. macrophylla
seedlings as affected by different levels of water stress
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Fig.9. Diurnal variations in the leaf water potential of S. macrophylla
seedlings as affected by different levals of water stress
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stress. At 6 DAS, S, plants experienced no significant variations in their

leaf temperature when compared to control.

4.3.2.4 Leaf water potential

The diurnal variations in the leaf water potential ({ ) of S. macrophylla
seedlings are given in Fig. 9 and Appendix V. Leaf water potential (§ )
decreased as the water stress increased. Even mildly water stressed (S,)

plants were showing much lower values than the control. Lower values of

Y were recorded during 1200 to 1600 hrs for both S; and S, plants.

4.3.2.5 Relative water content (RWC)

The relative water content in S. macrophylla seedlings as observed
during 0800 and 1400 hrs at different levels of stress are given in Table 24.
The predawn RWC did not show any significant variation among the
treatments. At 1400 hrs, all the water stressed treatments (8,, S, and S,) w-ere
having significantly lower RWC when compared to control. However S, S,

and S, were on par.

4.3.2.6 Net photosynthesis

The diurnal variations in net photosynthesis was more or less similar
in the various treatments (Fig. 10). However, there were marked differences
among the photosynthetic rate due to the influence of water stress, with

highest value in control and lowest in severely stressed (S;) plants. There was
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Fig.10. Diurnal variations In the net photosynthesis of S. macrophyiia
seedlings as affected by different levels of water stress
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a decline in the net photosynthesis at 1200 noon irrespective of the
treatments. However, there was a rise in the values again at 1400 hrs which

then declined towards dusk.

4.3.3 Biochemical attributes
4.3.3.1 Chlorophyll content

The chlorophyil ‘a’, chlorophyll ‘6> and total chlorophyll content of
S. macrophylla seedlings experiencing water stress at different levels are given
in Table 28. Water stress significantly affected the chlorophyll content of
the plants. Chlorophyll ‘a” content was reduced in all the water stressed
(S1; S; and S;) plants but S, and S, were on par. The trend was repeated in
the case of chlorophyll 'b’ and total chlorophyll content with severe reductions

in severely stressed (S,) plants.

4.3.3.2 Proline content

'The proline content in the fresh leaves of S. macrophylla seedlings at
different stress stages are given in Table 28. The proline content increased
in the I.ea\}es as the level of water stress increased. All the water stressed

treatments recorded values above control and were significantly different

among each other.



Table 28 Biochemical attributes of S. macrophylla seedling as affected by different levels of water stress
at the end of the growth period

Stress Chlorophyll *a’ Chlorophyll b’ Total Chlorophyll Proline Soluble protein

levels (mg g”) (mg g”) (mg g*) (ug 8" (mg g")
So 0.90 021 111 oA 4.13
S, 0.36 0.13 0.89 5.24 5.88
S, 0.70 0.19 0.68 5.86 7.85
S, 0.32 0.05 : 0.37 7.13 10.07
F - - o - .
~ LSD (0.05) 0.21 0.07 0.25 0.33 0.22
SEM= 0.06 0.02 0.08 0.10 0.07

* Significant at 5% level ** Significant at 1% level

88



Table 29 Inter-correlation matrix of total dry matter production and other plant characters in S. macrophylla
Character 1A w CD SW RwW RSR SLA TDMP
IN 0.740%* 0.691** 0.954** 0.752%% 0.604 % 0.035 0352 0.733%*
LA 0.940*+* 0.683 ** 0.869** 0.745** 0.033 0.677** 0.856%*
Lw 0.759%* 0.926%* 0.8434* 0.049 0.710%= 0.922%*
CD 0.871%* 0.845%* 0238 0217 0.877**
Sw 0.918%* 0.029 0.434 0.997**
RW 0.231 0311 0.946%*
RSR -0.175 0.068
SLA 0416
* Significant at 1% level ** Significant at 0.1% level 1A - Leaf area
RW - Root weight LW - Leaf weight RSR - Root shoot ratio
SW - Shoot weight CD - Collar diameter TDMP - Total drymatter production
8LA - Specific leaf area
Table 30  Inter-correlation matrix of net photosynthesis and other physiological parameters in S. macrophyila
Characters LT CON TRN CIN NP
ONT 0.948** 0.091 0.294 0.219 0.104
LT 0.055 0.143 0.258 0.114
CON 0.947 ¥* 0.150 0.866%*
TRN 0.284 0.505**
CIN 0.024

* Significant ar 1% level
CIN - Internal CO,

** Significant at 0.1% level
QNT - Quantum influx

LT - Leaf temperature
NP - Net photosynthesis

CON - Conductance
TRN - Transpiration

68



90

4.3.3.3 Soluble protcin
The total soluble protein content in the leaves of S. macrophylla at
different stress levels (Table 28) showed significant variation. Water stress

increased the soluble protein contents with the highest value in S; and lowest

in control plants.

4.4 Pterocarpus marsupium (Bijasal)
4.4.1 Growth attributes
4.4.1.1 Plant height

The mean values on plant height of Pterocarpus marsupium seedlings
at 30, 60, 90 and 120 DAP are given in Table 31. No significant differences
in plant height was observed at 30 and 60 DAP. However, a reducing trend
in plant height as water stress increased was observed from 60 DAP onwards.
At 90 DAP, water stress significantly reduced the plant height below the
control, but S;, S, and S, were on par. Severely stressed (S;) plants recorded
the minimum height at 120 DAP, which was significantly lower to all other

trcatments,

4.4.1.2 Rooting depth

The rooting depth observed in P. marsupium seedlings at different
growth stages as affected by different levels of water stress are presented in
Table 31. There was no significant variation in the rooting depth observed

L%

at any of the growth stages.



Table 31

Plant height, rooting depth and collar diameter of P. marsupium seedlings as affected by different
levels of water stress
Plant height Rooting depth Collar diameter
Stress (cm) (cm) (mum)
levels
30 60 %0 120 30 60 90 120 30 60 90 120
DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP
Sg 39.0 56.3 97.5 129.0 338 43.0 418 66.5 6.3 9.0 149 17.5
5, 45.5 56.3 69.5 122.2 35.5 36.5 40.0 57.1 6.8 8.6 89 11.0
S, 40.3 43.0 63.8 95.5 42.0 42.5 44.5 376 8.0 8.6 9.8 104
5, 480 45.8 50.0 39.0 38.5 45.8 50.5 55.7 8.5 8.7 9.5 8.2
F NS NS * o NS NS NS NS N3 NS o *
LSD (0.05) - - 38.5 28.4 - - - - - - 21 4.7
SEM:=+ 5.2 a1 124 7.2 36 4.7 7.6 54 14 0.84 0.54 12

* Significant at 5% level

** Significant at 1% level

NS - Not significant

16
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4.4.1.3 Collar diameter

'The mean values of collar diameter of P. marsupium seedlings grown
under different levels of water stress are given in Table 31. There was no
significant difference among the treatments at 30 or 60 DAP. However there
was significant reduction in the collar diameter at 90 and 120 DAP due to the
effect of water stress. The collar diameter of the water stressed plants
(S, S; and S;) were below the control. At 120 DAP, the minimum value was

recorded by severely stressed (S;) plants and the maximum, by control.

4.4.1.4 Number of leaves

The number of leaves per plant was reduced drastically due to the
effect of water stress (Table 32) in P. marsupium scedlings. Significant
variation was observed at all the stages of growth. At 30 DAP, the number
of leaves in all the water stressed plant (S,, S,and S;) were less than that of
control plants. A similar trend was observed at 60 DAP also. At both these
stages (30 and 60 DAP), S, and S, were on par. Water stress significantly
reduced the number of Icévcs at 90 DAP also. At the cnd of the cycle

(120 DAP), water stress severely reduced the number of leaves.

4.4.1.5 Leaf Area
The leaf area per plant of P. marsupium seedlings (Table. 32) did not
show significant variation due to the influence of water stress at the initial

stages (30 DAP). However, from 60 DAP onwards, there were significant



able 32 Number of leaves, leaf area, leaf weight and specific leaf area of P, marsupium seedling as affected by different
levels of water stress

Number of leaves Leaf area Leaf weight Specific leaf area
(no plant?) : (cm® plant™) - (8 (m® g™
Stress
levels '
30 60 90 120 30 60 90 120 30 60 90 120 30 60 90 120
DAP DAF DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP DAP
Se 20.5 18.5 22,0 25.0 197 1184 . 3895 3145 2.0 127 24.1 19.7 11 0.96 1.5 16
S, 150 115 15.0 15.5 260 697 890 1268 2.4 7.6 9.5 8.5 1.0 092 0.94 1.5
S, 8.5 8.0 12.0 11.0 192 523 704 995 2.2 5.0 6.1 7.6 0.89 1.1 1.2 1.3
S5 . 5.5 4,0 6.5 7.5 437 363 348 724 20 4.4 3.2 33 2.2 0.63 1.1 2.3
F ol e o R e e NS * 5 ofe R &k L F*k Aok A NS sfesle *
LSD (0.05) 5.5 54 4.9 24 - 493 183 310 22 7.5 31 23 0.66 - 022, 075
SEM + 1.4 1.4 1.3 0.61 65 126 47 79 0.55 1.9 0.78 058 0.17 0.06 0.05 0.19

* Significant at 5% level ** Significant at 1% level N§ - Not significant

£6
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differences due to the effect of water stress. At 60 DAP, lcat area
was significantly reduced in all the water stressed plants (S,, S, and S;).
At 90 DAP, the influence of water stress was so severe that the leaf area
reduced drastically and all the water stress levels were significantly different

among each other.

4.4.1.6 Leaf weight

The leaf dry weight recorded for P. marsupium at different stages of
growth are prcscn-ted in Table 32. Du_ring the initial stage (30 DAP), there
was no significant variations, but severely stressed (S;) plants recorded
signiﬁcantly high value above all the other treatments. Water stress reduced
the leaf height from 60 DAP onwards. At 60 DAP, though waler stress
reduced the leaf weight, S, S, and S, plants were on par. The leaf weight in
moderately (S,) and severely stressed (S;) plants were significantly below the
other plants at 90 DAP. A severe reduction in leaf weight due to water stress

was also observed towards the end of the growth period (120 DAP).

4.4.1.7 Specific leaf area
The specific leaf area recorded for P. marsupium at different stage.s of
growth in given in Table 32. At 30 DAP, water stress increased the
specific leaf area of severely stressed (S;) plants as compared to control.
No significant variation was observed at 60 DAP. However, significant

increase was observed in specific leaf area due to water stress at 120 DAP
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whereas at 90 DAP water stress reduced the specific leaf area of ‘the

scedlings.

4.4.1.8 Shoot weight

The dry weight of shoot recorded for P. marsupium seedlings at
different stages of growth are presented in Table 33, During the initial stages
(30 DAP), significant variations was observed only for severely stressed (S,)
plants. From 60 DAP onwarlds, the shoot weight was decreased in all plants
with increasing levels of water stress, At 60 and 90 DAP, shoot weight of all

the water stressed plants (S,, S, and S;) were significantly below the control.

4.4.1.9 Root weight

The dry weight of root in P. marsupium seedlings at 30 DAP was
reduced due to the effect of water stress levels of S, and S, (Table 33). At
60 and 90 DAP, root weight was significantly affected in all the water stressed
plants. Moderately and severely stressed (S, and S,) blants recorded
significantly lower root weights than all the other treatments. At 120 DAP
also, the same trend was repeated with highest value recorded in unstressed

control and lowest in severely stressed (S,) plants.

4.4.1.10 Root - shoot ratio
The root - shoot ratio in P. marsupium at different growth stages

(Table 33) did not show significant variation among the treatments at any of



Tahle 33 Shoot weight, root weight, root/shoot ratio and.total dry matter production in P. marsupium seedlings as affected
by different levals of water stress

Shoot woight. . Root wéighi Ce T e Rootfshoot ratio Total dry mati=r producticn
® ® - ®
Siress. -

fevels - —— - e ; - -

30 80 S0 . 120 . 30 &0 20 420 .30 60 oC 120 30 59 50 123
‘DAP. DAF.. DAP DAP DA? "DAT DAP "DAP : .-BAP DAP DAP DAP Da? DAP AP Dﬁf |
5 - 53 . 296 34r 831, . LS o1 304 -367 - 22 10 11 0.57 168 468 845 998
g, 5.0 64 187 -+ 317 3.6 W3 164 131 i3 13 1.8 0,85 i4.4 26.8 351 483
s, 44 . 98 i7T 278 93 5% 154 123 .24 15 16 0.61 137 167 331 400
8, i5.4 2.2 it 62 - 180 - 50 111 .-83 2 13 14 21 334 3.2 222 17.3
F = e ¥ . - . bl . LE ] e o e - IJS IJ’S NS 4 " L1 k4.3 T
LSD (0.05 52987 173 182 87 49 45 47 . - - 11 126 89 i3z 175
SERi= 13 23 . 447 . 4p 22 12 12 12 .-041 035 045 0.29 3.2 23 34 4.5
= Significant at 5% level **% Siguificant at 142 level NS - Not significant

)
.
96



Table 34  Relative growth rate, net assimilation rate and relative water content of leaves of P. marsupium

seedlings as affected by different levels of water stress -

Relative Growth Rate Net Assimilation Rate

Relative Water

_ (mg g'wk™) (mg em? wk™) Content
Stress (%)
levels -
30-60 60-90 90-120 30-60 60-90 90-120 0800 1400
DAP DAP DAP DAP DAP DAP (hrs) (hrs)
So 10.3 6.1 3.6 031 0.11 0.10 51.43 59.28
S, 5.6 54 2.8 0.16 0.08 0.08 50.89 55.83
S, 4.3 4.0 2.9 0.09 0.09 0.07 5836 46.02
S, 4.0 3.8 2.0 0.05 0.06 : 0.06 52.59 35.32
F * * EES * ® E3 ] NS Hox
LSD (0.05) 3.5 1.6 0.48 0.14 0.06 0.03 - 6.97
SEM= 0.88° 0.41 0.12 0.04 0.01 0.01 3.62 2.13
* Significant at 5% level ** Significant at 1% level NS - Not significant

L6
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the growth stages except at 120 DAP. At 120 DAP, severely stressed (S;)

plants were showing significantly higher values than all the other treatments. .

44.1.11 Total dry matter production

The total dry matter production in P. marsupium seedlings did not’

varied significantly at 30 DAP (Table 33). From 60 DAP onwards, water

stress significantly reduced the dry matter production. At 60 DAP, S, and S,
plants recorded significantly lower values than other treatments. Total dry
matter production was reduced signiﬁcantly in severely stressed (S,) plants at
120 DAP. S, and 8, plants, though produced lower dry matter than contral,

Were on par.

4.4.1.12 Relative Growth Rate (RGR)

The mean RGR of P. marsupium seedlings in response to water stress
are given in Table 34. RGR shgwcd significant reductions at all the stages
of growth due to water stress. During 30-60 DAP, even mild water stress
severely reduced the RGR of P. marsupium seedlings. Severe water stress

(53) reduced RGR much during all the stages of growth.

4.4.1.13 Net Assimilation Rate (NAR)

The mean values on the NAR for P. marsupium seedlings are given

in Table 34. NAR was reduced significantly by water stress at all levels
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during 30-60, 60-90 and 90-120 DAP intervals. Severe reductions were
observed in severely stressed (S3) plants during the above mentioned growtl}

stages.

4.4.2 Physiological parameters
4.4.2.1 Leaf Diffusive Resistance (LDR)

The mean leaf diffusive resistance as influenced by different
levels of water stress in P. marsupium seedlings are presented in Table 35.
The predawn LDR at the beginning of the stress (I DAS) itself varied
sigrﬁﬁcantly among the treatments. However, the midday measurements
showed significant rise _only in severely water stressed (S,) plants. At the end
of 3 days of water stress (S,), plants showed significant rise in predawn and
midday leaf diffusive resistance. Six days of water stress (S,) induced
significantly higher LDR as compared to the control and mildly stressed (Sl)-‘
plants both at 0800 and 1400 hrs. The values recorded through out the
stress period for the moderately stressed plants were significantly above the
other plants except for the measurement during 1400 hrs at 1 DAS. In the
plants water stressed for nine days (S;), the LDR at both predawn and

midday LDR were above zll the other plants.

The diurnal variations in the leaf dilfusive resistance (LDR)
of P. marsupium seedlings due to water stress is given in  Fig. 11 and

Appendix VI. The LDR showed a sharp decline from 0600 to 0800 hrs for



Table 35  Leaf diffusive resistance (m mol m? s') in P. marsupium seedlings as affected by different levels of
water stress through a nine day cycle

1 DAS 2 DAS 3 DAS 4 DAS 53 DAS
Stress
levels 08C0 1400 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
SO 294 7.36 2.57 6.47 294 741 2.75 6.40 2.63 6.33
S, 4.24 6.48 3.69 5.65 3.98 11.95 441 3.94 3.90 6.56
S, 7.05 B.06 4.72 11.60 496 19.94 9.94 30.67 14.75 45.23
5, 5.33 10.19 4.77 12.53 5.68 17.06 7.40 2037 8.96 41.19
F ** R sk ok K deake sitak o ek dede
1SD (0.05) 0.99 1.64 0.97 2.64 0.93 1.66 1.25 2.94 132 2.70
SEM =+ 0.33 0.55 0.32 0.88 031 0.56 0.41 0.98 0.44 0.90
6 DAS 7 DAS 8 DAS 9 DAS
Stress
levels 0800 1400 0800 1400 ) 0800 1400 0800 1400
(Brs) (brs) () (bs) (br) (brs) (brs) (brs)
S, 2.87 6.01 3.06 5.07 341 4.44 3.14 572
5 . 4.05 14.83 4.34 417 4.34 6.62 4:12 18.14
5, 19.28 65.19 7.34 6.59 4.80 11.26 5.68 19.74
S, 11.63 47.07 13.15 64.43 18.15 84.79 23.28 111.75
F ok derk EE ] R ok . E 33 o L2
ILsSD 005 1.43 346 132 1.91 1.18 293 2.11 7.85
SEM = 0.48 1.15 0.44 0.64 0.40 0.98 0.71 2.61 _

** Significant at 1% level

DAS Days after the beginning of stress

001



plants were above that of control (S,) and mildly stressed (S,) plants. A

further decline was observed in S, and S, plants whereas S, and S, plants
showed a risir.1g trend in EDR after 0800 hrs. Values for cc;ntrol were more
or less steady until 1600 hrs, which then rose. Mildly stressed (S,) plants
deviated from the control curve from 1000 hrs onwards owing to a rise in the
diffusive resistance. Both S, and S, plants recorded maximum values at 1400 .
hrs wherein, S, plants showed a prominent peak. Between 1600 to 1800 hrs,
the LDR ir éz and S; plants decreased whereas in S, and S, plants, it

increased.

4.4.2.2 Transpiration rate

The transpiration rate of P. marsupium seedlings recorded at 0800 and
1400 hrs are presented in Table 36. At ﬁle start of the water stress
cycle (1 ‘DAS), mildly stressed (S,) plants showed significantly lower
transpiration rate at 0800 hrs whereas the transpiration at 1400 hrs was on
par with the control. After three days of water stress both predawn and
midday transpiration rate of mildly stressed plants were significantly lower
than that of control plants. Significant reduction in transpiration rates
due to water stress was observed in both predawn and midday
measurements of S, (water stressed for six days) plants during all the six days.

Plants stressed for nine days (S;) also exhibited a severe reduction in



Table 36  Transpiration rate (g H,0 cm? s
water stress through a nine day cycle

) in P. marsupium seedlings as affected by different levels of

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
© (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
Sy 522 5.04 5.74 520 5.15 4.87 5.09 531 5.49 6.17 °
S, 3.71 5.58 4.12 532 4.45 2.60 4.06 7.51 5.02 4.68
S, 2.34 3.34 3.23 2,60 333 1.64 1.87 1.26 1.28 0.78
S, 321 333 3.21 2.52 3.14 2.03 271 1.96 238 0.83
F ok E X $o3c o6 i e e £ 3 N e &k ok ¥
LSD (0.05) 0.90 1.05 0.82 0.96 0.54 0.47 © 0.59 0.39 054 - 032
SEM+ 0.30 0.35 0.28 032 0.18 0.16 0.20 0.13 0.18 0.11
6 DAS 7 DAS 8 DAS 9 DAS
Stress )
levels 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hs) (hs)
S, 6.00 6.71 5.62 7.25 5.8 8.62 5.51 7.14
S, 4.44 241 3.90 7.94 4.44 482 4.47 238
S, 0.91 039 2.60 5.47 333 261 3.20 1.67
S, 1.81 0.75 1.44 0.40 0.95 0.54 0.73 0.24
F E-3 £t L3 3 3¢ ¢ EE ko Bk Wk
LSD (0.05) 0.48 0.52 0.51 0.78 0.58 1.44 0.40 045
SEM+ 0.16 0.17 0.17 0.26 0.19 0.48 0.13 0.15

** Significant at 1% level

DAS Days after the beginning of stress

20T
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Fig.11. Diurnal variations in the leaf diffusive resistance of P marsupium
seedlings as affected by different levels of water stress

Leal water polential (-MPa)

25 ¥s0 +51 A52+S
2 -
1.5
[
1 -
0.5
-
i 1 1 1 1 i i | [
0800_ 0800 1000 1200 1400 1600 1800

Time (hrs)

Fig.12. Diurnal variations in the leaf water potential of £ marsupium
seedlings as affected by different levels of water stress
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Table 37  Leaf temperature (C) in P. marsupium seedlings as affected by different levels of water stress
through a nine day cycle

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (lurs) (hrs) (hrs) (brs) (hrs) (hrs) (hrs) (hrs) (hrs)
S 27.20 39.30 20,76 37.10 27.24 37.96 27.04 38.48 27.14 37.88
S, 27.94 37.26 2980 36.58 27.00 37.94 27.08 38.86 27.28 37.84
S, 28.18 38.68 290.68 3632 27.72 38.24 27.44 38.84 27.64 38.04
S, 28.34 38.80 29,76 36.86 27.92 38.60 27.96 38.98 27.60 38.12
F * Aok NS ¥ Kk ok Ew ¥ * ¥
IsD (0.05) . 0.99 0.79 - 0.52 0.23 032 . 0.27 0.39 0.36 0.23
SEM+ 0.33 0.26 0.10 0.17 0.18 0.11 0.09 0.13 0.12 0.08
6 DAS 7 DAS 8§ DAS 9 DAS
Stress
levels 0800 1400 0800 1400 0800 1400 0800 1400
(hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
3, 28.14 40.08 2732 38.30 27.26 38.0 27.04 38.50
3, 2742 3784 - 27.60 36.96 ' 28.18 36.44 27.20 38.42
5, 27.96 39.64 27.56 37.84 29.04 38.04 27.52 38.54
5, 28.36 39.54 27.78 38.36 29.12 38.52 28.00 38.72
F * * # e ok ook o o
IL3D (0.05) 0.63 0.97 0.33 0.90 0.56 0.61 0.30 0.20
SEM+ 0.21 0.66 0.11 030 0.19 0.20 0.10 0.07

* Significant at 5% level ** Significant at 1% level NS - Not significant DAS Days after the begining of stress

E£0T
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transpiration as the days of stress increased. A severe reduction was noticed
at the end of the cycle (9 DAS) ‘which was significantly below all the other

plants.

4.4.2.3 Leaf temperature

The leaf temperature observed in P. marsupium seedlings during the
water stress are presented in Table 37. The predawn leaf temperature of
water stressed plants (S,, S, and S;) at 1 DAS was found to be significantly
above that of control. However, at 1400 hrs there was no significant
variations, except for S, which recorded a slightly lower value. At 3 DAS,
in mildly stressed (S,) plants, the predawn leaf temperature were significantly
below the control whereas the midday leaf temperatures were on par with
control. The leaf temperatures were significantly lower in moderately stressed
(S;) plants at 6 DAS during both the measurements of the day. At the end
of the stress cycle (9 DAS) severely stressed (S;) plants recorded significantly

higher leaf temperature than the control both at 0800 and 1400 hrs.

4.4.2.4 Leaf water potential

The variations in the leaf water potential (i )_due to water stress
in P. marsupium seedlings are shown in Fig. 12 and Appendix VI. The ¢ of
control (Sy) and mildly stressed (S,) plants did not vary much and the pattern
of variations were similar. In the case of moderately and severely stressed

(S; and S;) plants, the ¢  declined steeply from 1000 hrs onwards with



Net photoaynthesaia (I.‘ mol em2 g°)
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Fig.18. Diurnal variations in the net photosynthasis of P marsupium
seedlings as affected by different levela of water streas
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minimum { recorded at 1400 hrs. The variations from 1000 to 1600 hrs in

severely stressed plants were prominent when compared to the control.

4.4.2.5 Relative water content (RWC)

The data on relative water content, in the leaves of P. r}tarsupium
seedlings experiencing water stress at different levels are given in Table 34.
There was no significant variation in RWC among the treatments at 0800 hr_s.
At 1400 hrs, severely stressed (S, and S,) plants showed significantly lower
RWC when compared to control. The lowest relative water content was -

observed in severely stressed (S;) seedlings.

4.4.2.6 Nct photosynthesis .

The diurnal variations in the net photosynthesis of P. marsupium
secdlings experiencing water stress at different levels are given in Fig. 13.
The control plants recorded maximum photosynthesis with a prominent
decline at 1200 hrs. This decline was observed in the wat;ar stressed plants
also. Moderately (S,) and severely stressed (S;) plants were similar in the
pattern of variations with values lower thari control and mildly stressed (S,))
plants. The variations in S, plants was more like that of control, with a slight

increase in the net photosynthesis at 1400 hrs which then declined by evening

hours.
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4.4.3 Biochemical attributes
4.4.3.1 Chlorophyll content

The chiorophyll ‘a’, chlorophyll *b” and total chlorophyll content in the
leaves of P. marsupium scedlings experiencing stress at different levels are
shown in Table 38. Water stress significantly reduced the chlorophyll ‘a’
content in the leaves. However S, and S, plants were on par. The severely
stressed (S,) plants showed significantly lower value as compared to plants

in other treatments. The same trend was observed in the case of chlorophyl!

'b” and total chlorophyll. The highest value was recorded by the control and

lowest by the severely stressed (S,) plants.

4.4.3.2 Proline content

Proline content in the fresh leaves of P. marsupium as influenced by
different levels of water stress are given in Table 38. Water stress increased
proline content in the leaves of all the plants. There was a proportionate
increase in the proline content with increase in the levels of water stress. All

the treatments were significantly different among themselves.

4.4.3.3 Soluble protein
The soluble protein contents in the leaves of P. marsupium seedlings
were significantly influenced by the water stress treatments (Table 38).

Soluble protein content were lower than control in all the water stressed



Table 38  Biochemical attributes of P. marsupium seedlings as affected by different levels of water stress at the end of

the growth period
Stress Chlorophyll ’.:1’ Chlorophyll ’b’ Total Chlorophyll Proline Soluble protein
levels (mg g™) (mg g") (mg &™) (b g (mg g™)
So 1.00 0.19 . 120 | 5.49 4.70
S, 0.92 _ 0.13 1.04 6.34 4.58
S, 0.85 0.12 0.97 7.30 4.53
s, 0.49 0.05 0.54 8.09 4.42
F e ok Aok ek o
LSD (0.05) 0.08 | 0.06 0.11 0.20 0.06
SEM= 0.02 0.02 0.03 0.06 002

** Significant at 1% level

LOT



Inter-correlation matrix of total dry matter production and other plant characters in P. marsupium

Table 39
Character LA Lw CD sSW RwW RSR SLA | TDMP
IN 0.688%* 0.707** 0.459* 0.664** 0.705%+* ' -0.154 -0.136 0.694**
LA 0961 +* 0.866** 0.936%* 0.879%* -0421 0.185 0.941%*
Lw 0.823** 0.917** 0.829%** -0.440 0.289 0.911**
CD 0.893** 0.841%* 0.517* 0,094  0.898%
5W 0.889%* 0.593** 0.119 0.988
RW -0.311 0.015 0.94G %
RSR 0.307 -0.514*
SLA 0.087
* Significant at 1% level ** Significant at 0,.1% level LA - Leafarea
RW - Root weight LW - Leaf weight RSR - Root shoot ratio
SW - Shoot weight CD - Collar diameter TDMP - Total drymatter production
SLA - Specific leaf area
Table 40  Inter-correlation matrix of net photosynthesis and other physiological parameters in P. marsupium
Characters LT ' CON TRN CIN NP
ONT 0.878** 0.127 0.433* ‘ 0.138 0.267
LT . -0.297 0.184 | 0.153 0.075
CON 0.478* 0.176 0.516**
TRN 0,053 0.844%%
CIN . 0,023

* Significant at 1% level *¥ Significant at 0.19% level LT - Leaf temperature CON - Conductance
CIN - Internal CO, QNT - Quantum influx NP - Net photosynthesis TRN - Transpiration

80T



109

plants, with the lowest content in severely stressed (S;) plants. However, S,

and S, plants were on par.

4.5 Tectona grandis (Teak)
4.5.1 Growth attributes
4.5.1.1 Plant height

The plant height of Tectona grandis seedlings at 30, 60, 90 and
120 DAP are presented in Table 41. Water stress significantly reduced the
plant height at 60 DAP in mild (S,) and moderately (S,) stressed plants.
However, the observations on severely stressed plants could not be taken as
the plants dried up consequent with water stress after six days. Both
at 90 and 120 DAP also, plant height was reduced significantly by water

stress with drastic reductions in moderately stressed (S,) plants.

4.5.1.2 Rooting depth
The rooting depth of T. grandis seedlings at different growth stages as
affected by water stress are presented in Table 41. There was no significant

variation in the rooting depth of the seedlings duc to water stress upto

moderate level at any of the growth stages.

4.5.1.3 Collar diameter
The collar diameter of T grandis as affected by different levels of

water stress are presented in Table 41. There were significant difference



Plate 5 One year old P. marsupium seedlings grown under

different levels of water stress for 90 days

Plate 6 One year old Ti grandis seedlings grown under

different levels of water stress for 90 days



Table 41  Plant height, rooting depth and collar diameter of 70 grandis seedlings as affected by different
levels of water stress

Plant height Rooting depth Collar diameter
Stress (cm) (cm) : (mm)
levels
30 60 90 120 3o . 60 90 120 30 60 %0 120
DAP DAY DAP DAPFP DAP DAP DAP DAP DAP DAP DAP DAY
3, 73.8 91.3 67.8 73.8 43.3 44.8 36.8 593 12.4 14,7 15.2 15.1
3 63.8 55.3 535 59.3 47.8 44.5 46.5 56.0 10.6 12.8 121 13.4
3, 63.3 49.9 47.0 48.4 56.8 46.4 46.5 57.3 9.7 12.0 11.3 11.0
5, NR NR NR NR NR NR NR NR NR NR NR NR
F NS x * * NS NS NS NS ¥ o * *
LSD (0.05) - 9.3 156 13.8 - - - - 24 0.93 1.9 1.7
SEM= 22.3 24 8.0 6.7 3.8 12 7.1 6.2 1.7 0.24 11 0.81
* Significant at 5% level ** Significant at 1% level NS - Not significant

NR - Not recorded as the S, plants dried off when water stress was continued for more than six days

01T
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W

due to the effect of water stress. During the initial stage itself (30 DAP),
mild (S,) and moderate (S,) water stress reduced the collar diameter of the
seedlings. A similar effect was observed during 60, 90 and 120 DAP also.

Moderately water stressed (S,) plants recorded the minimum values.

4.5.1.4 Number of leaves

The number of leaves per plant as influenced by water stress at
different stages o.f growth in T. grandis seedlings are shown in Table 42.
Water stress significantly reduced the number of leaves in miId-and
moderately stressed plants at 30, 60 and 120 DAP. At 90 DAP, though
water stress reduced the number of leaves in moderately stressed (S,) plants,
mildly stressed plants were on par with the control. The intensity of
reduction incrt;,as;ed with age and the maxin.mm reduction in thc number of

leaves was observed during 120 DAP.

4.5.1.5 Leaf Area
Water stress reduced the leaf area significantly in T. grandis
(Table 42), at all the stages of grbwth. The reduction in leaf area was

severe even at moderate water stress.

4.5.1.6 Leaf weight
‘The leaf dry weight observed in 7. grandis seedlings at different stages

of growth are given in Table 42. There were significant variation among the



Table 42 Number of leaves, leaf area, leaf weight and specific leaf area of T. grandis seedling as affected by different levels of
water stress
Number of leaves Leaf area Leaf weight Speciﬁé leaf area
Stress (no- plant ) (cm? plant %) €3] (m*g™)
levels : _

30 60 90 120 30 60 20 120 30 60 S0 120 30 60 90 120
DAF DAP. DAP DAP DAP DAP DAP  DAP DAP DAP DAP DAP DAP DAP DAFP DAP

3o 18.0 25.0 20.0 32.0 3869 3020 2726 3706 33.1 29.5 24.5 23.2 1.2 1.0 1.1 156

S, 12.0 14.0 17.5 14.5 2445 1870 1865 2912 21.1 16:3. 163 20.4 12 1.2 1.2 1.4

5, 7.0 10.0 8.5 8.0 1620 1301 1266 1753 13.9 9.4 7.9 13.1 1.2 1.4 1.6 14

S, NR NR NR NR NR NR NR NR NR NR NR NR NR NR NR NR

F L 3 Aok Lt e e ‘* edic e ' 0k oK L L] ek dook NS NS qok dor
LD (0.05) 7.7 5.2 3.8 24 1180 241 175 118 7.3 47 34 0.82 - - 0.30 0.07
SEM= 2.0 1.3 0.97 0.61 300 61 44 30 1.9 1.2 0.86 021 0.14 0.11 0.08 0.02

* Significant at 5% level

#* Significant at 1% level

NS - Not significant

NR - Not recorded as the S, plants dried off when water stress was continued for more than six days

cTIT
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treatment at all the different growth stages. Water stress at moderate Jevels
reduced the leaf weight severely in moderately stressed plants. At 120 DAP,
the leaf weight was reduced from 23.2 g in control plants to 13.1 g in

moderately stressed plants.

4.5.1.7 Specific leaf area

The specific leaf area of T. grandis seedlings as influenced by different
levels of water stress are shown in Table 42. At 30 and 60 DAP, no
significant variation was observed in specific leaf area due to water stress. At
90 DAP, water stress significantly increased the specific leaf area of
moderately stressed (S,) plants above coﬁtrol, whereas at 120 DAP, a
significant decrease in specific leaf area was observed both in mild and

moderately stressed plants.

4.5.1.8 Shoot weight

The shoot dry weight recorded for T. grandis -at different stages of
growth as affected by different levels of water stress are given in Table 43.
The shoot weight was reduced significantly in mild and moderately stressed
plants at 30 and 60 DAP due to water stress. During 90 and 120 DAP, only
moderately stressed (S,) plants showed significant reduction in shoot weight
as compared to control. At all the different stages of growth, reduction in

shoot weight of moderately stressed plants were severe.
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4.5.1.9 Root weight

The root dry weight of T. grandis seedlings grown under different
water stress levels are presented in Table 43. There were significant
variations in the root dry weight of T. grandis during different stages of
growth. At 30 DAP, though the root weight was reduced in water stressed
plants, mild and moderately stressed plants were on par. At 60, 90 and
120 DAP, mild and moderate water stress reduced the root weight that, the
plants were significantly different among each other. At 90 and 120 DAP,

severe reductions were observed in root weight of moderately stressed plants.

4.5.1.10 Root - Shoot ratio

The root - shoot weight ratios of T. grandis seedlings grown under
different levels of water stress are shown in Table 43. There was a significant
increase in the root - shoot ratio in mild and moderately stressed plants
at 30 and 60 DAP itself. However, at 90 DAP, moderately stressed plants
(S,) showed an increase. A reverse trend was observed at 120 DAP.
The root- shoot ratio of control plants were higher than that of the water

stressed plants at 120 DAP. Nevertheless, the variations at 120 DAP were

not significant.

4.5.1.11 Total dry matter production
'The mean values on the total dry matter production of 7. grandis

seedlings grown under different levels of water stress are given in Table 43.



Table 43 Shoot weight, root weight, root/shoot ratio and total dry matter production in 7. grandis seedlings as affected by different

levels of water stress

Shoot weight Root weight Root/shoot ratio Total dry matter production
(8)
Stress
levels
30 60 90 120 30 60 90 120 30 60 90 120 30 60 Q0 120
DAP DAP DAP DAP DAP DAF DAP DAP DAFP DAF DAP DAP DAP DAP DAP DAP
5, 63.9 61.7 39.9 43.9 67.7 56.4 63.8 58.1 1.1 1.8 4.3 2.7 1315 1181 1056 1020
S, 39.5 41.0 36.0 44.1 56.0 520 376 44.9 14 2.1 19" 1.9 95.5 93.1 73.5 89.4
5, 30.7 25.1 19.0 28.5 53.8 46.5 318 321 1.8 3.0 2.9 2.1 86.5 71.6 50.9 60.56
S, NR NR NR NR NR NR NR NR NR NR NR NR NR NR NR NR
F * Wk % L] * ¥ R ok * ok *# NS * o’k o ®
LSD (0.05) 159 7.3 13.9 11.9 6.1 4.2 3.8 10.9 0.49 0.51 1.4 - 198 76 19.5 217
SEM= 4.0 1.9 3.5 3.0 1.6 11 L5 2.8 0.12 0.13 0.36 0.30 3.0 1.9 3.0 5.5

* Significant at 5% level

** Significant at 1% level

NS - Not significant

NR - Not recorded as the S, plants dried off when water stress was continued for more than six days

STT



Table 44  Relative growth rate, net assimilation rate and relative water content of leaves of T. grandis seedhngs as

affected by different levels of water stress

Relative Growth Rate Net Assimilation Rate Relative Water
(mg g’ wk™) (mg em™? wk') Content
Stress (%)
levels '

30-60 60-90 90-120 30-60 60-90 90-120 0800 1400
DAP DAP DAP DAP DAP DAP (hrs) (hrs)
So 0.77 0.60 0.65 - 015 0.10 0.07 91.87 81.48
S, 0.25 0.23 0.19 0.01 0.02 0.002 81.42 72.08
S, 0.19 0.22 0.16 0.01 0.01 0002 79.02 60.94

S, NR NR NR NR NR NR NR NR

F kX ® K HE e #ok * ok
LSD (0.05) 0.08 0.26 0.18 0.03 0.03 0.03 9.50 9.73
SEM= 0.02 0.07 0.05 0.01 0.01 0.01 2.90 2.98

* Significant at 5% level “* Significant at 1% level

NR - Not recorded as the S, plants dried off when water stress was continued for more than six days

91T
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The influence of water stress was found significant during the different stages
~ of growth. During the initial stage itself (30 DAP), water stress significantly
reduced the total dry matter production in mild and moderatcly
stressed plants. The same trend was observed during 60 and 90 DAP also.
At 120 DAP also the same trend was observed even the reduction in total dry

matter production at mild-water stress was not significant.

4.5.1.12 Relative Growth Rate (RGR)

The relative growth rate (RGR) of T. grandis seedlings as affected by
different levels of water stress are given in Table 44. During all the growth
intervals (30-60, 60-90 and 90-120 DAP), mild and moderate water stress
reduced the RGR. The reductions were severe at moderate levels of water
stress as compared to control.
4.5.1.13 Net Assimilation Rate (NAR)

The mean values on net assimilation rate (NAR) of T. grandis
seedlings are given in Table 44. Water stress at both mild and moderate
levels reduced the NAR significantly during all the growth stages with severe

reduction observed in moderately stressed plants. .

4.5.2 Physiological parameters
4.5.2.1 Leaf Diffusive Resistance (LDR)
The leaf diffusive resistance of T. grandis seedlings as affected by

different levels of water stress are presented in Table 45. In the case of



Table 45 Leaf diffusive resistance (m mol m? s?) in 7. grandis seedlings as affected by different levels of water stress

through a nine day cycle

1 DAS 2 DAS 3 DAS 4 DAS 5 DAS 6 DAS

?g?:; 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
Bw) () @) () (ws) () () () (b)) () (hs)  (ho)

8y 2.20 3.20 3.09 343 3.32 3.01 4.64 5.30 4.75 4.03 4.65 3.89
8, 3.05 3.16 2.94 3.51 2.91 6.38 391 28.11 5.39 381 5.34 5.15
S8, 2.46 2.61 | 3.02 345 2,72 5.57 3.35 43.28 5.45 33.09 9.62 35.36
S, NR NR NR NR NR NR NR NR NR NR NR NR

F * " NS NS NS * NS sk " "k o ok
LSD (0.05). - 0.67 1.37 - - - 271 - 13.58 2.46 7.57 3.28 4.51
SEM=+ 022 0.46 0.22 0.51 0.29 0.91 0.91 4.57 0.82 252 1.19 1.50

*Significant at 5% level *¥ Significant at 1% level NS - Not significant DAS Days after the beginning of stress

NR - Not recorded as the S, plants dried off 'when water stress was continued for more than six days

BTT
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S, plants (with 3 days water stress), though there was no significant vari.ation
in the predawn LDR measurements, midday values were significantly above
the control plants. Plants water stressed for six days (5,) showed signilicant
variations in LDR as compared to control. = Water stress significantly
increased both the predawn and midday LDR values over control in

moderately stressed (S,) plants at 6 DAS.

The diumnal variations in the leaf diffusive resistance of T. grandis
seedlings experiencing stress at different levels are given in Fig. 14 and
Appendix VII. There was a decline in the LDR values from 0600 1o 0800
hrs irrespective of the water stress levels. Plants under the control did not
show significant variation in LDR from 0800 to 1600 hrs, which then
increased with the sunset. Pattern of variation in mild (S,) and moderately .
(S,) stressed plants were similar but the values showed significant increase as
compared to control. Leaf diffusive resistance showed a sharp risc from
1000 hrs onwards with maximum values at 1400 hrs. In both the treatments
(S, and S,), a prominent decline in LDR was observed at 1600 hrs which then

increased towards dusk. ..

4.5.2.2 Transpiration rate
The transpiration rate recorded for T. grandis seedlings during the
water stress cycle are given in Table 46. At 1 DAS, there was no significant

variation in the predawn transpiration rates. ‘Midday transpiration rates of



- Table 46 Transpiration (ug H,O cm™?s) in 7. grandis seedlings as affected by different levels of water stress
through a nine day cycle
1 DAS 2 DAS 3 DAS 4 DAS 5 DAS 6 DAS
Stress

levels 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
() () () @) () () () (@) () () (b)) (hw)

S, 4.15 6.17 310 5.60 291 6.08 2,04 4.79 2.66 531 2.59 5.62

5, 3.60 6.24 3.53 6.04 3.25 371 3.01 0.92 271 6.07 2.60 4.65

5, 3.81 6.89 3.40 5.44 3.74 4.50 2.24 0.41 1.54 0.70 1.47 0.58

S, NR NR NR NR NR NR NR NR NR NR NR NR

F NS * NS NS N§ * NS o * rE * ok
LSD (0.05) - 1.90 - - - 1.67 - 161 i.02 1.79 0.92 243
SEM=+ 0.45 0.63 0.97 071 0.36 0.56 0.53 0.54 - 0.34 060 - 0.31 0.81

*Significant at 5% level

*¥ Significant at 15z level NS - Not significant

DAS Days after the beginning of stress

NR - Not recorded as the S, plants dried off when water stress was continued for more than six days

021



Table 47 Leaf temperature (°C) in T. grandis seedlings as affected by different levels of water stress
through a nine day cycle

1 DAS 2 DAS 3 DAS i 4 DAS S5 DAS 6 DAS

Si::;iss 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400 0800 1400
() () () () (ws) () () (ws) () (b)) () (An)

Sg 264 320 25.7 30.7 26.2 31.7 255 3241 24.8 | 316 25.5 . 311

5, 26.6 32.1 25.7 30.8 26.3 320 25.5 324 . 24.8 316 25.5 311

8, 26.6 32.2 258 31.1 26.2 325 20.5 322 24.8 31.8 25.7 313

S, NR NR NR NR NR NR NR NR NR NR NR NR

F NS NS NS NS NS NS NS NS NS NS NS NS

LSD (0.05) - . . ; - ; ] ; ; ] ;
SEM=+ 0.19 ' 0.18 0.21 0.23 0.18 0.28 2I.57 0.35 0.10 1.60 0.19 0.32

NS - Not significant DAS Days after the beginning of stress

NR - Not recorded as the S, plants dried off when water stress was continued for more than six days

271
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mildly stressed plants were significantly reduced below control at 3 DAS.
Transpiration rate at both 0800 and 1400 hrs were significantly lower in plants

water stressed for six days (S,) at six DAS.

4.5.2.3 Leaf temperature

The leaf temperature recorded for 7. grandis seedlings in respect to
different water stress cycles are given in Table 47. There was no significant
variations in the leaf temperature observed due to the effect of water stress

during any of the days.

4.5.2.4 Leaf water potential

The diurnal variations in the leaf water potential ({ ) of T. grandis
_seedlings experiencing water stress at different levels are given in Fig. 15 and
Appendix VIL.  The pattern of variation in { was similar in all the
treatments with maximum values recorded by control and minimum, by the
moderately stressed (S,) plants. Mild and moderately s.tressed (S, and S,)
plants were well below that of control with minimum of 2.5 MPa recorded
during 1400 hrs in S, plants. A rise in the leaf water potential ({ ) towards

the evening hours was observed in all the plants.

4.5.2.5 Relative water content
‘The relative water content in the leaves of 7. grandis seedlings exposed

to different water stress levels are given in Table 44. The relative water



Table 48 Inter-correlation matrix of total dry matter production and other plant characters in T. grandis

Character LA LW CD SW RW RSR SLA TDMP
IN 0.727%* 0.653** 0.802%* 0.617%* 0.494* 0.104 0.565%* 0.609**
1A 0.878**I 0.504* 0.776%* 0.619%* 0.238 0.796%* 0.766*
LW 0.480* 0.928% 0.739** 0.313 0.839%* 0.916%*
CD ' 0.468* 0.395 0.388 0.401 0.472*
SW 0.688 ** 0.488* 0.678%* 0.933%*
RW . -0.089 0.338 0.904%*
RSR ‘ _ -0.201 -0.333
SLA ' 0.569**

* Significant at 1% level ** Sjenificant at 0,1% level LA - Leaf area
RW - Root weight LW - Leaf weight RSR - Root shoot ratio
SW - Sheot weight CD - Collar diameter TDMP - Total drymatter production

SLA - Specific leaf area

€21
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content in mild and moderately stressed (S, and S,) plants were below that

of control during both 0800 and 1400 hrs.

4.5.2.6 Net photosynthesis

The diurnal variation in the net photosynthesis from 0800 to 1600 hrs
in 7. grandis seedlings are shown in Fig. 16. Throughout the day net
photosynthesis recorded in control plants was higher than that recorded in
water stressed plants. A midday decline was observed at 1200 hrs in the
control plants. The net photosynthesis in mild and moderately (S, and S,)
plants were negligible and photosyﬁthesis with S, plants during most of the

day were zero.

4.6 Anatomical characters

The anatomical characters of the leaves of the different species grown
under different levels of water stress are shown in Plates 7 to 18. Leaves of
A. triphysa grown under water stress showed progressive degeneration of
palisade layers. A deterioration of chlorophyll pigments could also be
observed as the levels of water stress increased. There was an increase in the

amount of mechanical tissues like collenchyma, sclerenchyma and xylem

elements.



_ Plate 7 Cross section of A. triphysa leaf grown under
three day water stress cycle (x 100)

Plate 8 Cross section of A. triphysa leaf grown under
six day water stress. cycle (x 100)






Plate 9 Cross section of A. mangium leaf grown under
well watered (control) condition (x 100)

Plate 10 Cross section of A. mangium leaf grown under
nine day water stress cycle (x 100)






Plate 11 Cross section of S. macrophylla leaf grown
under well watered condition (x 100)

Plate 12 Cross section of S. macrophylla leaf grown
under nine day water stress cycle (x 100)






Plate 13 Cross section of S. macrophylla leaf grown
under well watered condition (x 450)

Plate 14 Cross section of S. macrophylla leaf grown
under nine day water stress cycle (x 450)






Plate 15 Cross section of P. marsupium leaf grown
under well watered condition (x 50)

Plate 16 Cross section of P. marsupium leaf grown
under nine day water stress cycle (x 100)






Plate 17 Cross section of T. grandis leaf grown
under well watered condition (x 100)

Plate 18 Cross

section of 7. grandis leaf grown
under s

ix day water stress cycle (x 100)



Plate 17 Cross section of T. grandis leaf grown
under well watered condition (x 100)

Plate 18 Cross section of T. grandis leaf grown
under six day water stress cycle (x 100)
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The anatomical features of the phyllodes of A mangiten grown under
water deficit situations are shown in Plates 9 and 10. There was not much
degeneration of chlorophyll pigments in the mesophyll layers. An increase in
the amount of m'v-schanical tissues was obscrved in the phyllodes of
A. mangium. Water stressed plants showed an increase in the thickness of

cuticle when compared to unstressed plants.

In S. macrophylla, leaves of the control plants (zero water stress)
showed a good amount of chlorophyll in definitely arranged palisade and
spongy layers of the mesophyil. As the severity of water stress increased {rom
mild to severe, considerable decrease in the amount of spongy parenchyma

“and a progressive deterioration of chlorophyll pigments with the mesophyil
tissue was ob'scrvcd (Plate 14). There was a decrease in the number of
palisade layers as the water stress levels intensificd. An increase in the
amount of mechanical tissues like collenchyma, sclerenchyma and xylem

elements was also observed in response to water stress.

A degeneration of the chlorophyll pigments with increasing water

[N

stress was observed in the leaves of P. marsupium scedlings. There was an

increase in the amount of mechanical tissues in water stressed plants.
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There was an increase in the cuticle thickness of T. grandis leaves due
to water stress (Plate 18). Chlorophyll pigments showed degeneration in the
mesophyll layers. An increase in the xylem elements and other supporting
tissues like collenchyma and sclerenchyma was also observed in response to
water stress. The decrease in palisade layérs and degeneration of chloroplast

is evident from plates 17 and 18.
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DISCUSSION

5.1 Growth parameters

Plant height was reduced significantly in Ailanthus triphysa at both 30
" and 90 DAP due to the cffcct of water stress (Table 1). However, at the end
of the growing period, the effect of water stress was not significant. In Acacia
mangium seedlings, there was a significant reduction in the plant height during
90 and 120 DAP and the reduction was in the tune of 21 and 46 per cent in
moderately and severely stressed plants at 120 DAP (Table 9). The reduction
in plant height of Swietenia macrophylla and Pterocarpus marsupium also
showed significant variations at 90 and 120 DAP (Table 17 & 25). The
intensity of reduction at 120 DAP for severely stressed plants were in the order
of 37 and 54 per cent below that of control in S. macrophylla and P. marsupium
respectively. Plant height of Tectona grandis did not show significant variations
due to water stress up to moderate level, except for a significant reduction at
00 DAP (Table 33). Severe water stress killed the plants. The primary effect
of water stress is the reduction in turgor which retards the cell elongation. This
in turn affect the internodal elongation of plants. Pessin (1938) and Wenger
(1952) found that various species of southern pine (Pinus palustris, P. elliotti,
P. taeda, P. echinata) were sensitive to shoot growth when subjected to
restricted irrigation. Reduction in stem elongation due to water stress was also
reported in loblolly pine (Cannell et al.,1978), Picea rubens (Robert and

Cannon, 1992) and Liriodendron tulupifera (Cannon ef al.,1993) seedlings.
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In the present study, the plant height of A. mangium, P. marsupium and
S. macrophylla decreased considerably, whereas that of T. grandis and
A. triphysa showed a reduction of lesser magnitude (Fig. 17). The overall
comparison of the five species indicated that the plant height was not much
influenced by the water stress levels in A. triphysa and T. grandis eventhough
T. grandis wilted and dried when kept without watering for six days or more.
In other species a steep decrease in plant height with increasing water stress

was observed.

The rooting depth, in general was not a.ffccted much due to water
stress in any of the species. However, significant variation in rooting depths
were observed at 30 DAP in 4. riphysa and at 90 DAP in T. grandis seedlings
(Tables 1 & 41). Eventﬁough there is a possibility for reduction in root growth
due to restricted watering regimes, in the present study, the rewatering cycles
may be so short that the roots could resume its growth. Similar observation
was reported by Waring and Schlesinger (1985) . Water stress in 4. mangium
is reported to increase the root growth capacity (Awang and De Chavez, 1993).
This is contrary to the findings of this study and it could be due to the short

rewatering cycles as mentioned above.

The collar diameter registered significant reduction in A. triphysa
seedlings at 30 and 120 DAP (Table 1) and in 4. mangium at 90 and 120 DAP

(Table 11). In A. triphysa, water stress reduced collar diameter by 4, 18 and
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29 per cent respectively in mild, moderate and severely water stressed plants.
In A. mangiurn, the reduction was to the tune of 14, 22 and 25 per cent
respectively at 120 DAP. In 8. macrophylla and T. grandis scedlings, significant
reduction was observed at 120 DAP (Tables 21 & 41). Collar diameter of
P. marsupium showed significant reduction at 90 and 120 DAP (Table 31). At
120 DAP, collar diameter was decreased by 37 per cent in mild, 41 per cent in
moderate and 53 per cent in severely stressed plants. S. macrophylla and
P. marsupium showed a sharp decrease even with mild levels of water stress
(Fig. 18). In other three species the decrease in collar diameter at this level
of water stress was marginal and negligible. When the water stress was further
increased (S, & S;), all the five species responded more or less similarly,
showing a steady marginal decrease in collar diameter with increasing stress
levels. S. macrophylla and P. marsupium appear to be very sensitive to water
stress as far as the girth of the plant is concerned. Upto 90 per cent of annual
variation in the xylem increment of forest trees has been attributed to water
deficits in arid regions and upto 80 per cent in humid regions (Zahner, 1968).
Several aspects of cambial activity, including division of fusiform cambial cells
and xylem mother cells as well as enlargement and differentiation of cambial
derivatives, are very sensitive to changes in water balance. The adverse
interference on cambial growth of Acacia auriculiformis due to water stress was
observed by Kallarackal and Somen (1992). Girth increment showed good

correlation with other water stress responses like higher stomatal resistance and
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lower water potentials. So the decrease in the collar diameter observed may

be the result of reduced cambial activily due to water stress.

The number of leaves, leaf area and leaf dry weight showed a decreasing
trend in response to water stress in all the five species. Mild water stress
reduced the number of leaves by 25 per cent, moderate water stress by 31 per
cent and severe stress by 61 per cent in A. triphysa at the end of the growing
period. At 120 DAP, the reduction in severely stressed plants were to the tune
of 56, 78, 70 and 75 per cent for A. mangium, S. macrophylla and P. marsupium
seedlings respectively. In T. grandis, even at moderate stress the reduction in
number of lcaves was to the extent of 75 per cent. Zahner (1968) has reported
that water stress induces senescence and early abscission which when combined
with reduced leaf primordia initiation result in a reduced number of leaves
per plant, A reduction in the number of leaves in response to water stress was
observed in Eucalyptus maculata and E. brockwayii (Myers and Landsberg,
1989) and Fagus sylvatica (Cermak et al., 1993). A comparison of the five
species indicate (Fig. 19) that the steepest decrease in number of leaves due
to water stress was in 4. mangium and T. grandis. When the water stress levels
increased to S, and S,, S. macrophylla and A. mangium showed further sharp
decrease, whereas the other three species showed only a steady marginal
decrease. In general the number of leaves, leaf area and leaf dry weight of
S. macrophylla, A. mangium and T. grandis were more sensitive to water stress

as compared to the other two species.
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The leaf area was also reduced due to water stress in all the species,
but the intensity of reduction varied. At 120 DAP, the leaf area was reduced
by 57, 78, 78 and 77 per cent in severely stressed A. triphysa, A. mangium,
S. macrophylla, and P. marsupium respectively. In T. grandis 53 per cent
reduction in leaf area was observed even at moderate levels of water stress
(éz). The reduction in leaf area could be primarily due to the reduced
number of leaves in the seedlings (Tables 2, 12, 22, 32 & 42 ). A signilicant
positive correlation (Tables 9, 19, 29, 39 & 48 ) was observed between the
number of leaves and leaf area in all the species. This coupled with factors like
reduction in leaf size and increased leaf abscission due to water stress might
have contributed to the reduced leaf area. Boyer (1976) attributed the
reduction in leaf size as the main reason for the reduction of leaf arca in water
stressed plants whereas Ludlow and Muchow (1990) attributed the reduction
in leaf area to increased leaf abscission. A steep decline in leaf arca was
observed due to water stress in P. marsupium and S. macrophylla even at mild
water stress (Fig. 20). In S. macrophylla the steep decrease continued with
further increase in water stress level to S, and S,. However, in P. marsupium
water stress above S, showed only a marginal decrease in leaf area. The leaf
area of A. mangium decreased sharply when the water stress level was
increased from S, to S,. In the other two species the response was marginal
and smallest respoﬁse was in A. triphysa. This sudden decrease in leaf area
might be a mechanism of the species to reduce water loss in response to

restricted water availability. S. macrophylla which maintained highest leaf area
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quickly decreased it under water stress whereas 1. grandis maintained its leaf
area even under water stressed situation resulting in a higher transpiration and
permanent wilting of the plants within six days of dry period. This argument
can also be supported by the data on LDR in 7. grandis (Fig. 14). These
results indicate that 7. grandis showed permanent wilting when the soil
moisture tension (SMT) approached 5 bars (S,) whereas other four species

survived without wilting even when the SMT approached 10 bars (S;) (Fig. 1).

The leaf dry weight of all the species showed significant reductions due
to water stress during different growth stages. Severe water stress reduced the
leaf dry weight to a great extent in all the species. The reduction in leaf dry
weight could be attributed to the reduction in number of leaves per plant

and the leaf area (Tables 2, 12, 22, 32 & 42).

'The number of leaves, leaf area and leaf dry weight which showed a
sharp decline (Fig. 19; 20 & 21) in A. mangium and S. macrophylla seedlings
indicate their inability to withstand water deficits during seedling stages.
In A mangium Supriadi and Valli (1988) observed wilting and stunted
growth of the 4. mangium seedlings due to water stress. A. tri;uhysa seedlings
did not show severe reduction in number of leaves, leaf area and leaf dry
weight as observed in other species indicating that the species can tolerate

water deficit situations.
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The dry weight of shoot in all the {ive species showed a decreasing trend
with increasing water stress levels. In A. triphysa severe water stress reduced
the shoot weight by 61 per cent as compared to control at 120 DAP (Table 3).
The reductions were in the tune of 64, 72, and 87 per cent for A. mangiumn,
S. macrophylla, and P. marsupium respectively (Tables 13, 23, & 33).
In 7. grandis, though the plants showed s.ymptoms of permanent wilting at
- severe water stress (S,) it showed qnly 35 per cent reduction in the shoot dry
weight at moderate water stress (S,). The reduction in'shoot weight could be
due to the cumulative effect of reduction in plant height, collar diametcr, leaf
number and leaf area dL‘lC to water stress. The correlation matrices of the
different species (Tables 9, 19, 29, 39 & 48) showed good positive correlation
of the above characters with the shoot dry weight. There are a number of
reports (Driessche, 1991; Roberts and Cannon, 1992) which cites decrease in
shoot dry weight due to water stress in specics like Pseudotsuga menzeisii, Pinus
contorta, Picea glauca etc. The response of the different speciesto water

stress (Fig. 22) indicate that S. macrophylla which showed the steepest
decline even with mild water stress is the most sensitive. The reduction in
shoot dry weight of A. mangium was slow and steady. However, in A. triphysa,
the decrease in shoot dry weight was marginal and negligible indicating the
tolerance of the species. In T. grandis also the decrease in shoot dry weight
was only marginal up to moderate water stress, eventhough the species showed

symptoms of permanent wilting when the water stress was further increased.
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Thq dry weight of roots also showed significant reductions due to WatCI:_
stress in all the species. In A. friphysa, about 75 per cent reduction in root
weight was observed at 60 DAP. Swietenia macrophylla and P. marsupium also
showed severe reduction in root dry weight at 120 DAP with a reduction of
65 and 45 per cent in severely stressed plants at 120 DAP (Tables 23 & 33).
As the rooting depths were not appreciably affected by water stress in any of
the species, the decrease in root weight might be the result of the decreased
root regeneration under high soil water stress. Decreased root regeneration
with increésing soil moisture tension was observed in northemn red oak
(Larson and Whitmore, 1970) and in white pine seedlings (Day and Mac
Gillivray, 1975). Seiler and Johnson (1984) reported reduced root dry weight
in Alnus glutinosa seedlings in response to water stress. The overall
comparison of the five species revealed that root dry weight declined steeply
in S. macrophylla and P. marsupium even with mild water stress (Fig. 23).
However, further reduction was gentle and slow with increasing levels of water
stress. A steady decrease of root dry weight with increasing water stress levels
was observed in T. grandis. In A. triphysa and A. mangium, the decrease was
- marginal and negligible. The sharp reduction in the shoot and root weight of
S. macrophylla seedlings with water stress emphasises the sensitivity of the
specics to water stress. Root dry weight was also reduced considerably.
Though the shoot weight of A. mangium secdlings were reduced with increasing
walter stress, the root weight was not affected much by wate:r stress. May be

that the partitioning of photosynthates in A. mangium seedlings were in favour
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of the root growth, during periods of stress to cope up with the reduced water
availability. " In the case of A. triphysa, the variations in shoot and root dry
weight were negligible when compared to other species indicating the ability

of the species to establish in dry areas.

The root - shoot weight ratios of none of the species studied showed
consistent variations in their response to water stress. Significant variations
were observed at certain growth stages in species like A. triphysa, A. mangium
and P. marsupium. Hence it is inferred that the root - shoot ratio in these
specie;s were not influenced much due to water stress as the shoot and root

dry weights were decreased proportionately, except in A. mangium.

The total dry matter production was reduced considerably in all the
species due to the effect of water stress with pronounced reduction in severely
stressed plants. In A. triphysa and T. grandis seedlings, the rate of reduction
was lesser in mildly stressed plants (6% and 10% respectively) and the intensity
of reduction was increased to 60 and 41 per cent respectively in severely
stressed plants. The reductions were in the tune of 64, 73 and 82 per cent in
A. mangium, S. macrophylla and P. marsupium seedlings. Water deficits
generally have a negative effect on the dry matter production in plants as it

impairs with many of the physiological processes which determines the growth.
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Fig.23. Root dry weight of tree seedlings at 120 DAP as
influenced by different levels of water stress
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Fig.24. Total dry matter production in tree seedlings at 120 DAP
as influenced by different levels of water stress
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The reduction in dry matter production obscerved could be due Lo the
decrease in the plant characters like leaf area, leaf dry weight, shoot dry
weight, root dry weight etc which are positively correlated with the total dry
matter production in different species (Tables 9, 19, 29, 39 & 48 ). The total
dry matter production was reduced significantly even by mild water stress in
S. macrophylla and P. marsupium seedlings (Fig.24). Further increase in stress
evoked a slow and steady decrease in dry matter production. Ailanthus triphysa
and A. mangium showed a steady slow decrease. In T. grqndis also mild water
stress resulted in a steady and slow decrease in dry matter production.
However, moderate water stress seemed to reduce the tcztal dry matter
production drastically. When compared to other species, the reduction in dry
matter production of 4. friphysa seedlings was less indicating the tolerance of

the species tqQ water stress.

The relative growth rate (RGR) at 90-120 DAP interval showed a
decreasing trend with increasing levels of water stress in different species
(Fig.33). Under well watered conditions, the RGR of T. grandis was low, that
of A. triphysa, A. mangium and S. macrophylla was medium and that of
P. marsupium was high. RGR was not much affected by mild water stress in
A. triphysa and S. macrophylla -seedlings. Further reduction with increasing
water stress levels were slow and steady. Eventhough the RGR of A. triphysa
and S. macrophylla responded more or less similarly in response to watcr.s_tress,

the plant dry weight of S. macrophylla was decreased drastically due to water
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stress, whereas, in A. triphysa, the decreasc in total dry malter production was
only marginal. So in the long run, A. triphysa may perform better than
S. macrophylla under water stressed situations. The negative effect of watér
stress on RGR of 7. grandis was negligible. In P. marsupium and A. mangium,
there was an increase in the RGR at moderate !evcls of water stress. The
number of leaves, leaf area and leaf dry weight per plant in 4. triphysa and
P. marsupium, eventhough low under water stress situations the leaves
maintained high efficiency with respect to dry matter production as indicated
by the data on relative growth rate and net assimilation rate (Fig. 25 & 26)

which were relatively stable as compared to S. macrophylla and A. mangium.

The net assimilation rates (NAR) showed steep decline with water stress
for A. mangium, T. grandis and P. marsupium seedlings (Fig. 34).. Sharp
decline was observed even with mild water stress. It is noteworthy that mild
water stress (S,) increased the NAR in A. triphysa under mild water stress (S,),
inspite of having not much change in leaf area and leaf dry weight. This
indicate relatively high dry matter production efficiency of the species under
water: stress situations. The data on the NAR of P. marsupium seedlings also

suggest the increased efficiency of the available leaf area.

3.2. Physiological characteristics
The leaf diffusive resistance (LDR) showed an increasing trend with

increasing water stress in all the species. The rise in LDR was steeper at
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moderate a,nd severe levels of water stress, Even at the beginning of the dry
cycle (1 DAS), most of the species showed significantly higher LDR. The
LDR v-alues showed significant increase for all the species due to the effect of
water stress and the rise in LDR was in proportion with the levels of water
stress. The §tomata1 closure is usual when the turgor of gﬁard cell decreases
during relatively early stages of leaf water deficits, often long before leaves
wilt (Kozlowski, 1976). Hence a steep increase in the LDR could be due to
severe water deficit situation that might have developed in the lea'ves due to

moderate and severe water stress cycles. Such closure of stomata with water

deficit situation have been reported in many tree species (Pereira and

Kozlowski, 1978; Kozlowski, 1982).

In the diurnal variations also, the values of LDR were much higher for
water stressed plants in all the species. There was a pronounced midday
stomatal closure for moderately stressed seedlings of 1. grandis and moderately
severely stressed plants of A. triphysa. (Fig 14 & 2). In A. mangium and
P. marsupium, though all the water stressed plants showed midday stomatal
closure, it was more prominent in moderately and severely stressed plants
(Fig. 5 & 11). It is clear from the results that as the water stress increascs,
plants reduce their water loss by stomatal regulation of traﬁspiration. The

stomatal response is more at higher levels of water stress in all the scedlings.
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A comparison of the LDR of the different species (FFig. 27) showed that
LDR in S. macrophylla and A. mangium increases stécply with water stress upto
S, level. In A. mangium, further steep increase was observed with increasing
levels of water stress whereas in S. macrophylla, mild and moderate levels.did
not show differences in LDR, but increased with severe wa-ter stress, indicating
quick closure of stomata with water stress. The sensitivity of these species to
water stress was also evident from the leaf water potential (Fig. 28) which
declined sharply with water stress. Inspite of the quick responsc of the slamata
to water stress, as deduced from the steep increase in the LDR in
S. macrophylla and A. mangium in response to water stress, the plants were not
able to maintain high leaf water potential. This indicate the poor ability of the
species to absorb soil moisture under water stressed situations. This is also
corroborated by the low root dry weight recorded in the species. In 7 grandis

and A. triphysa LDR increased slowly with increase in water stress indicating

the sensitivity of the stomata of the species to water stress.

Stomatal mechanism in S. macrophylla is liot_very efficient as compared
to A. man;gium. This was deduced from the LDR of §. macrophylla which
showed sudden increase with mild water stress, but did not increase
proportionately with further increases in water stress (Fig. 27) whereas
inA. mangum, the LDR increased proportionately with increasing water stress
levels upto S;. The slowest stomatal response was found in 7. grandis and the

lastest in A. mangium. Inspite of the slow stomatal closure and high
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transpiration in 7. grandis, it was able to maintain high leal walcr potential
because of the efticient utilisation of soil moisture with its well developed root
system. This is corroborated by the high root dry weight observed in 7. grandis
(Fig. 23). Leaf diffusive resistance in A. triphysa and P. marsupium was not
much increased due to mild we:ter stress (S,) indicating that the stomata was
open at this level of water stress. This probably enabled more gas exchange
through the stomata and could be one of the reasons for the high net
photosynthesis observed in these two spécies even under water stressed
situations (Fig. 29). These two species maintained a high leaf water potential

under water stressed condition inspite of the low LDR indicating the inherent

low transpiration of the species.

'The leaf water potential (LWP) of control and mildly stressed plants
were in the close range in A. triphysa (Fig. 3), P. marsupium (Fig. 12) and
T. grandis (Fig. 15) seedlings. However, the moderate and severely stressed
plants showed much lower leaf water potentials as compared to well
watered plants. The LWP of severely stressed plants of A. triphysa was far

below -2.5 MPa and that of 4. mangium <-4.0 MPa. In §. macrophylla,
even the moderately stressed plants were showing LWP less than -2.6 MPa.
The leaf water potential of S. macrophylla and A. mangiun showed a steep
decline with increasing water stress (Fig. 28). The pattern of decline in the
LWi’ was more or less similar for A. triphysa, P. marsupium and T. grandis

seedlings upto S, level of water stress. Further increase in water stress, though
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transpiration in 7. grandis, it was ablc to maintain high lcal water
potential ({ ) because of the efficient utilisation of soil moisture. with its well
developed root system. This is corroborated by the high root dry weight
observed in T. grandis (Fig. 23). Leaf diffusive resistance in A. triphysa and
P. marsupium was not much increased due to mild water stress (S,) indicating
that the stomata was open at this level of water stress. This probably enabled
more gas exchange through the stomata and could be one of the reasons for
the high net photosynthesis observed in these two species even under water
stressed situations (Fig. 29). These two species maintained a high leaf water

potential (¥ ) under water stressed condition inspite of the low LDR indicating

- the inherent low transpiration of the species.

The leaf water potential ( ) of control and mildly stressed plants were
in the close range in A. triphysa (Fig. 3), P. marsupium (Fig. 12) and T:
grandis (Fig. 15) seedlings. However, the moderate and severely stressed

plants showed much lower Y as compared to well watered plants. The

+ of severely stressed plants of A. triphysa was far below -2.5 MPa and

that of A. mangium <-4.0 MPa. In S. macrophylla, even the moderately
stressed plants were showing ¢ less than -2.6 MPa. The leaf water potential
of S. macrophylla and A. mangium showed a steep decline with increasing
water stress (Fig. 28). The pattern of decline in the ¢ was more or less
similar for 4. triphysa, P. marsupium and T. grandis seedlings upto S, level of

water stress. Further increase in water stress, though decreased the ¢ of
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these species, the decrease was less compared to S. macrophylla and
A. mangium. The three species maintained a far higher ¥ (-0.99 to
. -2.32 MPa) at all the levels of water stress as compared to 8. macrophylla
and A. mangium, whereas the § was less than -4.0 MPa and -3.0 MPa
respectively even at moderate (S;) levels of water stress. This shows
the ability of A. triphysa and P. marsupium to tolerate mild water stress
(~ -0.1 MPa SMT). It is.noteworthy that the net photosynthesis in A. triphysa

and P. marsupium was relatively high at this stress level (Fig. 29).

In A. mangium, the ¢ decreased to <-4.0 MPa when the water stress
was increased to S, level (~ -1.0 MPa SMT). It may be noted that the plant
biometric characteristics like collar diameter, number of leaves, leaf area, leaf
dry weight, shoot dry weight, root dry weight etc. decreased steeply in
A. mangium and S. macrophylla in response to water stress indicating that the
two species were unablé to maintain the leaf turgor under water stress
situations resulting in poor growth of the plant. This is inspite of the
adaptations like phyllodes instead ofl leaves, quick stomatal closure, low
chloroplast disintegration, high accumulation of soluble protein and probable
osmotic adjustment obscrved in 4. mangium. Eventhough the leaf area
decreased with water stress, leaf water potential (¥ ) was not maintained as
evidenced from the sharp decrease ‘iI‘l the . This may be because of the poor
absorption of water due to poorly developed root system as deduced from the

lower root dry weight (Table 13 & Fig. 23). So the popular beliel of
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A. mangium being a drought tolerant specics should be accepted with caution
at least in the seedling stage. In a.related species, A. auriculiformis Kallarackal
and Somen (1992) observed that the specics transpired in large quantitics
inspite of having adaptationg like phyllodes. Leaf water potential was
considered as a direct indicator of leaf turgor and hence a good indicator of
‘water status of plants. A sudden decline in the § as observed in
S. macrophylla and A. mangium indicates the inability of the species to
 withstand water deficit situations. Hence from the present study, the above
species were found to have difficulty in tolerating water stress at the seedling
stages. This could be particularly true in the case of a mesophytic species like
S. macrophylla. In the case of A. mangium, Supriadi and Valli (1988) have

observed that the seedlings of the species were intolerant to water stress.

In A. triphysa and P. marsupium leaf water potential did not decrease
appreciably with mild water stress. The leal turgor was maintained by rapid
adjustment of leaf area (Fig. 20). Further increase in water stress did not
result in decrease in leaf area which may have resulted in continued
transpiration. This may be thé reason for the rapid decrease observed in the
¥ when these two species were exposed to higher levels of water stréss
(S, and S;).  In T grandis, leaf area decreased in response to mild water
stress, however, water potential showed only a marginal decrease. When the
water stress was increased to moderate and severe levels, there was a steep

decrease in leaf water potential. The leaf area also decreased at these levels
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of water stress indicating that the leaves remaining on the plants were
transpiring freely. This view is supported by the slow stomatal response of the

species as indicated by the low LDR in response to water stress.

In general, the water stressed plants showed a higher leaf temperature
than the well watered plants in all the species. The diurnal variations of leaf
temperature in severely stressed plants were also showing higher values. The
elevation in the leaf temperature could be due to the decreased transpiration
rate (Table 6, 16, 26, 30 & 46) caused by water stress as against a well watered
plant which transpires optimum and makes the leaves cool. Elevation in leaf
temperature was observed by Idso et al. (1978b) due to moisture deficit
situation. Such situations would lcad to a reduction in photosynthesis resulting
in the decline of total dry matter production. Nevertheless, the leaf
temperature alone cannot be considered as good indicator of water stress as

there was no consistent pattern of variation.

Net photosynthesis of all the species were significantly influenced by
water stress. Distinct variations could be observed with the control plants
showing maximum photosynthesis. Nevertheless, a decline during mid hours
of the day was observed in all species irrespective of the water stress
treatments. Such midday reductions was observed in different species by
Hanson and Dye (1980) and Tenhunen et al (1980). Reduction in net

photosynthesis was concomitant with the increasing water stress levels; with
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severely stressed plants showing the least photosynthesis. The reduced net
photosynthesis of the water stressed secedlings could be attributed primarily to
the increased LDR. A significant positive correlation of the net photosynthesis
with leaf conductance was found in all the different specics in the present study
(Tables 10, 20,30 & 40). An increase in the leaf temperature also interferes
negatively with the photosyhthesis of the plants. Reduction in net
photosynthesis was reported in several species in response to water stress

(Kozlowski, 1982; Schulze, 1986).

The decline in net photosynthesis was steeper in P. marsupium,
A. mangium and T. grandis indicating the higher sensitiveness of the
photosynthetic mechanism of the specics to water stress. Net photosynthesis
showed least values [or severely ern.:sscd T. grandis scedlings (Iig. 16) which
recorded zero net photosynthesis at 1000, 1200 and 1600 hrs. At 0800 and
1400 hrs there was measurable photosynthesis. This is again ev1dcr1t from the
sharp decrease in the net assimilation rates (NAR) of the species as read from
Fig. 26. In the case of 4. triphysa and . macrophylla  seedling also, a
decline in net photosynthesis with water stress was observed. IHowever, the
NAR showed an increasing trend with mild water stress which then declined
steeply with further increase of water stress. The relative growth rates showed

decreasing trend (Fig. 25) for all the species concomitant with the reduction

in net photosynthesis.
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Fig.29. Net photosynthesis of tree seedlings at 1200 hrs
as influenced by different levels of water stress
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In T. grandis, eventhough the LDR was low and the § high, net
photosynthes;is showed steep decrease evén with mild water stress -indicatin;g
the sens.:itivity of the species to water stress: The decrease in net

" photosynthesis observed in T. grandis may be becausé of the hié‘n chloroplast
disintegration, which we have observed in the anatomical studies of the leaf
(Plate 18) and/or other physiological reasons. The relatively stable relative
growth rate and steeply decreasing net assimilation rate in T. grandis with
increasing water stress indicate the poor efﬁcicncy of the leaves of T. grandis
in producing photosynthe;tes under water stressed situations. This is also
evidenced from the sharp decrease in net photosynthesis in 7. grandis in

response to water stress.

The relative water content of 4. triphysa seedlings did not show
significant variations due to water stress (Table 4). In species like
A. mangium, S. macrophylla and P. marsupium, though the RWC did
not vary at 0860 hrs, water stress reduced the RWC at 1400 hrs
(Tables 14, 24 & 34). In A. mangium and S. macrophylla, the reductions
were severe in all water stressed plants whereas in P. marsupium, only
moderately- and severely stressed plants showed.a steep decline. In
T. grandis, the RWC was significantly reduced both at 0800 and 1400 hrs. A
rapi'd decrease in the RWC is considered as a character of stress intolerant
species, whereas stress tolerant species, especially sclerophytes tend to have a

slower decrease in RWC as leaf water potential decreases (Cowan, 1981).

—
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Hence a rapid decrease in the RWC of S. macrophylla and A. mangium

seedlings during midday indicate that the species is intolerant to water stress.

5.3. Biochemical aspects

The chlorophyll ‘a’, chlorophyll 'b” and total chiorophyll contents were
reduced due to water stress in all the species studied. The severity of
reduction varied among the components and in the different species. In all the
four species studied, the reduction in chlorophyll ‘b’ content was more
intensive when compared to chlorophyll a and total chlorophyll (Tables 8, 18,
28 & 38). This implies that synthesis/disintegration of chlorophyll 'b’ is more
sensitive to water stress. Higher sensitiveness of chlorophyll 'b* was observed
in Grevellia robusta by Nautiyal ef al. (1993). The decrease in the chlorophyll
content due to water stress could possibly be by the loosing of chloroplast
membrane integrity (Vieira de Silva et al,, 1974) or due to the inhibition of
biosynthesis of the precursor of chlorophyll (Makhmuda, 1983). The total
chlorophyll content in the leaves of different species decreased with increasing
water stress. In S. macrophylla and P. marsupium seedlings, a steep decline in
the chlorophyll content was observed. However, the total chlérophy[l content
in A. maﬁgium was not significantly affected due to water stress. This was
evident from the cross section of the phyllodes (Plate 10) where little or no

degeneration of chlorophyll pigments in the mesophyll was observed. Hence
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it could be inferred that 4. mangium might have some mechanism which
prevents the degeneration of chlorophyll pigments which have to be further

studied.

The free proline content in the leaves showed an increasing trend in all
the species with increasing water stress levels (Fig. 31). A. triphysa and
P. marsupium showed similar response with relatively higher proline content |
than A. mangium and S. macrophylla. As the proline content was increased in
all the species studied, it can be considered as an after effect of water stress

rather than an adaptation to combat water stress.

The soluble protein contents in the leaves of A. mangium and
A. triphysa registered an increase with water stress. However, in S, macrophylla
and P. marsupium seedlings, soluble protein conlent showed marked decrease
with increase in water stress (Fig. 32). The decrease in the soluble protein
content could be an indication of the absence of accumulation of drought
stress proteins as advocated by Newton et al. (1991) in response to water stress.
Hence such an adaptation to tolerate water stress by osmotic adjustment might
be lacking in S. macrophylla and P. marsupium. The soluble protein in
P. marsupium did not show significant.changes in response to water stress. The

increase in the protein content of Aidanthus and A. mangium seedlings may be
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Fig.31. Proline content in the leaves of tree seedlings
as influenced by different levels of water stress
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an indication of the species’ higher ability to tolerate stress by the production
of additional ‘drought stress proteins’ and resultant osmotic adjustment which

also calls for further investigation.

5.4 Anatomical characters

The anatomical differences observed in water stressed plants of the
various species (Plates 7 to 18) showed distinct variations. A common
_ observation in all species was that of an increase in the mechanical or
supporting tissues like collenchyma, sclerenchyma and xylem elements.
A decrease in the amount of spongy parenchyma cells and reduced,
disintegrated palisade layers indicate that 5. macrophylla seedlings are more
sensitive to water stress. A decrease in the palisade layers was also observed
in T. grandis seedlings. Nobel (1980) reported that environmental influences
like water stress can cause variation in the number of layers of mesophyll
cells andfor in the cellular dimensions. This result in different amount of
internal leaf area being available for the absorption of CO, per unit of leaf

surface area.

One of the interesting observations made on the-leaves of all species
except A. mangium was that of the degeneration of chlorophyll pigments in
mesophyll layers in response to water stress, A progressive degeneration, as the
stress levels increased (from mild to severe) was observed in A. triphysa,

S. macrophylla, P. marsupium and T. grandis seedlings as the water stress



increased. 'Gileset al. (1974) reported that mesophyll cells wex;e more sensitive
to water stress and in about 75 per cent of mesophyll cells, the chloroplast
become swollen under water stress conditions. In cotton leaves, a loss in
chloroplast membrane integrity due to water deficit was reported by Vieira de
Silva et al. (1974). In the present study also, mesophyll cells were more
sensitive to water stress in species like S. macrophylla. P. marsupium and
T. grandis. In S. macrophylla, the cells were highly sensitive to water stress as
compared to other species, indicating the lower tolerance of the species to
water deficit situation. It is interesting to note that even with severe water
stress, the chloroplast were intact in 4. mangium seediings as observed from

the cross section of the leaves (Plate 10).

Another important observation was that of the increasc in cuticle
thickness. In species like A. mangium and T. grandis, the cuticular thickness
was increased due to water stress (Plates 10 & 18). Leaves with thick cuticle
can reduce the transpiration rates in a water deficit situation and hence, the
- development of thick cuticle in the above species might be an adaptation to
cope up with reduced water availability.  Mishio (1992) reported higher

drought resistance in species with increased cuticular thickness.
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SUMMARY

A study was carried out at the College of Forestry, Vellanikkara to
know the response of certain selected forestry and agroforestry tree seedlings
to water stress. The study was conducted during the pcfiod 1994 to 1995.
Various morphological, physiological, biochemical and anatomical characters
in response to water stress were studied in Aidanthus triphysa (Dennst.)
Alston, Acacia mangium Willd., Swietenia macrophylla King, Pterocarpus
marsupium Roxb. and Tectona grandis 1..F. 'The pot culture experiment was
laid out in a Completely Randomized Design with four water stress levels
(~ < 0.3, 1.0, 5.0, 10.0 bars) in each of the species. The highlights of the

study are summarised hereunder.

1. Water stress reduced the shoot elongation rate in all the five species
with very high reduction under severe water stress. Adanthus triphysa
was found to be less affected by water stress with regard to shoot

elongation.

2. The collar diameter of the seedlings was reduced considerably by
water stress. However, mild water stress had no effect on the collar

diameter of A. triphysa and T. grandis seedlings.
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The number of leaves and leaf area showed a decreasing trend with
increasing water stress levels in all the species. Infact the number of
leaves and leaf area was found to be the most sensitive morphological
parameter to water stress. Severe reduction in number of leaves and
leaf area in Acacia mangiurm and Swietenia macrophylla indicate the
higher susceptibility of the species to reduced water availability

especially in young stages.

Shoot-weight and root-weight decreased due to water stress and the
reduction was severe in . macrophylla. In A. mangium the root-

weight was not much influenced by water stress.

The root-shoot weight ratios were not influenced by waler stress

appreciably in any of the species studied.

The total drymatter production was reduced considerably due to water

stress in S. macrophylla, P. marsupium and A. mangium seedlings.

Water stress increased the leaf diffusive resistance in all the species.
The rise was in proportion to the increasing levels of water stress. A
midday closure of the stomata was observed in all the species under

water stress and the closure practically absent in well watcered (control)

plants.
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The transpiration rates were reduced in all the species with increasing
levels of water stress and at severe water stress, the rates were very

much reduced.

The leaf water potential () declined for all the species with increasing
levels of water stress. In S. macrophylla, even with mild water stress,

the LWP was -2.4 MPa during the mid hours of the day. Acacia

* mangium showed a sharp decline with increasing water deficit.

The photosynthetic rate of all the species under study was severely
affected by water stress. A midday reduction of photosynthesis was
observed in all the species. Tectona grandis seedlings were highly
sensitive to water stress, with regard to net photosynthesis, that the

rate was near zero in severely stressed plants for most time of the day.

The leaf temperature of all the species was increased by water stress,

However, a consistent pattern-was lacking,

The chlorophyll contents were reduced significantly at all levels of
water stress in A. triphysa, S. macrophylla and P. marsupium. Synthesis
of chlorophyll ‘b’ was found to be more sensitive to water stress in

A. triphysa, A. mangium, S. macrophylla and P. marsupivwm seedlings.
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The accumulation of free proline was increased by water stress in all

the four species studied.

The soluble protein content increased in A. triphysa and 4. mangizm
seedlings in response to water stress. In P. marsupium, the protein
content showed oniy slight reductions, whereas S. macrophylla seedling
showed a steep decline in the soluble protein content with increasing

levels of water stress.

Water stress increased the amount of mechanical or supporting tis§ucs
fike collenchyma, sclerenchyma and xylem elements.
Chiorophyll pigments showed degencration in the mesophyll layers in

all the species except in A. mangitm, where the chloroplasts were

unaffected. by water stress. ;i .on i o o Wi e
Anatomically:S. mucrophylla seedlings.showed more sensitiveness_to
water stress byidecreasing thie:amotnt of spongy parenchyma cells and

a.reduced, disintegrated palisade layer in the leaves.

The' results lead to “the following conclusions. . The growth

charactetistics and- physiological behavicur -of all the five species were

adversely affected due to water stress. Among the five species studied’
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S. macrophylla is the most scnsilive specics and did nol show much
adaptations to tolerate water stress. Eventhough A. mangium showed
adaptations like quick closure of stomata, thick cuticle and low chloroplast
disintegration when exposed to water stress, growth characteristics were found
to be affected. So the species has to be tested for its water stress tolerance
in a long term experiment. Perocarpus marsupium is also found to be
sensitive to water stress and all the growth characters were adversely affected.
However, it showed relatively high net photosynthesis and relative growth
rate. A. triphysa is the least sensitive species to water stress. Considering the
relative growth rate and net photosynthesis, 4. triphysa and P. marsupium are
rated to perform well under dry situations. Among the five species studied
T. grandis seedlings showed symptoms of permanent wilting when the water
stress was increased from moderate (—5 Bar SMT) to severe (~10-Bar SMT}
levels. :Other.species:did not show permanent wilting even when the plants
were not watered for nine days continuously (S;). Growth characteristics in
T. grandis was not much affected due to mild (S,) levels of water stress
evepthough the plants wilted and dried under severe water stress (S;). Long
term and extensive studies have to be conducted to undersland l.l-lc variation

in response of these species to water stress. during various phases of growth.
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APPENDIX I

Weather parameters during the study period (June 1994 to September 1995)

Weather parameters

Mean monthly

Mean monthly

Months rainfall temperature Relative No. of rainy
{mim) cC) humidity days
Max. Min, EN AN
June 94 955.1 28.9 22.9 96 83 27
July 94 1002.1 28.6 224 26 85 29
Aug. ‘94 509.2 303 22.8 95 75 20
Sept.'94 240.5 31.8 23.2 92 G4 g
Oct. ‘94 358.2 32.3 227 92 68 20
Nov. '94 125.3 31.8 233 77 58 5
Dec. 94 0 322 22.2 71 45 0
Jan, ‘95 0 329 22.4 76 41 0
Feb. 95 0.5 354 234 79 41 0
Mar. 95 2.8 37.6 238 83 37 0
Apr. ‘95 118.7 36.6 249 87 55 5
May ‘95 370.5 33.5 23.9 91 65 13
June "95 500.4 316 23.1 94 77 19
July ‘95 884.7 29.9 23.2 96 81 26
Aug. 95 448.7 30.6 23.7 94 78 22
Sept."95 282.5 30.1 _ 23,5 94 70 13




APPENDIX II
Weather data (weekly average) for the experiment period (December 1994 to May 1995)

. Relative Sun Wind Evapo-

Month  Week  Total Temperature humidity shine speed ration
No. rainfall (°C) (%) hours  (mean) (mean)
(mm) (mean)  Kmph mm/day

Max.  Min. FN AN

Dec. 94 49 0 319 216 68 43 109 87 50
— 50 0 31 21 71 4 108 838 54
51 0 32 240 75 50 104 107 58

52 0 319 231 6 4 103 128 6.1

Jan.95 1 o 38 21 7 42 05 112 58
2 0 333 215 8 49 8.5 43 41

3 0 317 B8 T 4 97 105 62

4 0 35 22 7T 34 104 96 6.6

5 0 339 242 6 37 108 108 6.98

Feb.95 6 0 347 234 71 37 103 102 75
7 0 356 26 19 39 9.9 46 5.6

8 0.5 361 234 89 50 97 38 49

0 0 372 231 9% 37 9.0 43 56

Mar. 95 10 18 369 238 86 386 86 456 55
11 10 378 238 82 41 93 33 58

12 0 389 237 75 33 103 52 7.6

13 0 365 245 8 47 95 46 59

Apr.95 14 548 375 244 86 49 89 44 60
s 462 363 247 8 52 0.1 40 56

16 126 357 250 87 60 8.9 39 52

17 51 372 255 85 S8 9.6 40 53

18 1100 354 245 80 6l 7.6 34 i

May 95 19 2909 313 238 96 74 13 38 63
20 232 330 243 92 64 6.8 Al 41

21 06 338 238 8 6l 88 37 46

2 42 35 237 91 63 8.1 40 47




Mean values on diurnal variations in leaf diffusive resistance, leaf temperature and leaf water potential of A. friphysa
seedlings as affected by different levels of water stress

APPENDIX III

Leaf diffusive resistance

Leaf temperature

Leaf water potential (MPa)

Time (m mol m? s?) (°C)

(hrs) S, S, s, S, S, S, S, s, S, s, S,
0600 27.6 27.5 49.8 473 264 25.0 249 259 0.28 -0.30 -1.43
0800 A 7.9 3.8 26.4 55.8 27.2 231 25.1 26.9 -0.49 -0.48 -2.06
1000 3.6 7.1 52.5 78.3 302 300 30.0 313 -1.00 -1.07 -2.13
1200 3.3 109 75.2 130.2 318 321 323 349 -1.07 -1.17 -1.96
1400 4.9 i0.4 95.7 78.0 33.3 334 34.1 359 -0.95 -1.04 =212
1600 3.9 6.3 54.2 82.5 33.2 331 32.0 35.0 -0.83 -0.79 -1.80
1800 - 233 254 60.8 85.3 30.9 310 294 31.7 -0.34 0.56 -1.74




Mean values on diurnal variations in leaf diffusive resistance, leaf temperature and leaf water potential of A. mangium
seedlings as affected by different levels of water stress

APPENDIX IV

Leaf diffusive resistance

Leaf temperature

Leaf water potential (MFPa)

Time (m mol m?® s (°C)

(hrs) S, s, s, S, S, s, S, s, So S, S,
0600 15.3 16.8 517 92.8 250 25.0 25.2 266 -0.10 0.18 -1.07
0800 4.9 13.7 346 45.7 26.7 26.2 25.0 265 -0.57 -1.22 -2.22
1000 4.4 23.5 47.5 139.6 304 30.7 303 321 -0.82 -1.61 -2.58
1200 5.9 383 78.4 128.6 33.1 34.6 33.1 35.6 -1.02 -2.00 . -2.91
1400 6.7 279 123.1 186.4 34.5 337 . 343 36.0 -1.00 -2.02 -2.91
1600 9.6 21.7 67.4 94.0 33.5 321 324 355 -1.02 -1.10 -2.17
1800 21.6 34.6 96.0 71.2 29.6 304 30.0 314 -0.30 -0.61 -1.98




APPENDIX V

Mean values on diurnal variations in leaf diffusive resistance, leaf temperature and leaf water potential of S. macrophylla

seedlings as affected by different levels of water stress

Leaf diffusive resistance

Leaf temperature

Leaf water potential (MFPa)

Time (m mol m? s%) (°C)

(=) S, 8, S, 8, S S, S, S, S, S, S,
0600 54.8 1053 106.9 118.2 22.9 243 23.3 229 0.23 0.29 -
0800 22 6.1 122 157 24.9 29.1 30.7 26.8 -1.09 -1.99 -
1000 8.3 28.4 339 72.0 29.2 34.4 35.5 34.9 -1.54 214 -
1200 7.3 26.1 36.7 64.3 31.8 383 37.4 36.9 -1.88 2.13 <26
1400 7.3 50.4 42.4 109.2 34.9 40.4' 36.8 379 - -1.52 2,40 -
1600 9.4 718 80.3 27.0 33.4 39.8 35.5 342 -1.89 2.05 -
1800 29.7 86.5 80.1 24.8 30.9 36.6 325 304 -1.00 -1.50 -




APPENDIX VI

Mean values on diumal variations in leaf diffusive resistance, leaf temperature and leaf water potential of P. marsupium
seedlings as affected by different levels of water stress ' )

L

Leaf diffusive resistance Leaf temperature Leaf water potential

Time (m ol m? s?) _ (°C) (MPa)

(hrs) S, S, S, S, S, 8, S, S, S, S, S, S,
0660 37.4 37.1 619 580 23.6 262 26.2 25.1 -0.19 0.21 -0.36 -0.37
0800 6.0 35 21.5 135 253 202 30.4 275 <0.39 _-0.30 -0.57 -0.56
1000 3.0 3.9 43.2 48.1 26.6 32.8 34.2 334 -0.50. -0.72 -0.69 -0.85
1260 4.7 14.2 48.1 33.8 34.0 3al 374 336 081  -083 -1.68 -2.00
1400 5.6 16.3 74.2 109.6 344 38.1 37.6 34.5 -1.14 -1.13 -2.07 232
1600 8.7 12.4 714 29.2 33.8 38.5 33.1 33.0 0.64 0.89 -1.07 -1.15

1860 444 28.8 40.8 44.2 304 36.6 318 31.1 -0.21 -0.37 -0.46 -0.49




APPENDIX VII

Mean values on diurnal variations in leaf diffusive resistance, leaf temperature and leaf water potential of 7. grandis

seedlings as affected by different levels of water stress

Leaf diffusive resistance Leaf temperature Leaf water potential
Time (m mol m? s (°C) (MFa)
(hrs) -
SO Sl 82 SO Sl SZ SO Sl Sl

0600 280 ™ 207 34.8 245 243 24.3 -0.26 -0.66 -0.70
0800 6.5 6.5 8.0 251 26.5 26.5 -040 -1.01 -1.17
1000 2.5 13.5 26.8 28.1 30.0 30.4 -0.71 -1.20 -1.76
1200 34 328 48.9 29.8 317 325 -1.04 -1.81 -2.46
1400 4,6 35.5 516 30.1 324 32.9 -0.99 11,90 -2.52
1600 6.7 20.8 315 313 31.8 31.8 -1.01 -1.71 -2.03
1800 22.4 29.0 45.4 32.8 302 30.2 -0.33 -1.03 -141

Observations on S, plants not recorded as the plants dried off when water stress was continued for more than 6 days
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ABSTRACT .

v

) .~-An experiment was conducted at ihe Coliegei of Foréslry, :KeraI'a Agficultﬁral
University, Vellanikkara, Thrissur during the period from 1994 to 1995 with-
seedlings of Acacia mangium Willd., Affanthus triphysa (Dennst) Alston.,
Pterocarpus marsupium Roxb., Swietenia macrophyfia King and fectona grandis

L.F. to study the response of the species to water stress.

The results showed that the growth characteristics and physiological
behaviour of all the five species were adversely affected due to water stress.
Among the five species studied S. macrophylia was the most sensitive species and
did not show much adaptations to tolerate water siress. Eventhough A. mangivum
showed adaptations like quick closure of stomata, thick cuticle and low chloroplast
disintegration when exposed to water stress, growth characteristics were found to
be adversely affected due to water stress. So the species has to be tested for its
water stress tolerance in a long term experiment.  Plerocarpus marsupium was
also found to be sensitive to water stress and all-the growth characters were
adversely affected. However, it showed refatively high net photosynthesis and
relative growth rate. A#anthus triphysa was the least sensitive species to water
stress. Considering the rélative growth rate and net photosynthesis, A. triphysaand
F. marsupium are rated to perform well under dry situations. Among the five
species studied 7. grandis seedlings showed symptoms of permanent wilting when
the water stress was increased from moderate (~ 5 Bar SMT) to severe (~ 10 Bar
SMT) levels. Other species did not show permanent wilting even when the plants
were not watered for nine days continuously (S,;). Growth characteristics in
T. grandis was not much affected due to mild (8,) levels of water stress

eventhough the plants wilted and dried under severe water stress (S,).
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