THE EFFECTS OF TEMPERATURE, PHOTOPERIOD, AND LEAF AGE
ON FOLIAR SENESCENCE iN WESTERN LARCH
(LARIX OCCIDENTALIS NUTr.)
by

SELMA IDUNA ROSENTHAL
A.B., Bowdoin College, 1985
M.S., George Washington University, 1988
A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
in
THE FACULTY OF GRADUATE STUDIES
(Department of Botany)
We accept this thesis as conforming
to the required standard

THE UNIVERSfiEY OF BRITISH COLUMBIA
April 1995
© Selma Iduna Rosenthal, 1995

In presenting this thesis in partial fulfilment of the requirements for an advanced
degree at the University of British Columbia, I agree that the Library shall make it
freely available for reference and study. I further agree that permission for extensive
copying of this thesis for scholarly purposes may be granted by the head of my
department or by his or her representatives. It is understood that copying or
publication of this thesis for financial gain shall not be allowed without my written
permission.

(Signature)

Department of
The University of British Columbia
Vancouver, Canada

Date

DE-6 (2/88)

11

ABSTRACT
Deciduous trees integrate environmental signals to determine the onset and rate of
autumnal foliar senescence.

In this thesis I studied that process by characterizing

environmentally-induced foliar senescence in western larch (Larix occidentalis Nutt.).

I

obtained measurements from seedlings senescing outdoors and from those induced to senesce
in environmentally controlled chambers. The data were examined using graphs and regressions.
Findings from outdoor growing seedlings were similar to results from seedlings that senesced
in growth chambers, suggesting that both experimental designs allow one to study the
senescence process effectively.
I quantified the timing and process of senescence as it varied with leaf age and
environmental conditions.

In most experiments, senescing needles displayed a decline in

pigment levels first, followed by carbon assimilation and Rubisco amount, and finally,
chlorophyll a/b ratio and quantum yield.

Warmer air temperature delayed the onset of

chlorophyll and photosynthetic decline. Extended photoperiod delayed the onset of chlorophyll
decline but did not affect the timing of photosynthetic. decline. Neither air temperature or
photoperiod directly affected the onset of decline in chlorophyll a/b ratio. Instead, the initial
decline in pigment and assimilation rates may have caused the subsequent decline in chlorophyll
a/b ratio.

Finally, increased leaf age accelerated the onset of decline of all measures of

senescence.
Environmental conditions affected not only the onset but also the rate of senescence.
While extended photoperiods delayed the onset of pigment loss, the rate of photosynthetic
decline, once it began, was unaffected by extended photoperiod. In contrast, seedlings grown

111

in 8°C above ambient warmer soil had higher photosynthetic rates per unit chlorophyll than
control seedlings while seedlings grown in 3°C warmer soil did not display different
photosynthetic rates from control seedlings.
Using new methods developed in this thesis, I provide evidence that leaves integrate
temperature and photoperiod signals differently. I show that it is possible to quantify the relative
importance of these conditions in stimulating autumn chioroplast senescence. Furthermore, if
differences in the weather and age of the leaf are accounted for, it is possible to predict the
timing of pigment loss and rate of photosynthetic decline during autumn.
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CHAPTER 1: INTRODUCTION
Senescence is the process of getting old. This simplistic statement does not account for
the observations that young tissue can show symptoms of senescence such as chlorophyll loss,
protein degradation, and eventually cellular death. Furthermore, it does not account for the
variation found in the rate and sequence of events during senescence. Since the late 1800’s, but
especially in the last twenty years, many researchers have examined plant senescence at all levels,
included organisms, organs, and organelles, in an effort to understand the processes of
senescence. The interest in senescence can be attributed to the fact that it is a fundamental
process that affects the life cycle of a plant.
Studies on plant senescence have varied considerably, both with respect to the methods
used and the insights obtained. In part, that variation reflects the fact that monocarpic. plants
(plants that die after flowering) and polycarpic plants (plants that flower, grow vegetatively, and
then can flower again before dying) provide different systems for examining senescence. Among
monocarpic plants the interaction between nutrients during the shift from vegetative to
reproductive stages is important as a senescence trigger. On the other hand, among polycarpic
plants, age-related deterioration and stress conditions are the most common causes of senescence.
Most often, a combination of conditions trigger senescence.

For example, autumnal leaf

senescence in deciduous trees occurs when autumn weather and photoperiod triggers leaf
senescence as the tree becomes dormant for the winter season.
The study of senescence in artificial systems is common. For both monocarpic and
polycarpic plants, senescence of detached organs such as fruits, flowers, cotyledons, and leaves
have received attention because complications caused by inter-organ communication have been
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removed. Furthermore, the study of detached leaves has been a popular method to characterize
senescence because the system is easily reproduced and senescence generally occurs more quickly
than under natural conditions. In addition, it is possible to place leaves in darkness or in solutions
containing stimulators of senescence and to record the observed effects on senescence. While
studies of detached leaves have been invaluable in defining events during senescence, researchers
have also begun to focus on less artificial systems.
In this dissertation I examine the onset and process of autumnal foliar senescence in
attached leaves. Foliar senescence can be triggered through many types of stimuli. Internal
factors accelerating foliar senescence also include altered source-sink relations while external
factors include natural (seasonal) and man-made environmental changes, and stresses from
nutrient deficiency and pathogen invasion.

Leaf senescence is commonly a result of a

combination of these events.
Given the importance of the senescence process to plant development, a large literature
not surprisingly reflects attempts to understand senescence. Nevertheless, many gaps remain.
Biochemical studies have demonstrated that certain processes, such as damage from oxidative
stress and protein degradation, occur during all types of senescence (Smart 1994, Pell and Dann
1991, Brown et al. 1991, Kelly and Davies 1988, Stoddart and Thomas 1982). On the other
hand, other degradative processes appear to vary with plant species and the conditions under
which leaf senescence occurs. The causes of that variation have received little attention and are
not well understood.
One likely reason for differences observed in senescing systems is that plant senescence

was sensitive to differences in environmental conditions among those studies. For example, the
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impacts of environmental attributes on autumn senescence have been difficult to evaluate because
numerous environmental conditions change simultaneously during autumn making it difficult to

identify effects ofindividual environmental signals on leaf degradation. Changes in environmental
conditions also affect many different features of senescing leaves in ways that are both complex
and cumulative over time. As a result, isolation and quantification of individual environmental
effects on plant senescence have proved particularly difficult.
In my research I have sought to fill some of the gaps in the senescence literature by
evaluating the degree to which different environmental attributes affect senescence.

To

accomplish that goal, I developed several new methods that enabled me to isolate and quantify
the effects of environmental conditions and leaf age on assimilation rates and chlorophyll levels
during leaf senescence. I obtained measurements from both autumn senescing western larch
needles and needles senescing in controlled environments. The data were analyzed using both
graphical and regression analyses. Results demonstrated that it was possible to quantify the
effects of changes in soil and air temperature, photoperiod, and leaf age on both the onset and
process of leaf senescence. Moreover, the methods developed here could be applied to other
plant species and environmental conditions.
I chose to study autumn foliar senescence in western larch (Larix occidentalis Nutt.)
because it is a fast growing (Logan 1966), deciduous gymnosperm used in reforestation (Schmidt
et al. 1976). The rapid growth rate reduces some of the methodological problems presented by
other tree species. It is not known ifthe fast growth rate oflarch relative to sympatric evergreens
is partly due to its deciduous nature. Water relations under stress, relatively efficient nutrient
cycling, and needle morphology, are other characteristics that may contribute to the fast growth
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rate (Gower and Richards 1990, Reynolds et al. 1989, Gower et al. 1987, Higgens et a!. 1987,
Tyrrell and Boerner 1987, Matyssek 1986, Sandford and Jaivis 1986, Carlyle and Malcolm 1985,
Tilton 1976). These studies provide data on responses by larch to favourable and unfavourable

growth conditions. In addition, Larix occidentalis grows in latitude and altitude ranges that are
subject to different patterns of day length and temperature over the growing season. Onset of
leaf senescence differs between populations suggesting that senescence in larch is sensitive to
both photoperiod and temperature. Finally, if environmental effects on leaf senescence can
extend the growing season by delaying the onset of senescence, it may be useful to test for effects
in early and late senescing hybrids. Larch species hybridize easily (Paques 1989) and additional
information on the model system provided by seedling physiology and sensitivity to senescence
cues may be useful to improve reforestation through plant breeding programs (Rehfeldt 1982,
Ledig and Botkin 1974).
Chapters 3 and 4 of this dissertation contain a detailed description of the autumn
senescence process in western larch as well as the results of statistical methods designed to
determine the date of decline of different physiological parameters. I also examined the effects
ofthe weather. The research focused on the chloroplast because changes in this organelle occur
early in the senescence process. I measured photosynthetic parameters in naturally senescing
seedlings to characterize senescence and compared them with the process in seedlings receiving
either warmer soils or extended photoperiod. This experimental design allowed me to measure
the effect of soil temperature and photoperiod on senescence. Results showed that under most
conditions, pigments declined first, followed by carbon assimilation and then quantum yield.

5

However, the pattern of decline in these and other photosynthetic measures was sensitive to the
environmental conditions.
Chapter 5 contains results from experiments to induce foliar senescence in growth
chambers set to different air temperature and photoperiod regimes. This experimental design
allowed me to induce senescence at any time of the year, and with different air temperature and
photoperiod settings while holding constant all other environmental and leaf specific variables.
I then used a regression model, with dichotomous variables identifying treatment groups, to
quantify the effects of air temperature and photoperiod on the number of days until senescence
began. Regression analysis is widely used in other fields, but its use in analyzing this plant
physiological data is both novel and appropriate. Results indicated that the onset of senescence
depends on environmental conditions and on the age of the leaf In addition, the successof this
method in quantifying the effect of environmental conditions on components of the leaf suggests
that future studies on the effect ofthe environment on leaf senescence may also benefit from this
type of analysis.
Results in Chapter 6 show that autumn photosynthetic rates can be predicted. I developed
a regression model that explained the decline in photosynthetic rates during autumn in terms of
variables that accounted for past and current growing conditions of the leaf. The model was
estimated using three different data sets: data from two successive years of senescing autumn
seedlings and data from one set of seedlings induced to senesce under cool growth chamber
conditions. I found that the coefficients from separate regressions for the three different data sets
were similar, showing 1) that the model was robust to substantial differences in autumn weather
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and 2) that there was a predictable relationship between photosynthesis and chlorophyll during
leaf senescence when differences in weather conditions are accounted for.
The principal achievements from my work (Chapter 7) are methodological advances that
greatly improve our ability to study autumn foliar senescence. I show that the impact of
individual environmental conditions, such as soil temperature and photoperiod, can be studied
using outdoor growing plants in specially configured cold frames. I also demonstrate that larch
trees can be induced to senesce in growth chambers set to autumn weather conditions. Thus by
vaiying growth chamber settings among experiments and comparing results, one can evaluate the
impact of a wide variety of different environmental conditions on the senescence process. Finally,
because leaf senescence typically is a function of a number of environmental variables that change
concurrently over time (such as air and soil temperature, photoperiod, etc), two dimensional

graphical analyses of plant characteristics against environmental attributes are often inadequate.
To address that problem, in various chapters of this thesis I use regression analysis to resolve the
effects of different environmental attributes on various measures of senescence related plant
degradation.
Drawing on these methods, this thesis provides the first detailed characterization of
changes in autumn senescing leaves during autumn weather. My experiments indicate that small
changes in soil temperature can affect photosynthetic rates during autumn, while photoperiod
affects chlorophyll levels but not assimilation rates. Finally, my work provides evidence that
leaves integrate temperature and photoperiod signals differently and that it is possible to quantif,r
the relative importance of these environmental conditions in triggering autumn chloroplast
senescence.
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CHAPTER 2: A LITERATURE REVIEW: ENVIRONMENTAL CONDITIONS Th4DUCING
LEAF SENESCENCE

2.1 INTRODUCTION
Interest in the influence of the environment on plant senescence can be traced back over
100 years to the work ofRutland (1888) who noted that Salix babylonica near water yellowed
earlier than in warmer, drier soils. An early definition of senescence was provided by Wiesner
who discussed the effect of temperature, frost and drought on leaf fall (Wiesner 1904, 1871). In
the first part of the century, Molisch (1918) conducted a thorough study of the effects of light,
temperature, oxygen, and age on leafyellowing in a number of different species. Since these early
works, numerous authors have examined the effects of environmental conditions on tissue’death.
In addition, many recent studies have been conducted in a broader effort to understand the effects
of environmental stress on plant growth (Kozlowski 1991, Pell and Dann 1991, Larcher 1987).
Nevertheless, despite considerable research, our understanding of the effects of environmental
conditions on senescence is still quite rudimentary. Partly for that reason it is difficult to make
generalizations about the effect of environmental conditions on senescence.
In this review I discuss the effects ofindividual climatic and edaphic variables on leaf and
whole plant senescence. I attempt to find common patterns among senescence triggers and to
point out differences in senescence pathways due to environmental acceleration of senescence
compared with natural ageing. I begin with the effect of light levels and photoperiod on
senescence and follow with discussion of supra- and sub-optimal water, temperature and mineral
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nutrition on senescence. The human impact on plants is briefly examined by reviewing literature
on the effects of elevated carbon dioxide and other pollutants on plant senescence.

2.2 ENVIRONMENTAL CONDITIONS
2.2.1 Light Level and Quality
The effect of light on senescence has been extensively examined since research on the
biochemistiy of senescence began by placing detached leaves into darkness and characterizing the
subsequent senescence pathway. The process of senescence due to shading and excess light has
also been frequently studied. Findings typically suggest that shading induces senescence primarily
by lowering carbon assimilation rates. On the other hand, the effect of high light levels on
senescence appears to be more complicated.

Sever4l studies suggest that the stress of

photoinhibition can lead to tissue death by photooxidation. In addition, it appears that in some
cases high light levels accelerate the maturation process causing age-related senescence to occur.
Specific examples of the effects of low, moderate, and high light levels on senescence are
provided below, along with examples of the effects of light quality on senescence. In reviewing
the effects of light levels on plants, I emphasize that low, moderate, and high light is a relative
term that varies with plant species as well as growth and senescence conditions.
Typically, low light levels trigger leaf chiorosis, although the rate and extent of the effect
is sensitive to leaf age. For example, Molisch (1918) found that inner shaded leaves of some
species senesce before sun leaves. However, he did not take into account the fact that inner
leaves are often older than sun leaves. In contrast, Hopkinson (1966) grew Cucumis sativus
horizontally to prevent excessive shading of inner leaves, and then subjected leaves of different
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ages to the same level of shading. He found that when young sun leaves were shaded they
senesced earlier than older inner leaves, in contrast to growth under natural conditions. That
finding is consistent with results from a number of other studies in which younger sun leaves
senesced before shaded inner leaves (e.g. Koike 1987).
In contrast to low light, moderate light generally delays senescence by maintaining
photosynthetic rates and by affecting phytochrome mediated responses (Okada et al. 1992,
Wilimer et al. 1988, Biswal and Biswal 1984).

Burkey and Wells (1991) observed that

assimilation rates in Glycine max declined before chlorophyll when senescence was shadeinduced. This suggests that the drop in photosynthesis induced by moderate light occurs early
in the senescence process, and that the decline in assimilation rates rather than chlorophyll
degradation began the senescence process. Similarly, Hi4ema et al. (1991) found that inOryza
sativa a decrease in assimilation coincided with a decrease in variable fluorescence and
cytochrome f levels. This suggests that decreased photosynthetic electron transport occurred
when light levels declined. In addition to having a direct impact on photosynthesis, as in the
above examples, moderate light may indirectly delay senescence by maintaining cellular calcium
levels Huang and Kao 1992). Additionally, because calcium levels are affected by phytochrome
(Shacklock et al. 1992), moderate light levels may affect phytochrome mediated senescence
processes.
Although moderate light levels generally retard senescence, high light can accelerate it
(Biswal and Biswal 1984). For example, sunlight (2000 i.tmol m
2

)
1
s

stimulated chlorophyll

degradation in Oryza saliva relative to the loss in 400 J.Lmol m
2 s’ (Hidema et al. 1991). In
Secale cereale, grown under high light conditions, both chlorophyll and catalase decline were
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accelerated relative to low light grown plants (Kar et al. 1993). These observations have also
been seen in perennials. Leaves of Larix seedlings grown in fbll sun began autumnal yellowing
earlier than those grown in shade (Rosenthal, unpublished). In addition, chlorophyll breakdown
in autumn Pinus silvestris was greater in sun-exposed than shade leaves (Oquist et al. 1978).
High light also resulted in rapid senescence of shade tolerant Rhododendron maximum leaves
(Nilsen and Bao 1987).
In the cases where light appears to stimulate senescence, a different senescence pathway
is probably triggered compared to the senescence pathways induced by shading. High lightinduced loss of chlorophyll is frequently due to photooxidation and may not be associated with
other indicators of senescence such as protein loss (Biswal and Biswal 1984). One hypothesis
for light stimulated senescence is that tissues grown continually under high light have faster rates
of development and thus age more quickly than tissue grown under lower light (Biswal and

Biswal 1984). In contrast, shade-induced senescence occurs because the leaf is no longer a net
carbon exporter.
In addition to being able to trigger senescence, light levels can also affect the rate of leaf
yellowing once senescence has begun. Light exposure accelerated chlorophyll degradation in
attached senescing Acer negundo leaves compared to attached senescing leaves kept in darkness.
The absence of any accompanying differences in protein or amino-nitrogen levels between lightexposed leaves and dark controls suggested that the role of light during chlorophyll degradation
may be primarily photochemical (Maunders and Brown 1983). Chlorophyll loss in senescing

Oryza sativa was also delayed under low irradiance due to slower degradation of the chlorophyll
a/b-bearing proteins ofLight-Harvesting Complex II (Okada et al. 1992). The effect of light on
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the rate ofleafyellowing in senescing tissue has also been recorded for other species. However,
in general, there are few studies comparing the rate of leaf yellowing under different senescence
conditions.
To separate the effects of light quality from light level it is necessary to examine the role
of phytochrome and other photoreceptors on senescence. Phytochrome is involved in both
shade-induced senescence and in light-mediated delay of senescence. In the former case, a red
to far-red ratio of 0.07, similar to that experienced by shaded leaves, accelerated chlorophyll and
protein loss in Glycine max leaves (Guiamet et al. 1989). In the latter case, senescence in
mustard cotyledon was retarded by white and red, but not far-red light (Biswal and Biswal 1984).
In Oryza sativa leaves chlorophyll degradation was also delayed by white and red light but not

far-red light (Okada et al. 1992). Further research will show which senescence triggers and’which
tissues are involved in the signal transduction pathway. Although different types of phytochrome
have been described from etiolated and light-grown plants (Smith and Whitelam 1990), no one
has yet investigated if phytochrome present during leaf yellowing has unique characteristics or
the levels of phytochrome during senescence.
Because light affects the biochemistry of plants directly and indirectly, a clear picture of
the role of light quality and levels during senescence will require more rigorous research,
including more work on photoreceptors. A better understanding of the response of senescing
tissue to light could have broad applications. For example, crop plants could be grown under
more dense conditions if strains were developed that could produce adequate grain yield despite
shaded conditions. Alternatively, high light levels in combination with drought or other stress
conditions can severely retard both annual crop growth and seedlings planted for reforestation.
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A more complete knowledge of the senescence pathway may help in developing strains that are
less sensitive to such stress.

2.2.2 Photoperiod
In 1923 Garner and Allen suggested that autumn leaf senescence occurred as a
consequence of shorter photoperiod, a suggestion subsequently confirmed for many species.
Extended photoperiod can delay leaf abscision in Acer, Aesculus, Ailanthus, Alnus, Caragana,
Coiylus, Fraxinus, Juglans, Larix, Liriodendron, Pheiodendron, Pinus, Prunus, Pyrus, Rhus,
Robinia, Salix, and Ulmus (Wareing 1956, Matzke 1936, Gevorkiantz and Roe 1935).

Moreover, the delay in these plants was not caused by differences in timing of leaf emergence and
occurred at low light levels (Ivlatzke 1936). I should also note that declining temperatur&which
often accompanies shorter photoperiod cannot fully explain the short photoperiod-induced
senescence. A variety of authors for example have observed that leaf yellowing was delayed on
branches near streetlights where branches were exposed to natural temperatures (Osborne 1973,
Olmsted 1951, Kramer 1936, Matzke 1936).
In cases where long days delay senescence, the magnitude of the effect can be modified
by other factors. In Acer saceharum, extended photoperiod can delay senescence for five months
but young leaves required longer to senesce than older ones (Olmsted 1951). There is also an
important interaction between photoperiod and temperature.

Observations with Larix

occidentalis (Rosenthal, unpublished) show that long days can delay senescence for a few weeks
iftemperature is declining. However, when warm temperatures are maintained, needles subjected

to extended photoperiod remain green for six to seven additional months (Rosenthal,
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unpublished). Warm temperatures under short days have also been reported to delay leaf
senescence of Acer, Betula, Liquidambar, Robinia, and Quercus (Vince-Prue 1975, Kramer
1936).
The fact that long days delay or inhibit senescence indicates that phytochrome may be a
light receptor in this phenomenon. Leaf senescence of Cornus and Phaseolus, for example, was
delayed under extended white light photoperiods but not under red light. This suggested that,
in these species, the response to white light was due to increased irradiance rather than
phytochrome mediated changes (Tucker 1981). However, both red and white light delayed
chlorophyll and protein loss in Cucumis but senescence occurred if far-red light was given
(Tucker 1981). While these effects are of considerable interest, it is difficult to make conclusive
statements in this area because unfortunately the action of red and far-red light has not been
tested in many species.

2.2.3 Water
Drought can trigger rapid or gradual plant senescence. Rapid senescence is mediated by
several factors including stomatal closure, leaf wilting and altered hormone levels. Additional
effects ofwater stress include altered transpiration rates and protein transcription or translation
changes (Reid et al. 1991, Waring 1991). In contrast, gradual senescence occurs through a shift

in growth or maturation processes that shorten the life span of the plant. Changes during gradual
senescence include slowed root growth, altered source/sink relations and nutrient deficiçncies.
Below I give examples of rapid and gradual senescence and also compare drought-induced
senescence to age-related senescence. I also discuss the effects of excess water on senescence.
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Rapid senescence in plants occurs under moderate to severe drought conditions. Many
biochemical pathways are affected and these are often similar to age-related senescence.
Increased proteolysis, oxidative enzyme activities and lipid peroxidation are characteristic of both

drought and age-related senescence (Jones 1983). However, the drought-induced changes are
not necessarily the same as age-related senescence. For example, catalase activity increased

during water stress inMedicago sativa (Irigoyen et al. 1992) although it decreased during agerelated senescence in beet (Pistelli et al. 1993), hydrilla (Begam and Choudhuri 1992) and
tobacco leaves (Dhindsa et al. 1981). Another difference between drought and ageing was noted
by Majumdar et al. (1991) who found that changes in chlorophyll and chlorophyllase were
inversely related in Glycine max leaves during drought but not during ageing.
The acceleration of senescence by water deprivation may be due to changing hormone
levels. For example, high levels of ABA can promote either drought or age-related senescence
(Woolhouse 1983). This effect may be direct or indirect, since ABA-induced stomatal closure
would certainly limit carbon assimilation. As shown earlier, limited CO
2 assimilation also can
promote senescence.

Ethylene may also play a role; abscission of Gossypium hirsutum

cotyledons was hastened by ethylene when drought stressed, although this effect was reversed
by elevated CO
2 levels which can inhibit ethylene action (Jordan et al. 1972). Ethylene levels also
increased in droughtedMedicago sativa, but decreased ethylene levels were observed under more
severe drought as plant water potential dropped below -1.6 MPa (Irigoyen et al. 1992). Increases
in ethylene are found in age-related senescing tissue (Brown et al. 1991) as well as in dro,ighted
material, though some ofthe reported increases may be a response to tissue excision (Philosoph
Hadas et al. 1991) rather than a response to senescence.
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Under relatively mild drought, plant resistance to water shortage is increased (Larcher
1987) and growth retarded, but senescence may not be triggered immediately. However, vigour

and longevity ofthe plant are affected. For example, mild drought may accelerate reproduction
rather than causing leaf or plant senescence directly (Aronson et al. 1992). The reproductive
state of the plant also affects its response to drought. In seedlings of Triticum aestivum and

Sorghum vulgare, leaf senescence occurred at the same rate in all varieties (Khanna-Chopra and
Sinha 1988). In contrast, exposure of mature plants to drought revealed that fertile varieties
senesced faster than sterile varieties. This suggests that the developmental shift to fruiting alters
the response of tissue to drought. For example, induction of leaf senescence by drought during
fruit maturation in Glycine max was hastened if the stress was imposed after mid-podfill
compared to before mid-podflll (Cortes and Sinclair 1986).
Excess water can also cause plant senescence through several pathways. Soil flooding
causing anoxic conditions can lead to altered levels of anaerobic shock proteins (Reid et al. 1991)

and hormones. Examples ofhormone changes include increased leaf ethylene (Wang et al. 1990)
and ABA levels (Larcher 1987) following excess water stress as well as decreased cytokinin and
gibberellin levels (Morgan 1990). Related to the changes in hormones due to flooding are
changes in the nutrient status of the plant.

These may be mostly caused by decreased

transpiration. For example, tomatoes grown in high humidity formed yellow leaves due to
calcium and potassium deficiency (Adams 1991). More work is needed to establish if decreased

mineral nutrients and altered hormone levels can account for the senescence triggers. As ipterest
in preserving and creating wetlands increases, it will be important to understand how species can
survive in wet soils while other species are more sensitive to fluctuating water tables.
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2.2.4 Temperature
Temperature affects many metabolic pathways and usually occurs in conjunction with
other environmental stress conditions. In addition, the rate and severity of temperature stress can
result in very different tissue reaction. While response varies according to whether a plant is
chilling-sensitive or not, in general, low temperatures occurring over a period of time can lead
to gradual senescence. In contrast, sudden cold exposure can bypass senescence completely
leading to organ abscision without de-greening. Finally, rather than inducing senescence, cool
temperatures can delay senescence.

I discuss examples of these different responses to

temperature and make comparisons to age-related senescence. I also point out that many of the
responses of plants to temperature stress are complex to isolate because of the difficulty of
holding constant other environmental conditions that are typically correlated with temperature.
For example, changes in relative humidity that are correlated with temperature may alter
temperature responses. In addition, in natural systems temperature stress often occurs in
conjunction with excess light (Ottander et a!. 1993, Yordanov 1993, Oquist and Huner 1991,
Oquist and Martin 1986) or invading pathogens (Hendry et al. 1987), both of which affect
senescence. Additionally, the influence of low temperature on physiological parameters also
depends on the rate at which the temperature change occurs (Minorsky 1989), a feature that has
been overlooked in some studies.
A gradual low temperature stress affects many metabolic pathways eventually leading to
senescence. In general, changes in thylakoid membrane function appear to be one of theearlier
plant responses to low temperature stress (Yordanov 1993). In addition, low temperature can
directly affect enzyme kinetics rendering tissue more susceptible to degradation (Oquist and
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Martin 1986). At the level ofthe whole plant, low temperature can affect transpiration rates and

induce senescence prematurely (Waring 1991). However, as with other environmental factors,
the sensitivity of tissue to temperature is dependent on the developmental state of the plant. In
Euonymus, low temperature induced chlorophyll loss and carbohydrate accumulation in mature

plants but not in actively growing shoots (Creasy 1974).
The ability oftemperature-stressed tissue of different ages to senesce suggests that there
may be differences between temperature-induced and age-related senescence. Indeed, chlorophyll
loss in conifer needles during winter temperatures may be due to photooxidation. Additionally,
membrane integrity and enzyme function may be more important in temperature-induced
senescence than in age-related senescence. Although work has been done to examine chioroplast
ultrastructure during low temperature stress (Taylor and Craig 1971) as well as during
senescence, the changes need to be analyzed in conjunction with other metabolic functions before
comparisons can be made.
Senescence appears to be slowed by low temperatures in both attached and detached
tissue. Molisch (1918) found that senescence associated yellowing was retarded in detached
leaves maintained at 5-13°C. The delay also occurred in attached leaves. For example, Pinus
pumila needles have a longer life span when growing in low temperature environments (Kajimoto
1993). In addition, leaf longevity in Larix lyallii is postulated to be lengthened in a cool
environment (Worrall 1993). The slowed metabolic pathways during low temperatures which
delay the onset of age-related senescence are in contrast to the faster maturation process
associated with excess light that accelerates senescence.
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Rapid low temperature stress can prevent organ senescence altogether and lead to tissue
abscision. Although plants can adapt to low temperatures, extreme or sudden temperature drop
can cause tissue death due to cellular freezing. Sudden changes also prevent adequate time for
protein synthesis or nutrient mobilization which could otherwise allow the plant to adapt to the
lower temperatures. For example, canola seeds remain green if an early frost inhibits normal de
greening (Johnson-Flanagen and McLachlan 1990). In autumn, ginkgo leaves subject to a cold
night undergo rapid green leaf abscision.
The response oftissue to high temperature has been studied extensively (Yordanov 1993,
Morgan 1990). Results typically suggest that within physiological range, high temperature
appears not to cause chlorophyll destruction in leaves (Hendry et al. 1987). Instead, membrane
integrity appears to be affected first (Yordanov 1993).

2.2.5 Mineral nutrition
Mineral stress eventually leads to organ and plant senescence (Kelly and Davies 1988).
However, the role ofmineral stress in plants is complicated by the degree of stress and the ability
of the tissue to respond to the stress. For example, Pinus monophylla needles can function as
long-term nutrient reserves because of their longevity (Everett and Thran 1992). Tn contrast,
certain deciduous trees respond to mineral deficiency by increasing the amount of nutrients
reabsorbed before leaf abscission (Kozlowski 1991). Tn addition to species specific responses,
there are also mineral specific responses. Once senescence begins, the pattern of chlorois and
necrosis varies depending on the mineral deficiency (Salisbury and Ross 1985). To elaborate on

19
these points, I first discuss the impact of soil nitrogen on plants and then other e!ement
deficiencies and their impact on senescence.
Nitrogen levels can affect leafyellowing by influencing the rate and timing of senescence.
Nitrogen deficiency usually leads to senescence though excess nitrogen does not necessarily delay
the process (Feller and Fischer 1994). For example, in the annuals Glycine mcix and Oryza sativa
excess nitrogen had no effect on senescence (Kelly and Davies 1988, Makino et al. 1984).
However, in the perennial Malus domestica, autumn nitrogen fertilization delayed leaf senescence
(Millard and Thomson 1989). The rate of senescence can also be affected by nitrogen levels.
When Triticum aestivum was grown under nitrogen deficiency it did not senesce earlier than
controls, but once senescence began it proceeded at a faster rate. Glutamate synthase was
present during early and late stages of senescence in plants grown with adequate nitrogen.
However, under limiting nitrogen the enzyme appeared to be present only in the early stages of
senescence (Cincerova et al. 1991). This suggested that nitrogen recycling ended early in plants
subject to limited nitrogen. Regardless of how plants initially respond to lower nitrogen levels,
such as by recycling Rubisco, the signal that a plant is mineral deficient is probably relayed to
leaves by hormones. For example, in tobacco ammonium nitrate delayed leaf senescence in part
by affecting cytokinin levels (Singh et al. 1992 and references therein).
Deficiencies of phosphorous and potassium also trigger senescence, though not enough
research has been done on these elements to determine how they affect the onset and rate of
senescence. Although phosphorus is essential for plant growth, its deficiency does not appear
to be a cause for early age-related senescence. Neither excess nor deficient phosphorus levels
affected the timing of leaf senescence in Glycine max (Crafts-Brandner 1992). Additionally,
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electron transport in phosphorus deficient Helianthus annus and Zea mays was not limited (Jacob

and Lawlor 1993) though under most senescence conditions electron transport is affected early
in the process. Naturally occurring potassium deficiency in peatland soils causes conifer needle
yellowing (Sarjala and Kaunisto 1993) but the process has not been sufficiently characterized to
determine how the senescence pathway may differ from other stress conditions leading to yellow
needles.
Calcium is important in plants as a second messenger (Bowler and Chua 1994, Leshem
1987) and it can both delay and promote leaf senescence. Although levels of calcium during
senescence have not been examined frequently, calcium is undoubtedly involved in signal
transduction pathways which regulate certain aspects of senescence. For example, transient
increases in cytosolic calcium due to red light affects phytochrome (Shacklock et al. 1992) and
may in turn trigger senescence related responses. Calcium has also been shown to be involved
in light-mediated delay of senescence in detached corn leaves (Huang and Kao 1992). Calcium

can affect hormone levels such as methyl jasmonate (Chou and Kao 1992) and ethylene (Bowler
and Chua 1994), and these affect senescence. Studies examining the role of calcium during
senescence have shown that senescence was delayed when calcium was added exogenously to
detached Cucumis satEvus cotyledons (Ferguson et al. 1983), Avena saliva leaves (Dreier 1990)

and Brassica oleracea leaf discs (Chéor et al. 1992). Although calcium may delay senescence,
high calcium levels have been found in senescing autumn leaves, partly because calcium is not
remobilized (Adams et al. 1990).
Since magnesium is required for functional chlorophyll and as a cofactor for ATP, it is not
unexpected that magnesium deficiency causes yellowing. Additionally, it is not surprising that
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magnesium deficient tissue is sensitive to light. For example, Phaseolus vulgaris grown in
magnesium deficient soil showed chlorosis and this effect was delayed if plants were shaded
(Cakmak and Marschner 1992). In addition, the response oftissue to magnesium deficiency does
not appear to be sensitive to leaf age (Scott and Robson 1991).
A few studies have examined deficiency of less common but equally essential minerals
such as sulphur, iron and copper. Iron deficiency in leaves can cause an increase in chlorophyll
a/b and carotenoid to chlorophyll ratio (Young and Britton 1990) as well as decreased
photosynthetic pigments. In addition, the xanthophyll cycle does not appear to function in iron
deficient, senescing leaves (Abadia et a!. 1991). Sulphur starvation lead to Rubisco degradation
in Lemna minor without leading to cell death (Ferreira and Teixeira 1992), providing an
interesting system in which to study senescence since the typical indicators do not decline
synchronously. Another such system is induction of a senescence pattern similar to the natural
one in Spirodela oligorrhiza and Triticum aestivum by high concentrations of cupric ions (Mehta
etal. 1992).

Salinity stress in non-balophytes is becoming a greater concern as irrigation becomes more
wide-spread. The effects of salinity on plants appears to involve changes in altered hormone
levels (Reid et al. 1991).

Other physiological changes during salinity which lead to leaf

senescence include lower assimilation rates and Rubisco activity, decreased transpiration, altered
uptake of other essential ions (Reid et a!. 1991) and appearance of distinct proteins (Reviron et
al. 1992).

All of the mineral deficiencies alter hormone levels, the effects of which have recently
been reviewed (Morgan 1990). Abscisic acid increased in nitrogen deficient plants; cytokinin
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levels were affected by nitrogen (Singh et al. 1992) and phosphorus levels; and gibberellin
content was influenced by manganese deficiency (Morgan 1990). Hormone signals are also
important under multiple nutrient deficiencies. For example, excess ammonium in conjunction
with potassium deficiency induced ethylene production in Lycopersicon (Wang et al. 1990).
There is some evidence that the promotion of senescence by nutrient deficiencies is due to
decreased cytokinin production by the stressed roots. While it is true that cytokinin applications

can often alleviate nutrient-induced symptoms of senescence, similar relief of symptoms of nitrate
starvation followed direct supply of nitrate to leaves (Salama and Wareing 1979). This shows
that interference with production of root cytokinins is only one of the effects of nutrient
deficiency on foliar senescence (reviewed in Jackson 1993). The fact that nutrient deficiency can
cause different hormone levels as well as distinct chiorosis patterns is a clear indication that
multiple senescence pathways exist. Further research in this area could lead to potentially
valuable insight into how mineral levels at specific developmental points may delay or enhance
certain maturation processes leading to senescence.

2.2.6 Carbon dioxide
Both elevated and low ambient carbon dioxide levels affect plant growth and the timing
of senescence. The induction of senescence by CO
2 levels below the compensation point
appeared to be due to photorespiration (Widholm and Ogren 1969). In contrast the results of
high CO
2 levels are more complicated. I discuss the impact of elevated CQ on a number of
metabolic processes below.
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Research on the effect of increasing global 2
CO levels on all phases of plant growth and
development is very timely. Effects of elevated CO
2 depend on the length of exposure and actual
CO levels (Wullschleger et al. 1992, Kelly et al. 1991). The impact of elevated CO
2
2 levels on
photosynthesis and growth also depends on the species and tissue age. Plant nutrient status can
influence the response to elevated CO
2 levels (Tissue et al. 1993) and the ability of the plants to
obtain adequate nutrients may be in competition with soil microbes also influenced by rising CO
2
levels Diaz et al. 1993).
The impact of elevated CO
2 on senescence is likely to depend largely on its effect on
photosynthetic rates. Frequently, high CO
2 levels stimulate growth. For example, elevated CO
2
can delay senescence by maintaining carbon assimilation rates in legumes although the effect is
less dramatic in wheat (Lawrence and Mayne 1991). Higher assimilation rates were recorded in
Quercus alba and Liriodendron tulipfera exposed for three years to elevated CO
2 compared to
ambient CO
.
2

In addition, the timing of leaf senescence was not affected b CO levels

(Gunderson et al. 1993). However, in other experimental situations, the growth rate increase in
response to high CO
2 levels may actually level-off or even decline with long term exposure to
elevated CO
2 levels (Polle et al. 1993).
Complicating the picture, elevated CO
2 can also induce senescence by affecting pigment
levels, protein function, and membrane integrity in a manner that differs from the onset of agerelated senescence. Decreased chlorophyll and protein have been documented in CO
2 exposed
Gossypium hirsutum leaf plastids (Chang 1975), Desmodium (Wuiff and Strain 1982), tropical
trees (Oberbauer et al. 1985) and pine (Eloupis et al. 1988). However, the decline in chlorophyll

and protein do not necessarily occur concurrently (Satler and Thimann 1983) as they frequently
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do in age-related senescence. For example, in Liriodendron tulzpfera and Quercus alba
chlorophyll declined after CO
2 exposure while photosynthetic rates were maintained
(Wullschleger et al. 1992).
In addition to influencing photosynthetic rates, CO
2 levels affect hormone levels that
influence senescence. For example, elevated CO
2 levels may delay senescence in part by
inhibiting ethylene synthesis (Lawrence and Mayne 1991) as well as other hormones. The
complexities of such interactions between elevated CO
2 levels and other parameters has been
emphasized in a recent review (Bowes 1993). Yet despite a growing number of studies on both
the short and long-term elevated CU
, a clear picture of the manner in which CQ affects
2
senescence has not yet emerged. On the other hand, in a number of studies, CO
-induced
2
senescence appears to affect the same metabolic pathways as are affected during age-related
senescence, which suggests that the two processes may be similar. However, this observation
could simply reflect the fact that comparisons may have been made of tissue well into senescence
rather than shortly after the start of a CO
2 or age-related response.

2.2.7 Pollution
Air- and water-borne pollutants are environmental facts of life for plants. The most
frequently studied atmospheric pollutants include ozone, acid rain, sulphur dioxide, nitrogen
oxide and hydrogen fluoride. In this section I compare atmospheric pollutant damage to age
related senescence. All of these pollutants can induce senescence under appropriate con4itions.
Decreased carbon assimilation and subsequent yellowing caused by pollutants depends
on the species and age of tissue as well as the frequency of occurrence. Additionally, other
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environmental factors such as light, humidity, and temperature can modify the response of plants
to pollutants (Darrall 1989). The effects of multiple factors on senescence are evident in novel
forest decline in Europe, which seems to be caused by pollution in conjunction with soil
acidification as well as climate change and pathogen stress (Guillemaut et al. 1992). Other
interactions between environmental conditions have been documented. For example, high ozone
plus elevated CO
2 levels Polle et al. 1993) or ozone plus water deficit (Chevone et al. 1990) are
examples of additive combinations of oxidative stress. But the effects of multiple stress are not
always additive. Droughted plants have lower stomatal conductance which has the benefit of
reducing the amount of ozone damage (Wieser and Havranek 1993).
Despite the variety of air-borne chemicals, plants generally respond to pollutants with a
similar syndrome of altered metabolism. Decreased photosynthetic rates, lower Rubisco levels,
stomatal closure, and increased respiration rates are common in pollutant stressed leaves (Bowler
et al. 1992). Most pollutants can cause immediate damage to living cells through the formation
of peroxides, hydroxyl radicals and singlet oxygen (Bowler et al. 1992).
The senescence pathway due to pollution is distinct from age-related senescence in many
cases. The pattern and the mechanism of pigment degradation is different between the two
senescence pathways. Pigment loss is probably an indirect effect of the pollutants since direct
effects would require very high concentrations of the pollutants Rudiger and Schoch 1989).
Chlorophyll loss due to pollution is slower and often incomplete compared with natural
degradation (Brown et al. 1991). Carotenoids as well as chlorophyll are affected by pollutants.
For example, Populus leaves exposed to combinations of pollutants did not show changes in
carotenoids that were evident in naturally senescing leaves (Ballach et al. 1992). The pattern by
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which pigment degradation occurs has in a few cases been reporeted to differ in pollutant-stressed
tissue compared with age-related senescence. For example, in pine, ozone damage caused
patterns of leaf yellowing and abscission that were not seen in age-related senescence. These
patterns include chlorotic mottling of Pinus ponderosa needles (Addicott and Lyon 1973) and
yellowing of the adaxial side of needles (Young and Britton 1990).
Another difference between pigment degradation in pollutant-stressed tissue compared
to age-related senescence is the absence of visible pigment degradation even though senescence
is underway. Although there are examples of naturally senescing plants in which de-greening
does not occur (Bortlik et al. 1987), typically senescence is defined by chlorophyll loss.
However, ozone has been found to cause leaf fall in the absence of visible foliar damage in old

Malus domestica leaves (Wiltshire et al. 1993).
Additional differences between pollution-induced and age-related yellowing have been
documented. Ozone-induced senescence occurred more rapidly and with less order than in
naturally ageing leaves (Matyssek et al. 1991). Although carbon assimilation changes due to
ozone resembled autumn senescence in Betula pendula, nitrogen content decreased in autumn
but not in ozone-exposed leaves. Additionally, leaves senescing under different ozone regimes
showed decreased carbon assimilation, narrowed stomatal pores, increased air spaces in
mesophyll cells and lowered water use efficiency. However, the latter two parameters were not
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evident in autumn senescing leaves (Matyssek et al. 1991). Ozone may also act by affecting
Rubisco synthesis or Rubisco mRNA. For example, in potato, Rubisco mRNA decreased and this
was accompanied by increased ethylene levels (Reddy et al. 1993).
The response of hormones to pollutants may be a result of damage to normal growth
patterns and nutrient uptake. Yellowing ozone-damaged Picea abies needles contained higher
levels ofgibberellic acid than undamaged tissue. Those levels were similar to younger tissue and
suggested that damaged tissue had not matured normally (Schneider et al. 1991). Plant nutrient
status is also affected by pollutants. In spruce, sulphur dioxide appeared to cause nutrient
deficiency in older leaves rather than direct damage (Kostner et al. 1990) though sulphur dioxide
can damage chioroplast ultrastructure (Gonzalez et al. 1993). Plant nutrient status can also be
assessed through foliar leaching. Foliar leaching is known to occur in ozone and acid rain
subjected leaves, but the extent to which the pattern of mineral loss is similar to naturally
senescing leaves, in which elements are translocated into bark tissue, has not been documented.
Other degradative pathways caused by atmospheric pollutants are similar to those in
naturally senescing tissue. Exposure of Picea sitchensis to ozone for three years appeared to
cause chiorosis by accelerating leaf ageing and perhaps altering source/sink relations, rather than
by soil nutrient deficiency, root damage, or increased foliar leaching (Lucas et a!. 1993). An
increase in Dl, a rapidly turning-over protein important in repair mechanisms ofPhotosystem II,
occurred in pollutant stressed spruce (Guilemaut et al. 1992) before changes in photosynthetic
rates were evident LUtz et al. 1992). This response may be similar to the temporary increase in
Dl in naturally senescing tissue (Brown et al. 1991). Similarly, in Phaseolus vulgaris acid rain
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appeared to induce changes in lipids, membranes, and chlorophyll that were comparable to
changes found in age-related senescing tissue (Chia et al. 1984).
Perhaps more than for any single environmental condition discussed, the effects of
pollution on senescence arise from combinations of numerous immediate and long term impacts
on plants. However, whether examined individually or in combination, under appropriate

conditions all ofthe different types of environmental stress reviewed above can trigger premature
age-related senescence pathways or induce a senescence pathway that is distinct in metabolic
processes from age-related senescence. Few studies however, have actually documented the rate
ofleafyellowing in senescing tissue under different environmental stress conditions or carefluly
compared senescence pathways induced by different conditions.

Similarities among most

conditions include dysfIrnction ofproteins leading to or caused by altered membrane integrity and
pigment destruction. The pathways by which these occur, such as declining cytokinin levels due
to lower transpiration rates or decreased polyamine concentrations, may vary, though eventually
proteolysis and free radical damage lead to irreversible tissue damage.

2.3 CONCLUSIONS
Although plants have a remarkable capacity to adapt to changing environments, we are
only just beginning to understand the extent to which environmental stress can be tolerated before
senescence is induced. Senescence occurs at all levels of plant development, from cellular
senescence to organ and whole plant death. On the one hand, plants senescing under different
conditions display similar processes of chlorophyll degradation, declining lipid and protein levels,
and increased oxidative damage. Within this broad pattern, however, there appear to be
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important differences in the process of senescence depending on the environmental signal, the
tissue perceiving the signal, and the tissue that ultimately responds. Perhaps it is not surprising
that there are differences in the senescence pathway caused by different environmental conditions.
There is not even a consistent trend regarding two fhndamental pathways during age-related
senescence, that ofthe timing of chlorophyll breakdown and Rubisco degradation. In some cases
Rubisco is reported to decline prior to chlorophyll Hensel et al. 1993, Mae et al. 1989) and in
others the decline occurs concomitantly (Crafts-Brandner et al. 1990, Martinoia et al. 1983).
Moreover, although differences in both age and environmentally-induced senescence pathways
exist, it is not always clear if the different pathways become similar at some point later in the
senescence process.
These findings suggest that senescence in any cell or organ is the sum of an array of
subprocesses occurring either simultaneously or sequentially. While it is possible that senescencerelated genes are responsible for the initiation of senescence, it is also possible that multiple
stress-induced genes, when expressed together, regulate the pathway of senescence. The former
hypothesis suggests that environmental conditions leading to tissue senescence induce a specific
gene which then triggers a similar pathway in all tissue. It is speculated that this might control
the organized, irreversible senescence process. In contrast, the latter hypothesis would suggest
that when different environmental conditions affect a plant simultaneously, several stress-induced
genes are expressed and it is the combination of these stress-induced genes that lead to the onset
of senescence. Under such conditions one would expect to find numerous senescence pathways
because of the many different combinations of genes induced by adverse conditions.
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Progress has been made in identifying senescence related genes and in documenting
differences in transcript levels as tissue senesces (Smart 1994). For example, distinct transcripts
appear in age-related senescence in Hordeum vulgare compared to stress-related senescence
(Becker and Apel 1993). Additionally, it appears that mRNA levels during senescence can be
affected by cytokinin levels (Martin and Sabater 1989), ethylene levels (Davies and Grierson
1989) as well as absence of light (Azumi and Watanabe 1991, Blank and McKeon 1991). It
would be of interest to determine if the senescence-related genes appear under different stress
conditions or ifthey are specific to the condition in which they were first reported. Additionally,
it would be interesting to determine at which point such genes become expressed in the
senescence pathway

--

in the onset of senescence or in organizing the mechanism of cellular

degradation once senescence has begun. Further work will additionally have to include detailed
analyses of the promoter regions of each gene and the factors influencing their expression.
Species-specific responses will complicate analysis of the general roles of stress in
senescence. For that reason, I suggest that stress-induced senescence be compared to age-related
senescence in the same tissue. It may also be usefbl to examine the effect of environmental stress
on stay-green mutants (Nock et al. 1992, Ronning et al. 1991, Bortlik et al. 1987) since the
senescence pathway in these plants is somewhat simplified given that senescence processes
associated with chlorophyll degradation are absent. Mutants, such as tobacco plants transformed
with a gene for cytokinin (Smart et al. 1991), may also provide opportunities to test specific
hypotheses. A fbrther research goal should be to develop a more precise definition of senescence
and suggest parameters that can serve as indicators of leaf senescence.
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Understanding how environmental signals control senescence may be a key to increasing
plant productivity. For example, late senescing Populus hybrids may have a longer growth season
and hence increased productivity (Nelson et al. 1982). Increased demands on yield have meant
that productive species are planted in ever greater altitude and latitude ranges from their ource,
as well as under more densely shaded conditions. The effects of environmental conditions on leaf
longevity (Kikuzawa 1988, Begonia et al. 1987, Koike 1987) are also important in understanding
the response of tissue to senescence triggers. For these projects to be successful, we must
understand the impact ofthe environment on organ and whole plant senescence, especially in tree
species where pollutants can damage tissue before visible foliar yellowing. Additionally, a better

understanding ofthe senescence process will lead to a clearer picture of the stage in senescence
when re-greening is still possible. Further studies on the effects of environmental conditions on
plant and organ senescence will provide data to allow us to re-evaluate our current models of
age-related senescence as well as to understand the interaction of environmental stress conditions
on plant senescence.
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CHAPTER 3: ONSET OF FOLIAR SENESCENCE DURING AUTUMN: THE EFFECTS
OF SOIL TEMPERATURE AND PHOTOPERIOD

3.0 ABSTRACT
Photosynthetic and environmental measurements on one year old western larch (Larix
occidentalis Nutt.) seedlings during autumnal foliar senescence showed that chlorophyll and
carotenoid degradation preceded a decline in CO
2 assimilation. Chioroplast function was not lost
until late in senescence. I also made measurements on outdoor seedlings senescing under warmer
soil (average 3°C above naturally senescing seedlings) or extended 16 hour photoperiod. The
experimental design allowed me to observe the effect of a single environmental variable on

autumn senescence. The treatments delayed the onset of senescence and affected the sequence
of events during senescence. The differences between treatments in the order of decline of
different photosynthetic measures is evidence for the existence of different environmental controls
on the senescence process.

3.1 INTRODUCTION

Autumn foliar colour change is triggered by both leaf-specific maturation processes and
environmental conditions. The precise effects of individual environmental conditions on leaves
have proved difficult to identify because several of them, such as air temperature, photoperiod

and rain fall, tend to change at the same time. In addition, some cellular components deteriorate
during senescence as a direct result of the environment while others respond to endogenous
processes only indirectly affected by the environment. Such interactive effects make it even more

.
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difficult to isolate the effect of the environment on events during senescence. Previous studies
on autumn senescing tissue in deciduous trees examined pigment degradation (Sanger 1971,
Goodwin 1958), chloroplast ultrastructure (Cunninghame et al. 1982), gas exchange (Matyssek
et al. 1991), chloroplast efficiency (Adams et al. 1990), respiratory enzymes (Dean et al. 1993),
fluorescence-emission spectra (Lang and Lichtenthaler 1991), and plant hormone levels (Osborne
1973). However, these studies did not compare their findings to changes in autumn weather.
Other studies relating weather conditions to the timing of senescence were not accompanied by
detailed physiological measurements (Worrall 1993, Kozlowski et al. 1991, Addicott and Lyon
1973).
It is important to recognize that environmental conditions affect the onset of senescence
as well as the process of senescence, i.e. the sequence and rate of changes (Smart 1994). One
hypothesis is that autumn weather and cumulative stress imposed on leaves trigger senescencerelated genes that coordinate a pre-programmed set of events. This leads to the prediction that
the onset of autumn foliar senescence will vary with environmental conditions but that senescence
processes will be relatively insensitive to autumn conditions. An alternate hypothesis is that
components ofthe leaf are affected differently by autumn conditions, in which case both the onset

and process of senescence will vary in leaves that senesce under different autumn conditions. For
example, in a year when air temperature declines before light levels, carbon reduction may decline
prior to light harvesting capacity, whereas in a mild year, a series of phytochrome mediated .events
could begin senescence. The existence of different patterns of senescence has been documented
for a number of systems (Pell and Dann 1991) but not previously for the interrelated events
occurring during autumn foliar senescence.

34
I collected data on the photosynthetic apparatus in one year old western larch (Larix
occidentalis Nutt.) to determine how the process of senescence was affected by different autumn
conditions. Changes in pigments, photosynthesis and quantum yield were measured in trees
senescing under outdoor autumn conditions and compared to the pattern of senescence in
seedlings exposed to either warmer soil or longer photoperiod. This experimental design allowed
me to observe the effect of a single environmental variable on autumn senescence. Results
indicate that the onset of decline in chlorophyll was directly affected by the environment and that
the decline in photosynthetic function was largely, but not entirely, the same in seedlings
senescing under different conditions.

3.2 MATERIALS AND METHODS
3.2.1 Experimental design
One year old western larch (Larix occidentalis Nutt.) seedlings, obtained from seed lot
5266, Thompson Okanagan Dry Seed Planning Zone, British Columbia (elevation 1200m, 49 lat,

119 long) were grown outdoors from March until August and watered regularly. In late August
1992 (Julian date 240) potted trees were divided into treatment groups: naturally senescing
control seedlings (n=26), seedlings receiving warmer soil (n=34), and seedlings receiving
extended photoperiod (n=3 1). Seedlings were placed in gravel-bottomed cold frames under a
translucent plastic roof. The frame for seedlings receiving warmer soil was heated with.cables
under the gravel to raise soil temperature an average of 3°C above ambient during late autumn.
Soil temperature probes were placed 3 cm under the soil in the 6 inch pots. The day length for
seedlings receiving an extended photoperiod was increased to 16 hours with supplemental

.

fluorescent lights (100 j.tmol photons m
2

s’).
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A CR10 datalogger (Campbell Scientific,

Edmonton, Alberta) recorded air temperature, soil temperature and relative humidity. Light
intensity was measured using a Li-Cor quantum sensor (Li-Cor, Lincoln, NE).
My choice of a deciduous conifer allowed sequential harvesting of same age needles. On
37 days over a 15 week period beginning Julian day 247 (September 4), needle samples (three
per treatment) each consisting of one needle from a side branch of each seedling were collected
randomly from all treatments between 7:30 and 9:30 AM.

This procedure yielded three

independent and representative samples from each treatment group on each measurement day.
The data presented in this chapter is based on samples collected during 1992. A similar
experiment was done during autumn 1991. However, the presence of wintergreen needles in the
sample of needles collected during late autumn made analysis of the 1991 data difficult.
Wintergreen needles (needles which remain green and do not senesce) are often found on apical
portions of branches on young seedlings. During 1992, wintergreen needles were avoided by not
sampling needles near the apical shoots where wintergreen needles occur. The data collected
during 1991 were not used to characterize the onset of senescence because wintergreen needles
prevented me from estimating the onset of decline in pigments and photosynthesis. However, the
1991 data were used to examine the rate of senescence (Chapter 6).

3.2.2 Pigment and photosynthesis measurements
Chlorophyll and carotenoids were determined after acetone extraction (Lichtenthaler and
Wellburn 1983). Carbon assimilation at 1000 .tmol photons m
2

4

was measured at 20-25° C

using a narrow leaf chamber of an ADC-LCA2 (Analytical Development Company, Hoddeston,
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UK) infrared gas analyzer (IRGA). Leaf area of individual needles was determined from length
and width measurements using a millimeter ruler, and adjusted for larch needle morphology
(Vance and Running 1985).

Stomatal conductance and internal CO
2 concentrations were

obtained from the IRGA. Photosynthetic oxygen evolution was measured with a leaf disc oxygen
electrode (Hansatech, Kings Lynn, England) using a red light emitting diode (660nm). A disc
2 was made by placing thirty needles side by
having a composite flat leaf surface area of 10 cm
side, trimming the apex and base from the needles, and holding them together by four narrow
pieces oftape. The tape was placed at the edge of the leaf disc to insure that gas exchange was
not limited: stomata occurred mostly on the adaxial leaf surface. To maintain CO
2 levels, the mat
in the leaf disc chamber contained 1.0 M NaHCO
3 (pH 9) and the chamber was flushed with 50
mL U
1 CO
3 solution (Walker 1987). Oxygen measurements were corrected for
2 from aNaHCO
respiration which was measured both after 10 mm in the dark and after 5-10 mm of lightsaturating illumination. Respiration was assumed to remain constant as the actimc light increased.
Quantum yield of oxygen evolution was calculated based on absorbed light. I used absorption
values of 0.84 for green and early senescing tissue and 0.65 for late senescing tissue (Adams et
al. 1990) where early and late senescing tissue are defined in Section 3.3.1.

3.2.3 Chlorophyll a fluorescence measurements
Fluorescence measurements were made on the adaxial side of needles using a pulse
modulated PAM 10 1/103 fluorometer equipped with a Schott lamp (H. Walz, Effeltrich,
Germany and Schott, Mainz, Germany). The nomenclature suggested by Kooten and Snel (1990)
was used. Needles were dark-adapted for 10 mm. The pulse intensity to achieve close to
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saturation in a 20 mm dark adapted leaf was determined by measuring photochemical efficiency
(Fv/Fm; Katajima and Butler 1975) for green October needles taken from trees grown in cold
frames under 600 imol m
2s
2
4 light (n=8 per light intensity): 1300 .imol n1

Si:

0.780 (0.023

SE); 2000 j.imol: 0.781(0.022 SE); 4000 j.imol: 0.785 (0.020 SE); 7000 .tmo1: 0.782 (0.021 SE);
13000 j.imol: 0.793 (0.013 SE). The method suggested by Markgraf and Berry (1990), which
estimates the “true” height of a saturating pulse, was used to correct for potential problems due
to sub-saturating pulses at higher actinic light levels. L waves (Larcher and Neuner 1989) were
visible at low light levels. Calculating photochemical quenching with or without L waves did not
change interpretation of the data.

3.2.4 Determination of breakpoints
I used piecewise linear regressions to determine the day on which photosynthetic
parameters declined. For example, the level of chlorophyll was expressed as a function of Julian
date. The slope of the first line segment was set equal to zero, consistent with the assumption
that chlorophyll had not yet begun to decline. The slope of the second line segment was allowed
to differ from zero, consistent with the assumption that chlorophyll had begun to decline. Thus,
the breakpoint date between the two line segments defined the start of the decline in chlorophyll.
For each treatment group a series of piecewise linear regressions were estimated in which the
breakpoint varied from the first measurement day of the experiment to the second4o-last
measurement day. Repeating this procedure for all variables in each treatment group entailed
estimating nearly 600 separate piecewise linear regressions (9 variables x 2 treatment groups x
33 measurement days).
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Results from the piecewise linear regressions were used to estimate the date of decline
of chlorophyll. First, the sum-of-squared residuals from the piecewise linear regressions were
plotted against their corresponding breakpoints. The breakpoint associated with the lowest sum
of squared residuals was chosen as the best estimate of when chlorophyll began to decline. This
procedure was repeated for the other photosynthetic measures.

3.3 RESULTS
3.3.1 Environmental conditions and pigment loss
The difficulty in determining the environmental conditions that trigger autumn senescence
is that most often weather variables are correlated. During this experiment, temperature, light
levels, day length, and relative humidity changed at approximately the same time during autumn.
At the start ofthe experiment on Julian day 240 (27 August), the mean air temperature at needle

harvest (Figure 3-la) was 23°C and it declined to an average of 12°C by day 285 (11 October).
Soil temperature in control seedlings averaged 11.28±0.58°C (n=72, 95% confidence interval)
from September to December. Light intensity, measured in the morning at needle harvest, fell
2
from 600 to 200 j.imol m

by day 285 (Figure 3-2a).

Day length (Atmospheric

Environmental Services, Vancouver BC) declined from 13.5 to 8.5 hours (Figure 3-2b) and the
day length when chlorophyll began to decline was 11 hours. Relative humidity increased from
60% in late summer to consistently above 90% after day 285 (Figure 3-2c). To determine the
effect of soil temperature and photoperiod on senescence, two treatment groups were compared
to control seedlings. In warm soil seedlings the temperature averaged 2.89±0.12°C (n=72, 95%
confidence interval) above that of control seedlings (Figure 3-ib). Seedlings receiving an
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Figure 3-1. Temperature at the experimental site during autumn, a) Air temperature (°C) at
needle harvest for seedlings senescing outdoors (Control, filled diamond), with heated soil (Warm
soil, shaded diamond), and with 16 hour photoperiod (Long day, open diamond) b) Minimum
soil temperature for warm soil seedlings (dashed line) averaged 3°C above naturally senescing
seedlings and seedlings receiving extended photoperiod (solid line).
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Figure 3-2. Environmental site conditions during autumn, a) Photosynthetic photon flux density
m s’) at needle harvest for seedlings senescing naturally (Control, filled
(jimol photons 2
diamond), seedlings receiving heated soil (Warm soil, shaded diamond) and seedlings receiving
supplemental photoperiod (Long day, open diamond). b) Hours of day length during the
experiment c) Relative humidity at needle harvest for all seedlings.
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2 s supplemental to ambient light levels.
extended photoperiod received 16 hours at 100 j.tmol m
The lower light levels in the extended photoperiod group (Figure 3-2a) was due to the position
of the cold frames which gave the extended photoperiod seedlings more shade in the morning.
Figure 3-3 shows the time-course of chlorophyll loss in the three treatment groups.
Seedlings exposed to natural conditions and seedlings receiving warm soil treatment averaged
276±26 mg chlorophyll m
2 (95% confidence interval) and 256 ± 16, respectively, during early
autumn while seedlings receiving an extended photoperiod averaged 294 ± 18 mg chlorophyll m
2
during the same period (Table 3-1). The date when chlorophyll started to decline (“sate of
) was determined using a piecewise linear regression assuming different dates of decline.
0
decline
The date at which the regression gave the lowest sum-of-squared residuals was chosen as the
breakpoint (Figure 3-4). The date of chlorophyll decline determined in this way was day 285 for
control seedlings, day 295 for warm soil seedlings, and day 317 for extended photoperiod
seedlings (Figure 3-3). Sampling was stopped when CO
2 assimilation rates (see below) became
negative. I ensured adequate material for late senescence samples by not collecting from
seedlings receiving extended photoperiod between days 320 and 338 (15 November and 3
December).
Dates of decline for total carotenoids (data not shown) were similar to those for total
chlorophyll: day 277 for control seedlings, day 291 for warm soil seedlings, and day 314 for
extended photoperiod seedlings. Carotenoids declined from 300 to 100 mg m
2 during the
sampling period, and the chiorophyll/carotenoid ratio fell from 4 to 1.5 starting about 3 weeks
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Figure 3-3. Chlorophyll and chlorophyll a/b ratio during autumn, a) Date of decline for seedlings
senescing under natural conditions (Control) was Julian day 285 (11 October) and day 306 for
chlorophyll and chlorophyll a/b, respectively. b) Date of decline for seedlings senescing with
heated soil (Warm soil) was day 295 (21 October) and day 314 for chlorophyll and chlorophyll
a/b, respectively. c) Date of decline for seedlings sénescing with supplemental 16 hour
photoperiod (Long day) was day 317 (12 November) for both chlorophyll and chlorophyll a/b.
Each point is an average of 3 measurements. Breakpoints were determined by a piecewise linear
regression estimated for each measurement day (see text and Figure 3-4). I defined early
senescence as the period when chlorophyll declined but the chlorophyll a/b ratio was maintained
while late senescence occurred when both chlorophyll and chlorophyll a/b declined.
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Table 3-1. Chlorophyll and chlorophyll alb ratio in Larix occidentalis needles of different
senescence stages (see Figure 3-3 for definition of green, early and late senescence). Values are
means ± 95% confidence interval (sample size in parenthesis).
Stage
Green

Early Senescence

Late Senescence

Chlorophyll (mg m
)
2

Control

276±26 (43)

205 ±24 (24)

68

Warmsoil

256±16(58)

185±25(25)

56±28(4)

Longday

294±18(86)

±

17 (12)

119±64(14)

Chlorophyll a/b ratio

Control

3.17±0.18(43)

3.12±0.19(29)

2.19±0.35(15)

Warm soil

3.24 ± 0.11 (58)

3.29 ± 0.29 (27)

1.62 ± 0.78 (6)

Long day

3.26 ± 0.09 (88)

2.06 ± 0.48 (15)
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Figure 3-4. Determination of date of decline for chlorophyll, photosynthesis and chlorophyll a/b
ratio for naturally senescing seedlings during autumn. The sum-of-squared residuals from a
piecewise linear regression was estimated for each measurement day. The date giving the
minimum sum-of-squared residuals (arrows) was chosen as the breakpoint.
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after the date of decline in control and warm soil seedlings, and about 1 week later in extended
photoperiod seedlings. The chlorophyll a/b ratio started to decrease 3 weeks after pigment
content in control and warm soil seedlings (Figure 3-3). It decreased from 3.2 to approximately
2 at the end of sampling (Table 3-1). Dates of decline estimated by sum-of-squared residuals as
in Figure 3-4 (control shown) were day 306 and day 314 for control and warm soil seedlings
respectively. A date could not be determined for extended photoperiod seedlings because
sampling had to be suspended during the period when the chlorophyll a/b ratio would have started
to decline. Based on the different dates of decline for chlorophyll and chlorophyll a/b ratio, I have

defined early senescence as the period when chlorophyll is declining but chlorophyll a/b ratio is
not changing (Table 3-1). This stage occurred between days 285 and 306 (11 October

-

1

November) in control seedlings and between days 295 and 314 (21 October 9 November) in
-

seedlings receiving warm soil treatment. The most striking difference occurred in seedlings
receiving extended photoperiod in which early senescence did not begin until after day 317 (12
November). Late senescence was defined as the time after chlorophyll a/b ratio started to decline
(Figure 3-3, Table 3-1).

3.3.2 Gas Exchange
Carbon dioxide assimilation per unit area declined approximately a week after chlorophyll
content. The decline began on day 296 in control seedlings (Figure 3-5a), on day 301 in seedlings
receiving warm soil (Figure 3-6a), and after day 317 in seedlings receiving extended photoperiod.
Stomatal conductance (Figure 3-7) in all seedlings decreased from 300 to less than 50 mmol m
2
s beginning on day 303 (29 October). This suggested that the decreased stomatal conductance
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Figure 3-5. Photosynthetic parameters for seedlings senescing under outdoor conditions during
2 assimilation at light saturation (1000 j.tmol photons m
2s
) declined on day 296
1
autumn. a) CO
(22 October) and oxygen quantum yield (‘)O) declined on day 310. b) Photochemical efficiency
(FvfFm) of dark adapted needles (filled circles) declined on day 308. PSII quantum yield (cI,
Genty et al. 1989) at actinic light levels of 25 (shaded circles), 100 (shaded squares) and 250
2s
4 (open circles). Arrows show the date of decline in chlorophyll and chlorophyll a/b.
i.tmol m
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Figure 3-6. Photosynthetic parameters for seedlings senescing under warm soil during autumn.
2 S’) declined on day 301 and
a) CO
2 assimilation at light saturation (1000 j.tmol photons m
oxygen quantum yield ((1)0,) declined on day 306. b) Photochemical efficiency (FvfFm) of dark
) at actinic light
11
adapted needles (filled circles) declined on day 306. PSII quantum yield (cD
levels of 25 (shaded circle), 100 (shaded square) and 250 pmol m
2s
4 (open circles). Arrows
show the date of decline of chlorophyll and chlorophyll a/b.
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2s
Figure 3-7. Stomatal conductance (mmol m
) during autumn declined in naturally senescing
1
seedlings (filled diamond) on day 303 (29 October), and on day 305 in warm soil (shaded
diamond) and extended photoperiod seedlings (open diamond).
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was not affected by photoperiod or small increases in soil temperature. The 3-5% increase in
ratio of intercellular to ambient CO
2 concentration in late compared to early autumn tissue (Table
3-2) was similar to other senescing leaves (Thomas et al. 1991).
Photosynthetic oxygen exchange was measured with a leaf disc oxygen electrode. Dark
respiration was constant during autumn and averaged 0.5 j.tmol 02 m
2 s when needles were pre
illuminated at 100 jimol m
2s
4 and then dark-adapted for 10 mi
measured immediately after illumination at 470 .tmol m
2

,
4
s

When dark respiration was

the rate averaged 1.5 jimol 02 rn
2

s’, which is consistent with reports (Walker 1992) that respiration rates are greater when the leaf

has been previously exposed to high light intensity. Oxygen evolution per unit leaf area declined
from 18 to 3 .imol 02 m
2 s’. Oxygen evolution per leaf area as a function of light levels showed
lower maximum rates in senescing tissue (Figure 3-8). The date of decline in oxygen evolution
2 s’), as determined from piecewise linear regressions, was day 298 for control
(at 470 imol m
seedlings, day 295 for warm soil seedlings, and day 322 for extended photoperiod seedlings.
These values are quite close to the dates of decline when photosynthesis was measured by carbon
assimilation:

days 296, 301 and 317, respectively, for control, warm soil and extended

photoperiod seedlings.

3.3.3 Chlorophyll a fluorescence and quantum yield
I measured quantum yield in green and senescing tissue to establish when the decline in
photosynthesis during autumn was due to a decline in chioroplast efficiency. Estimates of
quantum yield using oxygen evolution at light-limiting levels may be unreliable because dark
respiration rates at changing light intensities must be estimated (Walker 1992) and differences in
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Table 3-2. Internal : ambient CO
2 concentration in Larix occidentalis needles of different
senescence stages (see Figure 3-3 for definition of green, early and late senescence). Ratios are
means ±95% confidence interval (sample size in parenthesis).

Stage

Green

Early Senescence

Late senescence

Control

0.847±0.032 (42)

0.868±0.010 (26)

0.892±0.032(15)

Warm soil

0.849±0.024 (55)

0.856±0.008 (27)

0.875±0.093 (6)

Long day

0.846±0.014 (85)

0.883±0.03 9 (14)
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Figure 3-8. Oxygen evolution per leaf area (20°C, 50 mL T} C0
, 660nm light) at different
2
irradiances for naturally senescing seedlings in different phases of senescence: green (filled circle),
early senescence (shaded circle) and late senescence (open circle). Senescence stages defined in
Figure 3-3 and in text. Calculations for late senescing tissue were corrected for absorbance by
assuming yellow leaves absorb 33% less light compared with green tissue (0.65 of incident light
compared with 0.84 of incident light absorbed by green tissue; Adams et al. 1990). Data were

similar for seedlings senescing under warmer soil or extended photoperiod. Error bars are 95%
confidence interval and sample size per light intensity was 43 for green tissue, 29 for early
senescing tissue and 15 for late senescing tissue.
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leaf absorbance between green and yellow tissue considered (Oquist and Chow 1992). Thus, I
also determined quantum yield using chlorophyll a fluorescence data. Photochemical efficiency
of dark adapted tissue (Fv/Fm), as measured by a pulse modulated fluorometer, decreased from
0.782±0.004 (95% confidence interval, n=139) in green needles to 0.5 in senescent needles
(Figure 3-5b). This was due to a decline in both Fo and Fv (data not shown), and occutred by
day 308 (3 November) and day 306 in seedlings senescing under outdoor conditions and warm
soil seedlings, respectively (Figure 3-5b, 3-6b). The changes occurred after day 317 in seedlings
receiving extended photoperiod.
Quantum yield of oxygen evolution per leaf area (4)02), determined from oxygen
evolution rates at light-limiting levels (Figure 3-5, 3-6), declined in late senescing tissue at the
same time as the decline in quantum yield of PS11 (CI),Genty 1989). Quantum yield declined
earlier than the chlorophyll a/b ratio in warm soil seedlings but at the same time in control
seedlings. The earlier decline in quantum yield in warm soil seedlings may indicate that the
former were mildly drought stressed. Quantum yield of PSII was approximately linearly related
to 4)02 (Figure 3-9) and the slope of the relationship was similar when differences in leaf
absorbance were accounted for by assuming that green leaves absorb 0.84 of incident light but
yellow leaves absorb only 0.65 (Adams 1990).
Photochemical quenching (qQ) was measured to determine if the proportion of oxidized
Qa was rate limiting during photosynthesis and total non-photochemical quenching (qN) was

calculated to provide evidence of changes in energy dissipation mechanisms during senescence
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Figure 3-9. Quantum yield of PSII

) calculated as in Genty et al. 1989, compared to oxygen
1
(

quantum yield (GO,) calculated at light limiting levels (Walker 1992): green tissue (filled circle),
early senescing tissue (shaded circle), late senescing tissue (open circle) and late senescing tissue

corrected for absorbance (open square). Calculations for late senescing tissue were corrected for
absorbance by assuming yellow leaves absorb 33% less light compared with green tissue (0.65
of incident light compared with 0.84 of incident light absorbed by green tissue; Adams et al.
1990). Sample size per data point for green tissue

=

43, early senescing tissue

=

29, and late

senescing tissue = 15. Error bars are 95% confidence interval. Senescence stages as defined in
Figure 3-3.
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(Schreiber et al. 1986). Data were grouped into green, early senescing and late senescing phases
as defined by chlorophyll loss (Figure 3-3) in order to plot qQ and qN as a function of light
intensity. Photochemical quenching was lower in late senescing tissue compared with green
2 s’ (Figure 3-lOa). A slower rate
tissue for all seedlings at light levels greater than 25 i.tmol m
of Qa reoxidation during late senescence could cause the lower photochemical quenching. Non
photochemical quenching changed only slightly between green and senescing tissue, for all light
intensities, in control (Figure 3-lob) and warm soil seedlings (data not shown). This suggests
that in general, for a given amount of absorbed light, green and yellow leaves both dissipate
excess energy equally. In seedlings receiving extended photoperiod, mean values for qN were
lower during late senescence compared with green tissue at all light levels. This suggests that at
least one component may be decreasing among the different energy dissipation mechanisms of
qN.

3.4 DISCUSSION
I examined the onset of decline in photosynthetic components during naturally senescing
autumn leaves and evaluated how this decline was affected by environmental conditions. A
principal finding was that CO
2 assimilation declined after a decline in chlorophyll but before a
decline in quantum yield. I then compared this process of senescence to that in seedlings exposed
to different environmental conditions. Extended photoperiod and warmer soil temperature
delayed the onset of senescence compared to naturally senescing autumn leaves and, to a small
extent, affected the sequence of decline in the photosynthetic parameters measured. The data
were easier to interpret if I defined early senescence as the period when chlorophyll levels

64
2s
Figure 3-10. Chlorophyll a fluorescence quenching as a function of absorbed PFD (pmol m
).
1
a) Photochemical quenching (qQ) in naturally senescing seedlings. Seedlings receiving warm soil

and extended photoperiod showed a similar pattern. b) Non-photochemical quenching (qN) for
naturally senescing seedlings and Long day seedlings (insert). Seedlings receiving warm soil
showed a similar pattern to control seedlings. Green (filled circle), early (shaded circle) and late
senescing (open circle) tissue as defined in Figure 3-3. Error bars are the 95% confidence
interval, sample size per data point for green tissue=43, early senescing tissue=29 and late
senescing tissue=1 5.
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declined but the chlorophyll a/b ratio was maintained and late senescence as the period when both
decreased (Figure 3-3). Note that these definitions do not describe senescence in all species. For
example, autumn yellowing does not occur in Alnus glutinosa (Bortlik et al. 1987) aid the
chlorophyll a/b ratio appears to increase in Populus (Dean et al. 1993). I first describe the
senescence process in naturally senescing seedlings and then compare the process to seedlings
senescing in modified environments.
2 assimilation per leaf area, measured at light-saturating levels, declined 11 days after
CO
pigments started to decrease in naturally senescing larch seedlings (Figure

3_5)1•

In contrast,

quantum yield, measured from either 02 evolution at light-limiting photosynthetic flux density
(660nm) or chlorophyll fluorescence, declined two weeks later (Figure 3-5, 3-6), 25 days after
the decline in chlorophyll. Similar results were found in autumn Platanus leaves (Adams et al.
1990) and suggests that although carbon fixation ability declined during early senescence, the
number ofphotons required per electron transported remained constant until late in senescence.
The presence offunctioning membranes late into senescence suggests that there was an organized
degradation process (Adams et al. 1990). In addition, the concurrent decline in quantum yield
and chlorophyll a/b is evidence for final membrane deterioration and disassembly of the remaining
pigment-protein complexes.
) and oxygen evolution ((1)02) has not
1)
The relationship between quantum yield ofPSll ((
previously been examined in senescing tissue, although c1), and (1)02 are well correlated in species
growing under various conditions (Edwards and Baker 1993, Oquist and Chow 1992). My

‘Similar results were obtained when photosynthesis was measured by oxygen evolutkrn. In
particular, photosynthetic oxygen evolution declined 9 days after the decline in chlorophyll.

67
results show that ‘D,was a good predictor of (D02 in senescing tissue (Figure 3-9), provided that

corrections were made for differences in leaf absorbance (Oquist and Chow 1992, Adams et al.
1990).

Other workers compared (D, to cDQ in tissue with low levels of light harvesting

2 and
complexes. Oquist and Chow (1992) found a different ratio between cDO

cIJ

in the

chlorophyll b less barley mutant and the wild-type, in contrast to my observations where the slope
between (DO2 and

1
CD

in senescing and green tissue was similar. I suggest that this may be due

to the absence of chlorophyll a/b light-harvesting complexes in the mutant.
PSII quantum yield (calculated as the product of photochemical quenching [qQ] and

photochemical efficiency [Fv’/Fm]) declined during late senescence because of both lower
photochemical quenching (Figure 3-lOa) and photochemical efficiency under different light levels
(data not shown). The decline in qQ (Figure 3-lOa), a measure ofthe proportion of oxidized Qa,
indicated that a greater portion of PS11 reaction centers were reduced in yellow than in green
tissue. This is consistent with a slow rate of reoxidation of Qa in senescing leaves (Jenkins et al.
1981), possibly caused by declining fbnction or mobility of cytochrome b6/f complex (Ben-David
et al. 1983, Holloway et al 1983). Photochemical quenching was not lower in yellow compared
2 s’, suggesting that the cytochrome complex
to green tissue at light levels below 25 jimol m
transported electrons efficiently from PS11 to PSI when light was limiting carbon assimilation.
In summary, photosynthetic membranes of early and late senescing larch needles
functioned differently. Leaves retained high photosynthetic rates, (DO2 and photochemical
efficiency (Fv/Fm) during initial loss of chlorophyll and carotenoids. I infer from the unchanging
chlorophyll a/b ratio that chlorophyll a and chlorophyll a/b containing-complexes degraded at the

same rate. Not until late senescence, when chlorophyll content had declined by more than 60%,
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did chioroplasts show losses of function, as indicated by a decline in O2, (I), Fv/Fm and
chlorophyll a/b ratio. The decline in the chlorophyll a/b ratio and the chlorophyll to carotenoid
ratio (chlorophyll a+b/xanthophyll+-carotene) suggested preferential loss of chlorophyll acontaining proteins closely associated with the reaction centers over loss of light harvesting
proteins (Lichtenthaler 1987). Taken together, the data suggest that during early senescence
some photosynthetic membranes were completely degraded, while the remaining membranes were
fully functional. This would occur ifthe initial decrease in photosynthesis of senescing tissue was
due to a decline in the number of chloroplasts (Kura-Hotta et al. 1990, Camp et al. 1982).
I can also draw inferences about the weather conditions that caused the photosynthetic
decline. Triggers for a particular pattern of leaf senescence are complex because of interacting
influences of the environment. In addition, there are lags between the weather change and the
physiological responses. During this experiment, the decline in chlorophyll occurred in control
seedlings when average air temperature dropped from 23°C to 12°C (Figure 3-la), light levels had
dropped to below 350 .tmol m
2 s’ (Figure 3-2a), day length was less than 11 hours (Figure 3-2b),
and relative humidity was above 85% (Figure 3-2c). To isolate the effect of a single weather
variable on senescence, I compared senescence in naturally senescing seedlings to seedlings where
one environmental condition was different compared to naturally senescing seedlings.
Senescence began later in warm soil and extended photoperiod seedlings than seedlings
senescing under natural conditions. The 3°C increase in soil temperature (Figure 3-lb) and the
longer photoperiod was enough to delay loss of chlorophyll (Figure 3-3) by 10 and 32 days,
respectively, compared with control seedlings.

Because most of the changes in the

photosynthetic components were delayed in warm soil seedlings I conclude warm soils affected
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the onset of senescence. I do not have a measure of significance for the delay because the data
were collected for one season only. Delayed senescence due to warmer soil is consistent with the
fact that slightly colder soils cause lower photosynthetic rates in larch (Häsler 1985).
An extended photoperiod during autumn has been reported to delay senescence in
deciduous trees growing near street lights (Olmsted 1951, Matzke 1936). These observations
did not include temperature measurement, so it is unclear whether the observed extended
greening was the result of extended photoperiod, warmer air temperature, or a combination of
both. In contrast, in my experiment, the delayed de-greening was not due to air temperature
which was the same for all seedling groups control, warm soil and extended photoperiod (Figure
-

3-la). Hence the longer green period in seedlings receiving extended day length reflected only
a longer photoperiod.
There are several possible explanations for the delayed yellowing caused by extended
photoperiod. Chlorophyll degraded faster when far-red light was the last light received by the
plant (Okada 1992). This would occur naturally during dusk but not in the white light used for
extending the photoperiod in this experiment. A second explanation for the delayed de-greening
is that the longer photoperiod at 100 j.tmol photons m
2 s increased total irradiance hours for
carbon assimilation so that the onset of senescence was delayed because the leaf remained a
carbohydrate source. In this case, yellowing would begin as other environmental conditions
would trigger senescence.
In addition to delaying the onset of senescence, warm soil and extended photoperiod had
a small impact on the extent of decline of senescence-related events. For example, in late
senescing tissue, non-photochemical quenching (qN) at high light was lower in seedlings reâeiving
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longer photoperiods (Figure 3-lob, insert) than in control seedlings (Figure 3-lOb). The lower
qN during the delayed yellowing suggests that at higher light, energy was not transferred away
from PS11 (Horton and Bowyer 1990). Because Fv/Fm during late senescence was no kwer in
seedlings receiving extended photoperiod compared to control seedlings, I infer that the lower
qN did not lead to photoinhibition.
Another difference between senescence in the treatment groups was found in the
stomates. Conductance decreased two weeks before the decline in photosynthesis in extended
photoperiod seedlings, concurrently in warm soil seedlings, and a week after the decline in CO
2
assimilation in control seedlings. The decline in stomatal conductance may have been due to light
declining below 400 j.tmol m
2s
1 (Jones 1983) or the increase in relative humidity from 70% to
over 90%. These results suggest that conductance was not as sensitive to soil temperature and
day length as it was to light intensity or relative humidity.
I conclude that autumn foliar senescence in western larch needles is similar to that in
angio sperms. it is characterized by an initial decline in some photosynthetic function. This
pattern exists regardless of the timing of senescence and the environmental conditions during
senescence. There were differences in the extent of change in the photosynthetic apparatus of
seedlings grown in slightly warmer soils or under extended photoperiod. The differences provide
preliminary evidence for different environmental controls of senescence in the photosynthetic
apparatus.
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CHAPTER 4:

FURThER CHARACTERIZATION OF THE ONSET OF FOLIAR

SENESCENCE DURING AUTUMN: THE TIMING OF RTJBISCO DEGRADATION

4.0 ABSTRACT
Ribulose- 1 ,5-bisphosphate carboxylase/oxygenase (Rubisco) levels may limit CO
2
assimilation during autumn foliar senescence. The amount of Rubisco large subunit (LSU) in
autumn larch needles began to decline at the same time as carbon assimilation per leaf area,
suggesting that Rubisco limited photosynthetic rates during senescence. Immunoblots showed
fragments of LSU as early as 10 days before carbon assimilation declined concurrent with the
onset of decline in chlorophyll levels. These fragments were not apparent when leupeptin was
added to the grinding buffer. These results showed that there was a developmental change in the
leaf during senescence allowing Rubisco to become susceptible in vitro to a cysteine protease.
I have not determined if this is the same protease responsible for degrading Rubisco in vivo.

4.1 INTRODUCTION
Although protein degradation is sometimes correlated with increased protease levels
during leaf senescence, it is more often due to increased activity of existing proteases (Huffaker
1990). Proteolytic activity can be enhanced by changes in compartmentation of proteases from
substrates, identification of proteins for degradation by ubiquitin, or changes in pH and ATP
levels that can activate proteases (Dalling and Nettleton 1986). Proteolytic activity can also be
enhanced by free radicals that alter protein conformation and make proteins more susceptible to
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proteases. The difficulty in identil3,ing many of these pathways is that in vitro proteolytic activity
is often not easily confirmed in vivo (Huffaker 1990).
Degradation of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) has been
studied by a number of researchers. Rubisco declines during senescence because of a decrease
in synthesis and an increase in degradation. Rubisco synthesis is low in mature leaves (Laurière
1983) and the decline in Rubisco large subunits (LSU) in older leaves occurred concurrently with
a decrease in mRNA (Jiang et al. 1993).
Increased degradation of Rubisco to amino acids that may be transported out of the leaves

can occur by several pathways, including a mechanism in which Rubisco is altered by ubiquitin
prior to degradation by proteases (Veierskov and Fergeson 1991). The redox state of cysteine
may also be involved in the sensitivity of Rubisco to oxidative inactivation (Garcia-Ferris and
Moreno 1993, Mehta et al. 1992). On the other hand, the isoelectric point of Rubisco did not
change prior to degradation in soy-bean (Crafts-Brandner et a!. 1990), suggesting that there may
not always be conformational changes that lead to increased susceptibility to proteases.
Regardless of how Rubisco is targeted for degradation, thiol proteases may be involved in the
breakdown (Hensel et a!. 1993, Mae et a!. 1989, Feller 1987).
Prior to this study, no work had been done on the degradative events controlling Rubisco
during autumn leaf senescence. I examined total leaf protein from autumn senescing western
larch needles by SDS polyacrylamide electrophoresis and showed that the amount of Rubisco
declined approximately at the same time as the decline in CO
2 assimilation. Fragments of LSU,
identified on immunoblots, appeared at the same time as chlorophyll began to decline but prior
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to the decline in carbon assimilation. These LSU fragments were not observed when leupeptin
was in the isolation buffer but were seen when N-ethylmaleimide (NEM) was present.

4.2 MATERIALS AN]) METHODS
Western larch seedlings were grown in outdoor cold frames under natural conditions as
previously described (Chapter 3). A sample of needles were harvested every few days, quickfrozen in liquid N
, and stored at -20°C until analysis. Before analyzing these needles, preliminary
2
experiments were conducted on both green and yellowing larch needles to establish the preferred
buffer and protease inhibitor mixture. Needles were ground on ice in lOx volume of buffer per
fresh weight and spun at 5000 g for 5 miii to pellet debris. A modified Laemmli buffer (Laemmli
1970) was used containing 0.0625 M Tris pH 6.8, 10% glycerol and 2% SDS. In addition, the
buffer contained several protease inhibitors.

These inhibitors included

10 mM

ethylenediaminetetraacetic acid (EDTA) and 20 mlvi diethyithiocarbamate (DIECA) as cholators;
lOniM €-aminocaproic acid as a serine protease inhibitor; 0.5% soluble polyvinylpolypyrrolidone
(PVP) as an anti-phenol (Gray 1989); and 20 M leupeptin and 2.5 mlvi N-ethylmaleimide
(NEM) as cysteine protease inhibitors (Mae et al. 1989). Phenylmethylsulfonyl fluoride did not
appear to affect Rubisco degradation and was not used after initial trials.
SDS PAGE gels were run following the procedure of Laemmli (1970).

Beta

mercaptoethanol was added before the sample was heated and loaded onto the gels. The amount
ofLSU was estimated from densitometric scans of SDS PAGE gels stained in Commassie Blue
R. The dates of decline of CO
2 assimilation were determined as previously described (Figure 34).
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For western blots, mini gels (12% acrylamide) were transferred for 1 hour at 1 OOV in 25
mM Tris and 192 mM glycine according to the Bio-Rad (Richmond, CA) manual. Gels were
blotted for 30 mm in a blocking buffer (3% fish skin gelatin in PBS with 0.01% Na Azide), and
probed with primary antibody for 1 hour, followed by three 5 mm washes in PBS with 0.05%
Tween and a final wash of PBS without Tween. Detection was achieved after 1 hour reaction

with goat anti rabbit alicaline phosphate (BRL 1: 1500 in 3% fish skin gelatin) followed by three
5 mm washes in PBS containing 0.05% Tween and a final wash of 50 mM Tris pH 8.0. Color
reagent (0.02g Fast Red TR Salt and 0.OlgNapthol AS IvlX phosphoric acid per 10 ml of 50mM
Tris pH 8.0, Sigma, St. Louis, MO) was then added until intensity was achieved (20 mm).
Antibody to spinach Rubisco was a gift from Dr. Terry Crawford at the University of British
Columbia.

4.3 RESULTS AND DISCUSSION
The amount of Rubisco in autumn senescing larch declined at approximately the same
time as the decline in CO
2 assimilation per unit leaf area (Figure 4-1), suggesting that Rubisco
levels were limiting carbon assimilation. The amount ofLSU, as determined from densitometric
scans of SDS-PAGE gels stained with Commassie blue, declined by day 296 (October 22) in
seedlings senescing naturally and by day 301 in seedlings senescing in soils that were 3°C warmer
(Figure 4-1).
Trnmunoblots were made to ensure that the decline in Rubisco was not an artifact of the
grinding buffer. An initial immunoblot detected low molecular weight degradation fragments of
Rubisco. Fragments of about 24 kDa in size were first detected on day 284 (October 10) in
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Figure 4-1. Carbon assimilation and Rubisco amounts during autumn in naturally senescing Larix
needles, a) Control and b) warm soil seedlings. Carbon assimilation rates (PN) and large subunit
of Rubisco LSU) are open and filled circles, respectively. Amount of LSU determined by
densiotemetric scan of SDS PAGE gels.

Arrows for CHL (mg chlorophyll m
), carbon
2

assimilation rates (PN) and chlorophyll a/b ratio (AB) indicate the date of decline of these
measures (as described in Section 3.2.4).
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naturally senescing larch needles (Figure 4-2). This occurred at the same time as the decline in
chlorophyll, and 10 days prior to the decline in CO
2 assimilation. Additional analysis with
protease inhibitors showed that including leupeptin in the grinding buffer prevented Rubisco
degradation (Figure 4-3) in senescing tissue. In contrast, NEM, another cysteine protease
inhibitor, was not able to prevent LSU from degradation (Figure 4-4).
Two conclusions can be drawn from these results. First, the degradation of Rubisco
(Figure 4-2) into lower molecular weight fragments was an artifact of the grinding buffer since
degradation was prevented by the presence of leupeptin. Because Rubisco was not degraded in
needles from early October but was degraded in needles from late October, it appears that
changes in the leaf during October made Rubisco susceptible to proteolytic activity in vitro. This
change occurred at the same time as the onset of decline in chlorophyll. Clearly LSU was
declining during autumn, since the amount of LSU was less in senescing tissue than in green
tissue. However, I had not expected to detect these fragments since they would be rapidly
degraded into amino acids for export. This suggests that the fragments in Figure 4-2 were
artifacts of the isolation procedure.
A second conclusion is that leupeptin could prevent Rubisco degradation in vitro. This
is consistent with Mae et al. (1989) who found that leupeptin inhibited LSU degradation in lysed
wheat chioroplasts induced to senesce at 37°C at several different pHs and SDS concentrations
(Mae et al. 1989). Mae et al. also found that Rubisco degradation was prevented by NEM
although I did not find this effect (Figure 4-4). It is not clear why leupeptin prevented Rubisco
degradation while NEM did not. Leupeptin is a competitive inhibitor of the cysteine residues and
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Figure 4-2. Immunoblot of large subunit ofRubisco in autumn senescing Larix needles, material
prepared with several protease inhibitors but not leupeptin. Gels run with total leaf protein
samples of needles harvested from October through November. Lanes loaded per gram fresh
weight. Leaf grinds prepared in buffer containing different protease inhibitors (10mM EDTA,
20mM DIECA, 10mM c-aminocaproic acid, 0.5% soluble PVP) but not leupeptin.

79

Rubisco LSU
Autumn senescing larch needles
c

00

o

f\

‘

%

%,

00

14

“

—I-

-

—

—

-—

—-

‘.

—

i—-

C,

&

0&0&.

$040

80
Figure 4-3. Immunoblot of large subunit ofRubisco in autumn senescing Larix needles, material
prepared with several protease inhibitors including leupeptin. Gels run with total leaf protein
samples of needles harvested from October through November. Lanes loaded per gram fresh
weight. Leaf grinds prepared in buffer containing different protease inhibitors (10mM EDTA,
20mM D]ECA, 10mM c-aminocaproic acid, 0.5% soluble PVP) plus the additional protease
inhibitor leupeptin (20.tM).
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Figure 4-4. Large subunit of Rubisco and proteolytic fragments in autumn senescing larch
needles prepared in buffers containing different protease inhibitors. Detection of Rubisco large
subunit by Western blots. Gels run with total leaf protein samples from either August or
November needles. Leaves ground in different buffers: three needles samples were ground in
the stock buffer contained O.0625M Tris pH 6.8, 10mM EDTA, 20mM DIECA, 10mM c
aninocaproic acid, 0.5% soluble PVP. In addition, three sets ofneedles were ground in the stock
buffer plus the additional protease inhibitor 20
.tM leupeptin. Finally, three sets of needles were
1
ground in the stock buffer plus 2.5mM NEM.
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NEM covalently reacts with the active cysteine (Gray 1989). Most likely, NEM prevented

Rubisco degradation in isolated wheat chioroplasts (Mae et al. 1989) because NEM was able to
prevent chioroplastic proteases from degrading Rubisco. In contrast, I examined total larch
needle proteins and one possibility would be that the proteases degrading Rubisco were non
chioroplastic ones that NEM was unable to prevent from degrading LSU. Perhaps higher
concentrations of NEM could have prevented Rubisco degradation in autumn larch needles.
Another interesting observation is that NEM does not prevent, and may even increase,
proteolysis (Figure 4-4).

One possibility is that NEM affected Rubisco conformation by

interfering with disuiphide bridge formation, and allowing Rubisco to be more susceptible to
proteolytic activity. Why NEM appeared to increase Rubisco degradation in larch while the
opposite effect is reported in other systems, is not known.
The evidence for proteolytic activity on Rubisco during autumnal senescence is
preliminary. Further research is needed to confirm that Rubisco amount is correlated to activity
in senescing tissue. In addition, it would be interesting to repeat these experiments using tissue
senescing in environmentally controlled growth chambers set to autumn conditions. Such studies
would allow for a more precise measure ofwhen Rubisco begins to degrade and whether Rubisco
declines at the same time as chlorophyll. If fl.irther studies confirm that Rubisco and chlorophyll
begin to decline at the same time, then one can speculate about the control of these events. For
example, changing environmental conditions by mid October could result in increased oxidative
stress conditions and decreased antioxidant enzymes (Casano et al. 1994). This would jn turn
lead to both an increase in Rubisco degradation (Garcia-Ferris and Moreno 1993, Mehta et al.
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1992) and a decline in chlorophyll due to oxidative cleavage of the porphyrin ring (Langmeier et
al. 1993).
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CHAPTER 5:

THE ONSET OF FOLIAR SENESCENCE IN ENVIRONMENTALLY

CONTROLLED CHAMBERS: THE EFFECTS OF AIR TEMPERATURE, PHOTOPERTOD,
AND LEAF AGE

5.0 ABSTRACT

The response of the photosynthetic apparatus to autumn is difficult to study because a
variety of environmental conditions change simultaneously and may affect different parts of the
leaf. I measured the impact of mdividual environmental conditions on leaf senescence by placing
western larch (Larix occidentalis Nutt.) in chambers set to simulate different autumn conditions.
I used regression analysis to quantifr the effects of air temperature and photoperiod on the date
of decline in chlorophyll, net photosynthesis, and chlorophyll aJb ratio. The regression also
controlled for leaf specific variables (age and provenance). Results indicated that increased leaf
age significantly accelerated the onset of decline in chlorophyll, photosynthesis, and chloiophyll
a/b ratio. In contrast, increased air temperature delayed the onset of decline in both chlorophyll

and photosynthesis without affecting chlorophyll a/b ratio. Extended day length delayed only the
onset of chlorophyll decline without affecting photosynthesis or chlorophyll a/b ratio. These
findings show that the timing and process of senescence varies with leaf age and environmental
conditions.

5.1 INTRODUCTION
Perennial plants integrate autumn signals to regulate the onset and sequence of events
during leaf degradation. The controlled senescence process ensures that plants reabsorb t least
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some nutrients before leaf abscission. Despite the growing literature on senescence, little
attention has been given to the leaf components that respond to environmental changes during
autumn. Most evidence on the effect of temperature and photoperiod on leaf senescence is
anecdotal (Kozlowski et al. 1991, Addicott and Lyon 1973). Rigorous analyses of the effect of
environmental factors on the leaf are less common, in part because naturally growing plants are
exposed to concurrent changes in a variety of environmental conditions.
I studied changes in the photosynthetic apparatus of outdoor-growing western larch
seedlings during one autumn season and showed that both the onset and the sequence of events
during senescence were affected by changes in photoperiod and soil temperature (Chapter 3).
Because the data were collected only for one year, I could not determine how soil temperature

and photoperiod effects varied between years. Moreover, the difficulty remains of how to control
for differences in weather conditions between years so that one could quantift the effect of
extended photoperiod or warmer soil temperatures on senescence.
As an alternative to isolating the effect of an environmental condition on the leaf I
measured net photosynthetic rates and pigment content of western larch leaves from seedlings
senescing in growth chambers set to different temperature and photoperiod regimes. I examined
changes in chlorophyll, net photosynthesis and chlorophyll a/b ratio as indicators of senescence.
I also measured the chlorophyll a/b ratio because in larch it is an approximate indicator of the final
stage of senescence when quantum yield has declined (Chapter 3). I analyzed the data using a
regression model in which I estimated the number of days to the start of senescence as a function
of photoperiod, air temperature and leaf-specific variables such as leaf age and seed lot.
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Regression models have been used previously to quantify the effect of ecophysiological
data on the photosynthetic apparatus (Gratiani et al. 1987, Nelson et al. 1982). The advantage
ofthe regression model is that it quantifies the effect of a single weather or leaf specific variable
on a photosynthetic measure while other variables in the model are kept constant.

The

disadvantage of statistical models is that results do not directly explain the underlying mechanisms
that account for the effect of a given environmental condition or leaf specific attribute on the
chioroplast (Sharpe and Rykiel 1991). I found that a regression model could quantify the effect
of air temperature and day length (in addition to leaf age and provenance) on the photosynthetic
apparatus during senescence.

Results indicated that changes in individual environmental

conditions and leaf specific attributes affected both the timing and sequence of events during
senescence.

5.2 MAThRTALS AIlD METHODS
5.2.1 Experimental design

Western larch (Larix occidentalis Nutt.) seedlings (West Kootenay Seed Planning Zone,
British Columbia, 900m, 49 lat, 117 long; Thompson Okanagan Dry Seed Planning Zone, British
Columbia, 1200 m, 49 lat, 119 long; and West Kootenay Seed Planning Zone, British Columbia,
1500m, 49 lat, 115 long) were removed from cold storage in March and grown either outdoors
under natural conditions orin the greenhouse. Green seedlings were placed into environmentally
regulated growth chambers (Conviron, Winnipeg, Manitoba Canada) set to 16 hours daylight,
8 hours daylight, or 8 hours daylight with a 15 mm white-light night-break (30 watt incandescent
light bulb). Air temperature was either 8°C day and night or 15°C day: 12°C night, and relative
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humidity was set to a minimum of 75%. Average light intensity at mid-seedling height was 150
j.tmol m
2s
4 which is approximately 75% of light intensity during autumn (Figure 3-2). Seedlings
were placed in the growth chambers at various times from June (jrior to the onset of natura1ly
occurring senescence) through April of the following year (after the onset of naturally occurring
leaf senescence). Varying the timing of experiments allowed me to measure the effects of leaf
age (100-400 days after bud burst) on senescence.
Thirty-two growth chamber experiments were conducted over a three year period from
1991 to 1994, using 3-12 seedlings and an average of thirteen measurement days per experiment.
Measurement days were spread roughly uniformly over the duration of individual experiments
(35 to 80 days). Each measurement ofneedle conditions was from a combined sample containing
a single needle from each side branch of all seedlings in the chamber. The sampling procedure
attempted to ensure that my data reflected the average condition of seedlings in the chamber at
the time ofmeasurement. All measurements were taken between one and three hours after lights
were turned on in the morning to control for time of day effects.

5.2.2 Pigment and photosynthesis measurements
Chiorophylls were measured after acetone extraction (Lichtenthaler and Wellburn 1983).
In six experiments, photosynthetic rates were measured as CO
2 assimilation using an infra red gas
analyzer (ADC-LCA2, Analytical Development Company, Hoddeston, UK).

In all other

experiments, photosynthetic rates were measured as oxygen evolution (Hansatech, Kings Lynn,
England) as previously described (Chapter 3).
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5.2.3 Determination of breakpoints and the onset of senescence

I used piecewise linear regressions to determine the day on which photosynthetic
parameters declined, as previously described (Chapter 3). For example, the level of chlotophyll
was expressed as a function ofthe number of days in the growth chamber. The slope of the first
line segment was set equal to zero, consistent with the assumption that chlorophyll had not yet
begun to decline. The slope of the second line segment was allowed to differ from zero,
consistent with the assumption that chlorophyll had begun to decline. Thus, the breakpoint date
between the two line segments defined the start of the decline in chlorophyll. For each
experiment, a series of piecewise linear regressions were estimated in which the breakpoint varied
from the first measurement day of the experiment to the second-to-last measurement day.
Repeating this procedure for chlorophyll in each experiment entailed estimating 400 separate
piecewise linear regressions (13 measurement days x 32 experiments).
Results from the piecewise linear regressions were used to estimate the date of decline
of chlorophyll as follows.

First, the sum-of-squared residuals from the piecewise linear

regressions were plotted against their corresponding breakpoints. For most experiments, the
breakpoint associated with the lowest sum of squared residuals was then chosen as the best
estimate ofwhen chlorophyll began to decline for that experiment. This procedure was repeated
for photosynthetic rates and chlorophyll a/b ratio, and involved estimating approximately 800
additional regressions.
In a few cases, the minimum sum-of-squared residuals for a given parameter and
experiment occurred shortly after seedlings were placed in the chamber and was followed by a
distinct local minimum several weeks later. The initial minimum may reflect stress caused by
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moving the seedlings into the chamber rather than the onset of senescence caused by temperature
or photoperiod. In these cases, the best estimate of when the parameter began to decline was
chosen by examination of both the scatter in the raw data used to estimate the piecewisç linear
regressions and the sum-of-squared residuals from those regressions.

5.2.4 Regression model
Having determined the breakpoint for each experiment, I estimated the number of days
until the onset of senescence as a function of leaf age (LEAF Age), photoperiod (LONG Day,
NIGHT Break), air temperature (WARM Temp) and seed source elevation (ELEV), using the
equation
DAYS

=

+

(LEAF Age)
+ 34

+

(2

(LONG Day)

(WARM Temp)

+

+ 33

135 (ELEV)

+

(NIGHT Break)

[1]

e

where the regression was estimated separately for chlorophyll, photosynthesis and chlorophyll
a/b ratio. Variables in equation [1] were defined as follows. DAYS is the number of days in the

growth chamber before the parameter in question began to decline; LEAF Age is the age of the
leaf since bud burst and varied from 100-400 days; LONG Day equals 1 if photoperiod equals
16 hours of daylight, and 0 otherwise; NIGHT Break equals 1 if photoperiod equals 8 hours of
daylight with a 15 minute white light night break, and 0 otherwise; WARM Temp equals 1 if air
temperature equals 15°C day and 12 C night, and 0 otherwise; and ELEV equals 1 for high
elevation seed lot, and 0 otherwise.
Given these definitions, the coefficients in the regression are interpreted as follows. First,
the coefficient on LEAF Age reflects the impact of a 1 day change in leaf age on the time until
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senescence begins, holding constant all other variables in the model. The constant

(30)

reflects

the estimated number of days until senescence began when environmental conditions were set to
8 hours of daylight (LONG Day = NIGHT Break = 0), 8°C day and 8°C night (WARM temp
0), and low elevation provenances (ELEV = 0). The coefficients on LONG Day, NIGHT Break,
WARM Temp, and ELEV, all reflect the estimated impact of a specific environmental condition
relative to the constant (see Zar 1984 for further discussion of dummy variables in regressions
and the interpretation of the coefficients on those variables).
A problem arose in estimating equation [1] because for a number of experiments one or
more parameters (chlorophyll, chlorophyll a/b ratio, or photosynthesis) did not decline. For these
cases I did not directly observe the true value for DAY. Instead, all I know of the breakpoint in
these cases is that it would have occurred at some date after the last measurement day in an
experiment (i.e., my observation of the breakpoint is censored).

For example, for most

experiments in which chambers were set to 16 hours of daylight and warm air temperature
(LONG

=

WARM

=

1), none of the parameters discussed above declined even though the

experiments under these settings lasted up to 80 days. In addition, although for most experiments
in which chambers were set to 8 hours of daylight (LONG = NIGHT

=

0) chlorophyll a/b ratio

declined late in the experiment, chlorophyll a/b ratio did not decline in some of these experiments.
Omitting censored observations would generally bias the results (Judge et al. 1988).
Similarly, setting the breakpoint to the last measurement day would also bias the results since I
know that the true breakpoint was later than the last day of measurement. On the other hand, if
I assume that the error term, e, in equation [1] is normally distributed, one can estimate equation
[1] using a censored normal regression model (STATA 1993) instead of ordinary least squares.
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The censored regression model includes both censored and uncensored observations and is
estimated by maximum likelihood whereby the coefficients in equation [1J are chosen to maximize
the joint probability of observing the various breakpoints in the sample. The contributiomto the
likelihood fbnction from the uncensored observations is the probability of having observed a given
breakpoint conditional on the right hand side variables. The contribution to the likelihood
function from the censored observations is the probability that the true breakpoint occurs after
the last measurement day conditional on the right hand side variables (see Schmid et al. 1994 for
a recent example of the use of censored regressions when analyzing biological variables).

5.3 RESULTS

As an example ofthe data obtained, Figure 5-1 shows results from one experiment where
seedlings senesced under either 8 or 16 hour photoperiod and 8°C or 13 C daytime air
temperature. Under short days, chlorophyll declined about 40 days after seedlings were placed
into chambers and CO
2 assimilation declined at about 45 days. The chlorophyll alb ratio did not
decline in this experiment, though it did decline in others.
I used a regression model to analyze the data from all 32 growth chamber experiments,
rather than two-dimensional graphical analysis, because the timing of when senescence begins
depends not only on treatment groups but also on leaf age and provenance. The date of decline
in chlorophyll, photosynthesis, and chlorophyll a/b ratio for the experiments is given in Table 5-1.
Note that 6 of the 32 experiments measured photosynthesis as carbon assimilation rather than
oxygen evolution. Recall, however, that results from the outdoor autunm senescing seedlings
(Chapter 3) showed that the dates of decline between carbon assimilation and oxygen evolution

94
2 (c) from
Figure 5-1. Chlorophyll mg m
2 (a), chlorophyll alb ratio (b) and CO
2 assimilation m
western larch (Larix occidentalis) seedlings placed into environmentally controlled chambers set
to either 16 hour days and 15°C day, 1 2 C night air temperatures (open circles) or 8 hour
photoperiod and 8°C day, 8°C night air temperatures (filled circles). In this experiment, needles
were 107 days old. Light levels were 150 i.imol m
2
humidity was a minimum of 75%.

at mid-seedling height and relative
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Table 5-1. Number of days until decline of chlorophyll (C), chlorophyll a/b ratio (AB), or
photosynthetic rates (P; measured either as carbon assimilation or oxygen evolution) for seedlings
senescing under different photoperiod and temperature regimes. Each line represents an
individual experiment using between 3-12 seedlings. Chlorophyll (cchl), chlorophyll a/b ratio
(cab), or photosynthetic rates (cp) which did not decline during the duration of the experiment
(censored) are indicated by a 1, 0 otherwise. Environmental conditions in the chambers were as
follows. Photoperiod was either 8 hour short day (SIT), 16 hour long day (LO) or short day with
a 15 nun night break (NB). Temperature was either warm: 15°C day, 12°C night (W) or cold:
8°C day, 8°C night (CO). Source of seedlot elevation was either 900m, 1200m, or 1500m. AGE
refers to the age of the needles at the start of the experiment (number of days since bud burst).
Note that data was collected until there was no net photosynthetic rate. Hence, the duration of
each experiments was different. Several experiments were done with leaves> 1 year old.

AGE

C

AB P

echi cab ep

SH LO

94
94
94
94
107
107
107
107
107
107
107
107
107
114
117
130
130
203
203
203
203
203
203
323
323
364
364
385
385
415
415
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46
64
17
73
22
40
47
46
19
19
63
63
63
67
40
39
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23
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were quite similar.

For that reason, I pooled measures from experiments using carbon

assimilation and oxygen evolution when estimating the regressions in order to increase sample
size and, thereby, decrease the confidence intervals around the estimated effects of variables on
the onset of senescence.
Results from the regression analysis showed that the degradation pattern for seedlings
exposed to short photoperiod and cool air temperature was similar to that of autumn senescing
leaves (Chapter 3). Needles that were 100 days old began to lose chlorophyll in an average of
30 days (Table 5-2) holding other attributes constant: observe that the constant 13 equals 38
while the coefficient on leaf age was -0.077 per day. Hence, for a 100 day old needle, chlorophyll
loss would begin in 38 minus 8 (-0.077 times 100) days. In contrast, photosynthesis did not
decline until 47 days after the start of the experiment (p
=57 and the coefficient on leaf age =
0

-

=83 and the coefficient on leaf age
0
0.095), and the chlorophyll a/b ratio declined in 73 days (p
=

-0.096 days). Thus the decline in chlorophyll was followed by a decline in photosynthetic rates

and, finally, a decline in chlorophyll a/b ratio. The probability that chlorophyll levels declined
before photosynthetic rates declined, and that photosynthetic rates declined before chlorophyll
a/b declined, was significant (p=0.0025).
Additional growth chamber experiments provided estimates on the effect of warmer air
temperatures and longer photoperiod on the dates of decline in chlorophyll, photosynthesis and
chlorophyll a/b ratio for seedlings senescing under short cold days. Photoperiod affected the time
to chlorophyll decline but did not affect the days to decline of photosynthesis or
chlorophyll a/b ratio. The short day treatment accelerated the onset of chlorophyll decline by an
average of 12 days (p0.05) compared with seedlings that senesced under long days. As a result,
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Table 5-2. The effect of Larix occidentalis needle age and environmental conditions on the
, photosynthesis (measured as CO
2
number of days in the growth chamber until chlorophyll m
2
assimilation or 02 evolution) and chlorophyll a/b ratio declined.

Chlorophyll

Photosynthesis

Chlorophyll a/b

CONSTANT

38.12
(0.0001)

±

14.12

57.08
(0.0001)

±

15.93

82.45 ±
(0.0001)

24.85

LEAF Age

-0.077
(0.003)

±

0.049

-0.095
(0.001)

±

0.05 1

-0.096 ±
(0.017)

0.077

LONGDay

12.61
(0.050)

±

12.60

5.721
(0.858)

±

13.99

-12.02±
(0.263)

21.49

NIGHT Break

-1.35
(0.864)

±

13.28

-8.78
(0.385)

±

20.26

-12.66
(0.367)

±

28.16

WARM Temp

32.48
(0.0001)

±

14.08

24.35
(0.003)

±

15.00

8.47
(0.426)

±

21.38

ELEV

-1.26
(0.878)

±

14.17

-22.26
(0.063)

±

-2.49
(0.872)

±

31.20

N
Censored

32
10

28
10

22.32

32
19

Coefficient ± 95% confidence interval with 2-Tailed P value in parentheses. Coefficients were

obtained based on a censored normal regression model because in some cases, the physioJogical
parameter did not decline during the duration of the experiment. Photosynthetic rates in six of
the 32 experiments were measured as carbon assimilation, the remaining were measured as

oxygen evolution.
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chlorophyll declined before photosynthesis in seedlings senescing under short days, and
concurrently with photosynthesis when seedlings senesced under long days.

I tested the

possibility that phytochrome influenced the delayed yellowing due to the extended photoperiod
by inducing seedlings to senesce under 8 hour days with 15 mm of white-light during the night.
Seedlings exposed to the interrupted night senesced at the same time as seedlings receiving an
uninterrupted night (p:O.864).
Air temperature affected both chlorophyll content and photosynthesis levels. Seedlings
exposed to an 8°C air temperature experienced an earlier onset of decline in both photosynthesis
(p<0.05) and chlorophyll (J)<O.
) compared to seedlings senescing in 15°C (Table 5-2; I.e. for
0001
chlorophyll, the coefficient on WARM Temp for a 100 day old leaf would be [3 8-81+32=62 days.
Thus seedlings with 100 day old leaves senescing under warm air temperature lost chlorophyll
in 62 days while those senescing under cold temperature lost chlorophyll in [3 8-8]=3 0 days). Air
temperature did not appear to affect the order of decline of chlorophyll and photosynthesis. Air
temperature also did not affect the onset of decline in the chlorophyll a/b ratio (p=O.426). This
latter result reflects that chlorophyll a/b did not decline until late during senescence.

Leaves responded differently to environmental cues depending on their age, which ranged
between 100-400 days in these experiments.

Increased leaf age significantly (p<0.000l)

accelerated the decline of all photosynthetic components measured. There was an 0.08 day
earlier decline in chlorophyll for a one day older leaf (Table 5-2). For example, chlorophyll loss
began in an average of 30 days for needles 100 days old, but in 22 days in seedlings with needles
200 days old, holding other variables constant.
Provenance did not significantly affect the onset of decline in chlorophyll in these
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experiments, though seed lot may have been important in the onset of decline in photosynthesis.
For example, for a typical “autumn” seedling (200 day old leaves senescing under short days and
cool temperatures), seedlings from the higher elevation (1500m) provenance lost photosynthetic
ability earlier (p=0.063) than seedlings from the lower provenances. As a result, among seedlings
from the high elevation provenance, chlorophyll declined after photosynthesis while among
seedlings from the lower provenances, chlorophyll declined before photosynthesis.

5.4 DISCUSSION
I found the same pattern of senescence in seedlings in the growth chamber as iii those
senescing under autumn conditions. All seedlings senescing under short photoperiod and cool
temperature experienced a decline in chlorophyll, followed by a decline in photosynthetic rates,
and then, a decline in chlorophyll a/b ratio (Table 5-2). These similarities gave me confidence that
my interpretations from the growth chamber experiments are good approximations of senescence
in outdoor seedlings during autumn. I identified environmental conditions that affect different
components of the chioroplast by inducing plants to senesce under a variety of conditions in
environmentally controlled growth chambers and I showed how increased leaf age affected the
seedling’s response to environmental changes.
Extended photoperiod delayed the onset of chlorophyll decline but did not affect
photosynthesis. I previously showed that extended photoperiod in larch delayed the onset of
decline in chlorophyll (Chapter 3). Olmsted et al. (1951) found similar results in other species
senescing outdoors near streetlights. My results are novel because they show that the delay in
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senescence was due to a delay in the onset of chlorophyll loss and not to a delay in the decline
of photosynthetic rates.
I induced seedlings to senesce under short photoperiods but with a white light night break
to test the hypothesis that phytochrome controlled the delay in yellowing under extended
photoperiods. The absence of a night-break effect suggested lack of phytochrome involvement.
Although a response to a night-break might have occurred with a different wavelength of light,
Tucker (1981) found no effect of red light on chlorophyll levels in Cornus.
Phytochrome may not affect leaf senescence directly in deciduous trees. A response to
a night break has not yet been shown and altered hormone levels caused by dormancy (Wareing
1956) and frost hardiness may indirectly affect chlorophyll levels. For example, shoot extension
is continuous in larch unless the plant receives a short photoperiod (Gowin et al. 1980). In Larix
leptolepis, bud set occurred three weeks after exposure to a week of 10 hour days (Meijer and

van der Veen 1957). Thus, leaf senescence could be delayed by long days which can cause but
burst and shoot elongation.
It is not known ifgrowth rates are affected in seedlings that remain green longer because
of exposure to an extended photoperiod. Data from non native species of Populus (Tschaplinski
and Blake 1989, Nelson et al. 1982) and Lonicera (Schierenbeck and Marshall 1993) show that
there may be a growth advantage to cohorts that retain leaves later into the season. The potential

gain from the longer growing season may be lost if an early frost causes leaf abscission of green
leaves.
Low air temperature accelerated initiation of senescence in larch seedlings. Seedlings
began the decline of chlorophyll and photosynthesis earlier (j<0.01) when exposed to 8°C air
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temperature than to 15°C. I note that while I did not measure soil temperature, and thus only
discuss the effect ofthe measured difference in air temperature, most likely the effect of the lower
air temperature is also in part due to lower soil temperature. The temperature effect on
chlorophyll could be due to decreased chlorophyll synthesis as well as an increased chlorophyll
degradation. Gowin et al. (1980) showed that chlorophyll levels were lower in larch grown at
low air temperature and that air temperature did not affect the chlorophyll a/b ratio, consistent
with my results. Since the process of chlorophyll degradation is still under investigation (Hendry
et al. 1987), it is difficult to explain how low temperatures initiate or accelerate chlorophyll
degradation. Some studies suggest that low temperatures may affect chlorophyll loss indirectly
by exposing tissue to photoinhibitory conditions (Hendry et al. 1987). However, assimilation
rates did not cause lower chlorophyll levels in larch because chlorophyll declined before the
decline in photosynthesis. The temperature-sensitive process of chlorophyll degradation may
involve oxidative damage caused by temperature-induced changes in the membrane (Cuello and
Lahora 1993).
In addition to affecting onset of chlorophyll decline, lower air temperature significantly
(p<0.01) hastened the onset of decline in photosynthesis.

Plants often show decreased

photosynthetic rates when exposed to cooler than average temperatures (Oquist and Martin
1986). I recognize that my estimate of the effect of temperature on the date of decline in
chlorophyll and photosynthesis may be biased because measurements were done at room
temperature (20-24°C) rather than at the growing conditions ofthe seedlings (Gowin et al. 1980).
However, the bias was small since CO
2 assimilation rates in green needles growing under warm
or cool temperatures were the same (Figure 5-ic). Another potential overestimation of the
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coefficients on air temperature may have occurred because I began experiments with nonhardened plants (Minorsky 1989, Tranquillini et al. 1986), though they may have become
hardened during the experiment.
The regression model allowed me to estimate the effect of leaf-specific variables (leaf age

and provenance) on the timing of senescence. I did not find significant differences in the onset
of senescence among the lower and higher elevation provenances. This suggested that differences
in the timing of senescence among provenances were largely due to climatic factors and not
because ofgenetic differences across seed lots. One implication of this result is that differences
in the onset of senescence among provenances did not persist when seedlings were growii in the
same location.
Older larch needles responded more quickly to senescence cues than younger leaves, but
the cause ofthe delay in senescence of younger leaves is not known. Resting Eounymus leaves
lost chlorophyll under cool temperatures while actively growing plants could not undergo the
color change (Creasy 1974). This suggests that it may not be leaf age but their developmental
state that is important in initiating senescence. Fischer and Feller (1994) induced senescence in
young and old detached wheat leaves. Younger leaves were delayed in the onset of the artificially
induced senescence compared to older leaves. Fischer and Feller (1994) concluded that factors
other than source-sink relations between the leaf and the plant were important during leaf
senescence because the leaves were detached and thus not receiving senescence cues from the
rest ofthe plant. Finally, if post-transcriptional regulation of senescence genes is required for the
onset of senescence, then it is possible that younger leaves may not have the apparatus necessary
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for initiating the senescence process (Smart 1994). Younger larch needles can senesce, they
simply require a longer time to respond to senescence-inducing conditions.
I found that the order of decline in chlorophyll, photosynthesis and the chlorophyll a/b
ratio was the same as previously recorded in outdoor senescing seedlings (Chapter 3). This
suggests that if differences in leaf age and the environment are accounted for, the processes of
chlorophyll loss and photosynthetic decline were similar in seedlings growing under different
environmental conditions. My results also showed that the decline in photosynthesis and
chlorophyll were controlled by different environmental triggers, and that these responses
depended on leaf age. This suggests that leaves alter their senescence program depending on the
senescence-inducing conditions. Most likely, senescence in deciduous trees proceeds in an
orderly fashion in which assimilation rates are maximized during nutrient translocation. By
having a variety of pathways available for degradation, trees can integrate signals from the
constantly changing environment and initiate senescence at the optimal time.
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CHAPTER 6: THE RATE OF PHOTOSYNTHETIC DECLINE DURING AUTUMN LEAF
SENESCENCE: THE EFFECTS OF SOIL TEMPERATURE AND PHOTOPERIOD

6.0 ABSTRACT
I developed a regression model to predict photosynthetic rates in western larch (Larix
occidentalisNutt.) during senescence. Treatment groups were used to identify soil temperature
and photoperiod effects, and a regression model was used to account for all other environmental
variables that could affect photosynthetic rates during autumn. The variables in the regression
model were chlorophyll content, air temperature, and Julian date. These variables were chosen
to control for past and current growing conditions of the needles.

Coefficients from the

regression for 1991 and 1992 were similar, suggesting that the model was robust despite
substantial weather differences during the two years. Results for naturally senescing leaves were
as expected. 2
CO assimilation rates were lower in leaves with less chlorophyll, regardless of leaf
age or air temperature. Furthermore, assimilation rates decreased in older leaves for a given level
of chlorophyll and air temperature. Treatment groups were different. An extended photoperiod
during autumn did not affect CO
2 assimilation rates, which is expected given that photosynthesis
at any given moment is governed by light levels and time-of-day rather than total hours of
daylight. Seedlings senescing under above ambient soil temperatures had higher photosynthetic
rates for a given level of chlorophyll in older leaves compared to naturally senescing seedlings.
This was evident in 1991 when the difference in soil temperature between the treatment groups
was 8°C but not in 1992 when the difference was only 3°C. These results show that the process
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of senescence can be affected by differences in autumn weather and that photosynthetic rates
during autumn can be predicted.

6.1 INTRODUCTION
In previous chapters of this thesis I examined the effects of environmental and plant
specific conditions on the timing of senescence in larch seedlings. In this chapter I address
different questions, namely, what is the rate of photosynthetic decline during autumn and how is
that rate affected by soil temperature and photoperiod? I also examine the impact of soil
temperature and photoperiod on the relationship between photosynthesis and chlorophyll in
senescing leaves.
The methods to examine photosynthetic rates were based on those described for studying
the onset of senescence. In Chapter 5, I induced seedlings to senesce in environmentally
controlled chambers that held all but a few environmental variables constant. I then used a
regression model to quanti[’ the effect of environmental and plant specific conditions on the onset
of senescence. In the present chapter, I use an analogous regression model to determine the
effect of environmental conditions on the rate of photosynthetic decline using data from outdoor
senescing seedlings. Data for the outdoor senescing plants were obtained as described in Chapter
3 and include assimilation rates, chlorophyll content, and weather related variables for seedlings
senescing under natural conditions, warm soil conditions, and extended photoperiod.
The regression model is designed to determine the effect of soil temperature and
photoperiod on the rate of photosynthetic decline during autumn. To highlight those effects,
variables identifying the control (naturally senescing), warm soil, and extended photoperiod
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treatment groups were included as regressors. Additional variables were included to control for
other past and present environmental conditions which affect photosynthetic rates and which may
be correlated with soil temperature and photoperiod.

In this way, the regression model

determines the effect of soil temperature and photoperiod while holding constant other weather
related variables that affect photosynthesis and which may be correlated with soil temperature and
photoperiod.

6.2 MAThRJALS AND METHODS
6.2.1 Experimental design
One-year old western larch seedlings (Larix occidentalis Nutt.) were grown in outdoor
cold frames under either natural, warm soil, or extended photoperiod conditions. Control
seedlings were exposed to natural outdoor temperatures and day length. Warm soil seedlings had
heating cables under the soil but were exposed to naturally declining day length. Extended
photoperiod seedlings received a sixteen hour photoperiod but were subjected to declining
ambient temperatures. For each treatment group, chlorophyll content and CO
2 assimilation rates
were measured every two to three days during the autumn period as previously described for
1992 data (Chapter 3). During 1991, the same methods were used as during 1992 except that
measurements were not made in triplicate each day.

Second, I used a different sampling

procedure: rather than harvesting a single needle from each tree in a treatment group, and
pooling all needles, as in 1992, I harvested several needles from several trees in the treatment
group. The result was that in 1991, there was more variation in the data (Figures 6-1 and 6-2).
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Figure 6-1. Carbon assimilation rates for control (filled circles) and warm soil (open circles)
seedlings in (a) 1992 and (b) 1991.
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Figure 6-2. Chlorophyll content in control (filled circles) and warm soil (open circles) seedlings
in (a) 1992 and (b) 1991.
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6.2.2 Development of model
Photosynthetic rates on a given day are determined by many factors, including time of
day, current weather condition, history of the plant (i.e. cumulative stress received), age of the
plant, and age of the needle.

Therefore, to determine the effect of soil temperature and

photoperiod on photosynthetic rates (and related effects on the relationship between chlorophyll
and photosynthesis), it is necessary to control for other environmental conditions that may be
correlated with soil temperature and photoperiod and which also affect photosynthesis. For
example, as a preliminary step, I plotted autumn CO
2 assimilation rates against both soil
temperature and photoperiod for control seedlings. Although these plots showed clear evidence
of a positive correlation between photosynthetic rates and both soil temperature and photoperiod,
the graphs do not necessarily imply that photosynthetic rates decline with either soil temperature
or day length. Instead, it is possible that photosynthetic rates are lower later in autumn because
of declining air temperatures that happen to be correlated with day length and soil temperature.
Hence, two-dimensional graphs are limited for the questions addressed in this chapter because
photosynthetic rates depend on a variety of environmental conditions in addition to soil
temperature and photoperiod.
Some of the other conditions affecting photosynthetic rates during autumn were
controlled in the sampling procedure. Measurements were made at approximately the same time
each day, thus controffing for time-of-day effects. Similarly, only one-year old seedlings were
used in both 1991 and 1992, ensuring that plant and needle age were similar when autumn
senescence began.
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Although the sampling procedure does control for time-of-day and both plant and needle
age, I still needed to control for numerous other past and present environmental conditions in
order to isolate the effect of soil temperature and photoperiod on photosynthetic rates. For that
reason, I developed a regression model analogous to the one used in Chapter 5. Specifically, I
expressed photosynthetic rates as a linear function of dummy variables pertaining to the control,
soil temperature, and photoperiod treatment groups, in addition to several variables that account
for other past and present environmental conditions to which the seedlings were subjected.
In selecting variables for the regression model two potential problems had to be a’oided:
multicollinearity and correlation between regressors and the error term (i.e., the inclusion of
endogenous regressors). Including highly correlated variables in the model (such as relative
humidity and air temperature) can lead to multicollinearity if there is not enough variation in the
data to separate the individual contributions from each variable. Although multicollinearity does
not bias estimates from a linear regression model, standard errors become large making it difficult
to evaluate the impact of individual right hand side variables. The only way to control for
multicoffinearity is to increase sample size (thus increasing variation in the data) or to include a
different set of regressors that are not too correlated with each other.
In contrast, inclusion of endogenous right hand side variables leads to biased estimates
because such variables would be correlated with the error term in the model. For example,
although stomatal conductance can limit photosynthetic rates, photosynthetic rates can also
directly affect stomatal conductance. Thus including stomatal conductance as a regressor without
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controlling for the simultaneous relationship between stomata! conductance and photosynthetic
rates would lead to overestimates ofthe impact of stomata! conductance on photosynthesis. For
that reason I chose to use only exogenous regressors in the model.
Considering these points, I selected three variables to represent past and present
environmental conditions influencing photosynthetic rates: air temperature, Julian date, and
chlorophyll content. These three variables were all correlated with photosynthesis but were not
likely to be closely correlated with each other. Also, all three regressors are exogenous: a hange
in photosynthesis at a given moment has no effect on air temperature, date, or even chlorophyll
content since chlorophyll changes only slowly over time compared to photosynthetic rates.
In selecting the three regressors for the model, air temperature was chosen to proxy
current environmental conditions since air temperature fluctuates on a daily basis. I also tried
using light intensity or relative humidity to control for current environmental conditions since
both of those variables also fluctuate daily. However, air temperature explained more of the
variation in photosynthesis and was chosen for that reason. Including all three (or even two)
variables in the model led to collinearity problems.
Julian date was included to control for environmental conditions that changed gradually
during autumn. Julian date also captures changes in plant and needle age that occur as autumn
progresses. Together, air temperature and Julian date were assumed to capture most of the
current environmental conditions affecting the seedlings on a measurement day.
Chlorophyll was used to proxy past environmental conditions to which the plant has been
exposed. Chlorophyll content reflects the accumulated history of environmental conditions under
which a plant has grown. As examples, leaves growing in nutrient deficient conditions typically
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have less chlorophyll than leaves growing in nutrient rich environments while leaves growing in
the shade will have different levels of chlorophyll from those growing in the sun (Salisbury and
Ross 1985). These cases support use of chlorophyll content as a broad measure of the degree
to which the plant has previously been subjected to favourable or unfavourable environmental
conditions.
Given the above arguments, I initially specified the following model,
+
0
AMAX=b
C
1
J
2
A
3
IRT+e.
HL+b
+b
b

[1]

, 3 is Julian date, and
2
where AMAX is the level of photosynthesis, CHL is mg chlorophyll m
AIRT is air temperature (°C). In addition, b
0 is a constant, b
,b
1
, and b
2
3 are the coefficients on
CHL, 3, and AIRT, respectively, and e is the error term. I assume that e is normally distributed
with mean zero.
The model described by equation [1] assumes that warm soil and extended photoperiod
have no effect on photosynthetic rates since equation [1] does not control for differences in
treatment groups. For this reason I created two dummy variables (Zar 1984), T and D, to
determine the impact of the treatment groups on photosynthetic rates. T was set to 1 if the
observation was from the warm soil group and zero otherwise, while D was set to 1 if the
observation was from the extended photoperiod group and zero otherwise. I then set these
variables to interact with the other regressors in the model. Including all of the interactive terms
in the model resulted in the following equation which was estimated by ordinary least squares
(Neter et al. 1990),
CHL*D
3
CHL*T +b
2
AMAX = b
0 + bICHL+b

+

J*D +b
6
AJRT
7
J *T+ b
5
J+b
4
b

+

[2]
AIRT*D
9
AIRT *T+ b
8
b

+

e.
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Interpretation of equation [2] would be as follows: on average, a 1.0 mg decrease in
1 decrease in photosynthesis, for any given date
chlorophyll for control seedlings would give a b
(J) and air temperature (AIRT). But a 1.0 mg decrease in chlorophyll for the warm soil seedlings
+b decrease in photosynthesis, and for the extended photoperiod seedlings, a
1
b
would give a 2
+b decrease. Similar interpretation would hold for date and air temperature.
1
b
3
When equation [2] was estimated with assimilation rates transformed to log form, the
coefficients remained significant and of the same sign as when the model was run with ‘no log
transformation (Table 6-1). This suggests that the results were not sensitive to reasonable
changes in functional form: although the true form may not be linear, there is no evidence to
suggest that a linear model is inappropriate as a first approximation towards analyzing the data.

6.3 RESULTS
Figures 6-1 and 6-2 show that carbon assimilation rates and chlorophyll content declined
approximately at the same time. However, the effect of warm soil and extended photoperiod on
photosynthetic rates was not easily identified because assimilation rates are a function of several
environmental conditions. In addition, the effect of warm soils on both the onset and rate of
senescence was relatively small during 1991 and 1992, and graphs did not provide information
on the degree to which the observed impact of warm soil was statistically significant. For these
reasons, the regression model described above was used to estimate the effect of soil temperature
and photoperiod on the rate of photosynthetic decline.
The regression quantified the effect of Julian date, chlorophyll content, and air
temperature on photosynthetic rates during autumn and provided a level of significance for these
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Table 6-1. Regression analysis of photosynthetic rates inLarix occidentali seedlings, for autumn
1991 and 1992
1991
AMAX
(j.imol m’ s x 10)

LOG AMAX

1992
AMAX
(.tmo1 m
2 s’ x lOj

16.065
(3 955)1

3.610
(4.1 16’

(4•959)1

3.773
(5.29O1

-462.747
(-3.852’

-93.560
(-3.6O7’

-478.879
(-4.3O2’

-80.647
(-3.702’

3*T

76.828
(2.2232

19.594
(2.625’

21.777
(0.601)

0.150
(0.021)

J*D

14.808
(0.420)

6.558
(0.861)

26.286
(0.799)

-6.105
(-0.866)

CHL

94.674
(3 .728

19.506
(3 .557’

91.905
(3 .242’

21.469
(3 .832’

CHL*T

-52.124
(-1.487)

-12.354
(-1.633)

2.248
(0.053)

0.802
(0.097)

CBL*D

-32.948
(-0.950)

-7.945
(-1.060)

2.934
(0.083)

0.661
(0.093)

AIRT

1399.640
(1.718)

290.184
(1.650)

675.752
(1.389)

2.358
(0.025)

AIRT*T

-385.343
(-0.400)

-106.063
(-0.510)

-14.334
(-0.022)

39.980
(0.317)

AIRT*D

-88.618
(-0.087)

-29.132
(-0.133)

-438.950
(-0.761)

72.718
(0.642)

0.306
270
1699.669
14.196’

0.265
270
79.240
11.795’

0.417
252
1184.743
20.9621

0.374
247
44.028
17.307’

DEP VAR

CONSTANT

3

Adj r’
n
Res SS
Fratio

18.137

LOG AMAX

Model as explained in text Coefficients are given with the t-ratio in parenthesis. Jjulian date, J*T and 3*D interactive
variables for warm soil and extended photoperiod treatment groups; CHL mg chlorophyll m’; CHL*T and CHL*D
interactive variables for treatment groups; AIRT air temperature (°C), AIRT*T and AIRT*D interactive variables for
treatment groups. 1
‘p <0.01 for 2 tail test.
p <0.001 for 2 tail
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estimates (Table 6-1). The model was robust to two years of data from outdoor senescing larch
seedlings. In both years, a decrease in CM resulted in significantly lower photosynthetic rates
(p<0.001) for any given date and air temperature. Specifically, a leaf with 1 mg less chlorophyll
2 4 less carbon assimilation. In both years, an older leaf had lower
2 would have 0.009 j.imol m
m
photosynthetic rates (p<0.01) than a younger one, for any given level of chlorophyll and air
2 s’ less carbon for a
temperature. Specifically, a one day older autumn leaf fixed 0.05 j.tmol m
given amount of chlorophyll and air temperature. Finally, in both years, air temperature did not
significantly affect photosynthetic rates. This was not unexpected given that air temperatures
were mild (Figure 6-3), after mid October (day 290) averaging 7.5°C

±

0.28 SE (n=68) in 1991

and 13°C± 0.17 SE(n=140)in 1992.
In addition to providing estimates on the rate of photosynthetic decline among naturally
senescing seedlings, the model also determined the effect of the treatment groups on
photosynthetic rates.

Seedlings receiving warm soils showed significantly (p<0.05) higher

photosynthetic rates in 1991 than control seedlings in late autumn for a similar amount of
chlorophyll (Table 6-1). Thus, Wa 1991 leaf fixes 0.0463 j.tmol CO
2 s’ less carbon than a one
2m
day younger leaf a one day older warm-soil leaffixes only 0.03 86 (-0.0463+0.00768) J.LmQl CO
2
2
m

less carbon. In contrast, warm soil and control seedlings were not significantly different

in 1992. This likely reflects the fact that in 1991, the difference in soil temperature between
control and warm soil seedlings (Figure 6-4) averaged 8.09 ± 0.43°C SE (n=67) while in 1992
the difference was only 2.89±0.12°C SE (n=72).
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Figure 6-3. Air temperature (°C) at needle harvest for a) seedlings in 1992 growing under natural
outdoor conditions (filled circles), with warmer soils (shaded circles), or with extended
photoperiod (open circles). b) Air temperature for control seedlings in 1991.
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Figure 6-4. Minimum soil temperatures (°C) for control (lower line) and warm soil (upper line)
seedlings in a) 1992 and b) 1991.
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I previously showed that seedlings receiving an extended photoperiod remained green
significantly longer into autumn compared to control and warm soil seedlings (Chapter 3).
However, Table 6-1 shows that the interactive term between photoperiod and the other
regressors in the model was insignificant. This suggests that the extended photoperiod did not
affect the rate of senescence after controlling for Julian date, chlorophyll content, and air
temperature. Thus extended photoperiod delayed the onset of senescence but did not affect the
ability of the leaf to photosynthesize for a given level of chlorophyll.
To further examine the relationship between carbon assimilation and chlorophyll content,
I ran a related regression to the one used on autumn data. I measured chlorophyll content on
same age needles from partially senescent seedlings induced to yellow in growth chambers set to
16 hour days and 8°C air temperature. Because all environmental conditions were constant in the
growth chamber, photosynthetic rates could be estimated as a function of chlorophyll, with no
additional variables in the model.
The coefficient on chlorophyll from the regression of photosynthesis as a function of
chlorophyll (n30) was 0.0140±0.002 (95% confidence interval). The value was the same as
measured in the autumn data (0.00947±0.00498 in 1991 and 0.00919±0.00556 in 1992). The
similarity between the three regression coefficients on chlorophyll from growth chamber seedlings

and from outdoor seedlings provides a robustness check of the regression model. Furthermore,
the similarity across three different data sets suggests that the relationship between chlorophyll

and photosynthesis is stable in western larch when environmental conditions are accommodated.
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6.4 DISCUSSION
Photosynthetic rates in deciduous leaves vary during autumn because of changes in
numerous environmental conditions.

Since the environmental conditions often change

concurrently, it is difficult to resolve the effect of a specific variable. Furthermore, although
anecdotal evidence suggests that temperature and photoperiod are important in regulating
senescence, rigorous analyses have been difficult because autumn conditions are not identical,
making it difficult to compare results of repeated experiments from different years.
The data for 1991 and 1992 presented in Figures 6-1 and 6-2 demonstrate some of these
problems. First, both soil and air temperature differed in the two years (Figures 6-3 and 6-4).
Second, differences in the sampling procedure resulted in smaller scatter in the 1992 data set,
making it possible to determine the date of decline in chlorophyll and carbon assimilation in 1992
but not in 1991. Chlorophyll levels in the 1991 sample did not decline below 100 mg chlorophyll
2 (Figure 6-2b). The presence of green needles late into autumn was a result of wintergreen
m
needles in the sample of needles harvested for analysis.

Larch may retain green needles

throughout winter (Richards and Bliss 1986), and senescence did not occur in these needles until
the following autumn. The apparent rise in chlorophyll oflate 1991 autumn needles (Figure 6-2b)
also reflected the presence of wintergreen needles. Because a significant portion of wintergreen
needles were sampled in 1991, it was not possible to identify the onset of senescence as done in
1992 where wintergreen needles were not sampled.
The data from 1991 could not be analyzed in a similar manner to that collected from 1992
because of the wintergreen needles and the different sampling procedure. However, there was
valuable information in the variation that was recorded in photosynthetic rates. I developed a
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regression model to analyze the variation and determine ifwarm soil and extended photoperiod
had a significant effect on photosynthetic rates during autumn senescence.
I used a regression model to predict changes in assimilation rates during autumn and to
isolate the effect of two environmental conditions, soil temperature and photoperiod, on
photosynthetic rates. Senescence under natural conditions was compared between two treatment
groups where either soil temperature or day length were different from naturally senescing
seedlings. All other autumn conditions were held constant in the regression model. This was
done by selecting three variables to approximate the environmental conditions affecting the leaves
apart from soil temperature and photoperiod. In this way it was possible to isolate the effect of
soil temperature and day length on senescence, controlling for environmental changes. One
advantage of the regression model is that it was possible to compare results from two years of
data because autumn conditions during the two years were held constant in the regression model.
Results from the regression model (Table 6-1) showed that despite the variation recorded
in 1991, trends were similar to 1992. First, several inferences from the model may appear
obvious but are mentioned because they serve to increasc confidence in the model. A d&rease
in chlorophyll resulted in significantly (p<O.OO1) lower carbon assimilation for any given date and
air temperature. The decline was expected since chlorophyll levels below a certain threshold can
result in less light harvesting capacity and energy for photosynthesis.
It was also not unexpected to find that a one day older leaf had significantly (p<O.OO1)
lower carbon assimilation than a younger one, for a given level of chlorophyll and air
temperature. Previous studies have also shown that older leaves have reduced ability to
photosynthesize (Schaper and Chacko 1993, Constable and Rawson 1980). The results from the
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regression analysis provide additional information, because they show that the reduced level of
photosynthesis in older leaves was independent of a decline in chlorophyll and air temperature,
since these variables were held constant in the regression model. In other words, the decline in
photosynthesis in older leaves cannot be completely explained by declining chlorophyll levels or
air temperatures.
In contrast, some inferences from the model were less obvious. For example, air
temperature did not significantly influence carbon assimilation during autumn. Although declining
air temperatures often reduce assimilation rates, the rate of temperature change as well as the
magnitude of the temperature change can be important factors in the response of the leaves to
temperature changes (Minorsky 1989). Tn fact, air temperatures during both autumn 1991 and
1992 were mild for hardened tree seedlings and did not average below 7°C after mid October.
Thus air temperature was not as important in these outdoor experiments as it may be in others.
In contrast to air temperature, soil temperature did affect photosynthetic rates. Seedlings
receiving warmer soil temperatures showed significantly higher carbon assimilation rates than
control seedlings in late autumn 1991 but not 1992. The 3°C difference in soil temperature during
1992 was apparently not enough to cause a significant physiological change in the seedlings but
the 8°C difference in 1991 did alter photosynthetic rates. These results show that small variations
in weather can have important effects on the ability of seedlings to obtain photosynthate late
during the season.
In addition to temperature, photoperiod is the most often cited environmental variable

affecting the autumn senescence process. Seedlings receiving an extended photoperiod remained
green two weeks later than did control seedlings (Chapter 3), yet the ability of the leaves to
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photosynthesize was the same: the coefficients from extended photoperiod seedlings were not
significantly different from control seedlings. This suggests that although leaf yellowing was
delayed, photosynthetic decline was the same for both control and extended photoperiod
seedlings when changes in date, chlorophyll content and air temperature were accounted for. It
would be interesting to examine further the effect of photoperiod on photosynthetic rates during
autumn by incorporating total irradiance hours available for photosynthesis as an additional
measure ofphotosynthetic rates at a given moment in the day. The increased hours available to
photosynthesize is not accounted for by this model but may be important in evaluating the effect
of photoperiod on assimilation rates during autumn.
Finally, it was also possible to determine the effect of soil temperature and photoperiod
on the relationship between chlorophyll and photosynthesis because chlorophyll was one of the
variables used in the regression model. To compare the values estimated for the effect of a 1.0
mg loss in chlorophyll on photosynthetic rates during autumn, I conducted an additional
experiment in which I obtained an estimate of the effect of chlorophyll loss on photosynthetic
rates from seedlings senescing in environmentally controlled chambers. The values in both
autumn and growth chamber regressions were the same. These results suggest that, once
senescence has begun, the rate of change in photosynthesis per unit chlorophyll is constant.
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CHAPTER 7: CONCLUSIONS

Foliar senescence is an intricate process: its onset can begin at almost any developmental
stage of the leaf, and it can be triggered by exogenous and endogenous stimuli. Furthermore,
once senescence has been initiated, the sequence of events leading to necrosis can vary. The
process occurring during autumn reflects the complexities found during senescence because many
environmental and leaf-specific conditions interact to determine the timing and sequence of events

during autumn color change. It will be increasingly important to have a wide range of techniques
to study senescence as global demands on soils increase and plants are cultivated under additional
stresses.
While researchers have described causative conditions and biochemical processes of
environmentally induced senescence, few studies have identified the environmentally sensitive
biochemical pathways in the leaf, or the magnitude of changes needed to elicit the onset of
senescence.

This dissertation applies statistical methods to document the effects of the

environment on the leaf With these tools I quantified the relative importance of environmental
conditions during autumn senescence as they affected both the onset and process of senescence.
Although I focused on the effects of temperature, photoperiod, and leaf age, the methods
developed here can also be used to examine the effects of other conditions on the leaf such as
drought, light levels, ozone, or any combination of stress conditions.
I have contributed several important insights about the orderly decline in function during
leaf senescence. Although the sequence of degradative events appears to be similar for different
aged leaves, older leaves respond more quickly to senescence cues. One implication of these
conclusions is that the effect of autumn stresses on deciduous foliage should be predictable.
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Indeed, I developed and executed a methodology that enabled me to predict the timing of foliar

senescence as induced by environmental changes. In addition, I showed that it is possible to
predict the sequence of events during senescence in western larch.
A second broad conclusion from my work is that environmentally-induced senescence
may be best characterized as a series of responses to individual environmental factors rather than
a pathway induced by senescence genes. In other words, there may be a set of genes that respond
to temperature changes while a different set respond to photoperiod changes. The result is a
series of interacting signals that yield a specific pattern of senescence. This idea is different from
one in which changes in temperature and photoperiod trigger senescence genes, which then in
turn triggers a set of predetermined responses. While I did not examine the induction of genes
during autumn senescence, I did record that different processes in the leaf are sensitive to
different autumn conditions, and that the senescence process was different depending on the
environmental conditions during autumn.
Finally, a third major conclusion is that the effect of the environment on senescence is
sensitive to the magnitude of the environmental change. For example, my data showed that in
western larch, the rate of photosynthetic decline during autumn was not influenced by a 3°C
above-ambient soil temperature but an 8°C above-ambient soil temperature did increase
photosynthetic rates. Thus conclusions about the effect of an environmental condition on
senescence depend on the degree and rate of environmental change relative to the growing
condition ofthe plant. The sensitivity of senescence to small environmental changes may partly
explain the previously recorded differences in the effects of an environmental condition on the
processes of senescence for different species and different growing conditions.
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The results presented in this dissertation fill several important gaps in the literature on the
effect of the environment on senescence, though there are remaining challenges. A study on
senescent larch mesophyll cells has been done (Cunninghame et al. 1982), but it would be useful
to correlate the ultrastructure changes to physiological data. I used one year old seedlings which
were grown together under non-stressed conditions to avoid variation caused by growing
conditions prior to senescence. If saplings or mature trees are examined over a period of several
years, the cumulative stresses on the tree may alter the response of the leaves in a given year to
autumn weather. An example of this complexity has been noted in pine where the combination
of ozone and drought may have an immediate impact on the tree as a whole, and several seasons
may pass before premature leaf senescence occurs (Chen et al. 1994, Goldstein and Ferson 1994).
This delay may in part be due to the fact that pine holds its needles for several years. The
techniques described in this thesis can be used to follow these types of interactions.
The interaction between the leaf and the tree during autumn is important in understanding
the response of the leaf to autumn weather. For example, changes in the seedling due to frost
hardiness may influence the response of leaves to environmental changes. In larch the degree of
frost hardiness is difficult to quantif’ because common measures of frost hardiness in evergreens
analyze needles during autumn, which are of course senescing in larch. Larch seedlings also have

an interesting growth habit because the apical shoot may begin to elongate (lammas growth)
during a warm autumn. The effect of this growth on foliar senescence is not known.
The value of studying leaf senescence has been previously described (Smart 1994, Hendry
et al. 1987) and can be summarized by noting the importance of plants in our economy as
suppliers of materials, food, energy, and medicines. While plants continue to show remarkable
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capacities for tolerance to non-ideal conditions, the limits to their tolerance are becoming more
evident as soil and air-borne pollutant levels increase and as species are planted in greater
geographic ranges. The research in this thesis provides new methods to quantifj the effect of the
environment on plants in order to make adequate predictions about the effects of changing
environmental conditions on the health of plant communities.
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