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Abstract

The concentration of atmospheric C02 is increasing because of anthropogenic activities.
Elevated atmospheric C02 is a major contributor to the enhanced greenhouse effect and
global climate change. Carbon dioxide is central to the physiology of plants. Few field
srudies have been undertaken over several growing seasons in the tropics . This srudy
investigates the long-term impact (28 months) of C02 enrichment (700 ,u.mol mor

1
)

upon

assimilation, stomatal conductance (g5), water relations and growth of grafted Mangifera
indica L (cv Irwin) trees growing in the ground in temperarure controlled chambers in the
wet-dry tropics of Australia . Investigation of source-sink relations through manipulation of
fruit set, shoot pruning and reciprocal transfer experiments was undertaken to assess the
importance of source-sink relations in determining the assimilation response of M. indica.

There was no evidence of downward acclimation of assimilation over the 28 month period of
srudy. Light saturated assimilation (AmaJ was increased by approximately 20%, although the
percentage stimulation of Amax was largest in the dry season. Similarly, apparent quantum
yield (<!>) was increased by approximately 33% and the percentage stimulation of ¢ was
largest in the dry season compared to the wet season. Stomatal conductance was reduced in
response to C02 enrichment. However, the relative impact of C02 enrichment on g5 was
larger in the wet season compared to the dry season. Amax and

<!>

were reduced in the

afternoon compared to the morning irrespective of treatment, but the reduction was largest
for trees grown under COTenriched conditions. The diurnal response of assimilation was
found to be largely independent of g5 and plant water status.

Maintenance of enhanced Amax throughout the study was reflected in continued enhancement
of trees growth with C02 enrichment. Canopy area and canopy dry weight initially increased
with C02 enrichment but were not significantly different between treatments by the end of
the 28 month study.

Tree water status was enhanced by C02 enrichment in the dry season. In addition whole plant
hydraulic conductance was decreased by C02 enrichment. However, tree water status was
essentially close to zero at all times, and so was unlikely to have had a significant impact on
the response of assimilation to C02 enrichment. The maintenance of an active sink (either
through seasonal alternation of dry matter allocation to the roots or shoots, developing fruit,
or shoot regrowth following pruning) was central to the continued enhancement of
assimilation in response to C02 enrichment.
iv
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Chapter One
General Introduction
1.1 Climate Change

1.1.1 The greenhouse effect and global climate change

Climate is a major determinant of the distribution of plant species and plant community
structure. Productivity of species in horticultural systems is also substantially influenced by
climate. However, climate is not constant through space and time and one cause of climate
change is the changing concentrations of radiatively adsorbent gases (RAG's), otherwise
known as greenhouse gases, in the atmosphere .

The earth's surface is warmed by the sun's short-wave radiation. Part of this energy is reradiated from the earth's surface as long-wave radiation, some of which is adsorbed by the
principal RAG's, including water vapour, carbon dioxide (C0 2) , methane (CH 4) , nitrous
oxide (N 20) and chlorofluorcarbons (CFCs). The concentration of RAG' s in the atmosphere
and the flux of energy that links the terrestrial surface and the atmosphere results in the
earths present climate. Human development of the planet during the past century has resulted
in increases of the natural 'greenhouse effect' brought about by increases in the concentration
of RAG's. Furthermore, changes to the earth's surface , such as that resulting from
deforestation and increased agriculture also contribute to global climate change by changing
source and sink sizes for C02 .

The expected global consequences of an enhanced greenhouse effect is a warming of the
earth's surface, a rise in mean sea level and changes in global and regional climate (including
maximum and minimum temperatures, timing and spatial distribution of rainfall) (IPCC
1996). Since climate influences growth and physiology of all plant species , it is expected that
climate change will also have an impact on plants.

The predominant greenhouse gas is C02 , which represents more than half of the increase in
radiative forcing from anthropogenic sources. Carbon dioxide has risen from approximately
280 ~mol mor since the industrial era to approximately 355 ~mol mor in 1995 and is
1

1

currently increasing by 1.8% p .a . (IPCC 1996). The majority of the increase in atmospheric
C02 arises from the use of fossil fuels (Nakicenovic 1996) and from deforestation,
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particularly in tropical regions (Kirschbaum and Fischlin 1996). Loss of soil carbon due to
changes in agricultural practices are also occurring (Esser 1990).

Carbon dioxide is also important because it is central to the physiology of plants. Increase in
atmospheric C02 concentration has long been established to directly (through the fertiliser
effect) or indirectly (through inter-specific competition) impact on many plants (see 1.2).

Carbon dioxide emissions have increased by approximately 30% since the industrial era.
Although emissions of C02 far exceed all other anthropogenic RAG's, the warming potential
of CH4 and N20 is relatively higher than C02 • As CH4 has increased by more than 100%
and N20 by more than 15 % since the industrial era, these gases represent significant
contributors to the anthropogenic greenhouse effect. C02 has contributed approximately 65%
of the combined radiative effects of anthropogenic RAG's over the past 100 years; CH4 and
N20 have contributed approximately 20 and 5%, respectively. Whereas the major source of
anthropogenic C02 is fossil fuel burning, increases in CH4 and N20 have been principally
generated from agricultural activity (IPCC 1996). Soils contribute to approximately 50% of
the total CH4 emission, of which wet rice cultivation and land-fills (Prather et al. 1994) and
rwninants (Johnson et al. 1993) are the principal anthropogenic sources. Soils contribute
more than 50% of the total N20 emitted into the atmosphere and much of the recent increase

is attributed to the use of legumes and nitrogen fertilisers (Prather et al. 1994).
Environmental variables such as temperature and soil water content, and land management
practices have a large impact on soil N20 emission (Kirschbaum 1996).

The influence of the enhanced greenhouse effect on climate can be investigated using global
circulation models (GCMs) . Despite uncertainties in present climate models, consensus in the
scientific literature , as reviewed in the three major reports of the Inter-Governmental Panel
on Climate Change (IPCC) (IPCC 1990, IPCC 1992, IPCC 1996), is that rapid global
warming is to be expected in the coming century.

The use of double the present level of atmospheric concentration of C02 (approximately 355
Jlmol mor 1) has become a convenient bench mark for use in climate models. This level may
be reached by the mid to late 21st century given the current rate of C02 increase. For the
purpose of relatively simple GCMs , all RAG's are treated as the equivalent amount of C02 .
After an instantaneous doubling of C02 the models are run until climate values reach a new
equilibrium. These "equilibrium simulation models " treat the ocean as non-dynamic. Based
on a range of results from equilibrium simulation GCMs and the observed warming over the
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last century, increase in the mean global temperature with a doubling of the equivalent level
of RAG' s lies in the range of 1.5 to 4.5 °C (IPCC 1990). More complex models consider
transient warming, given that RAG's will increase progressively , as well as the influence of
deep ocean circulation. Transient simulation models predict that the average rate of global
warming during the next century to be in the range of 0.2 to 0.5 °C per decade . Still more
complex models (coupled dynamic ocean-atmosphere models) are predicting greater
regionalisation of climate change (IPCC 1992).

Five different GCMs have been used to generate a set of scenarios for the likely state of
Australias' climate in the 21st century. These scenarios are based upon output from
equilibrium double C0 2 runs of models with lower and upper bounds defined by lowest and
highest IPCC C02 emission and climate sensitivity of 1.4 oc (lowest) 4 .5

oc (highest) for an

equivalent doubling of C02 . From thesis models , regional patterns of change of temperature
and rainfall were predicted (1.1.2) (CSIRO, Meteorological Bureau, Climate Impact Group,
1996).

In the 1992 IPCC Supplement (IPCC 1992) , RAG emission scenarios included actual (not

equivalent) C02 concentrations and included scenarios with and without the influence of
biospheric feedback. Biospheric feedback assumes a plant fertilisation influence of
atmospheric C02 (Wigley and Raper 1992) and may have a direct influence on global climate
change through slowing the rate C02 increase in the atmosphere. A greater knowledge of
how plants respond to C02 enriclunent in the long-term is required in order to accurately
include the influence of biospheric feedbacks in such models.

1. 1. 2 Regional influences of climate change

The enhanced greenhouse effect is expected to result in regional variation in climate such as
variations in the range of temperature and rainfall as well as increases in the frequency and
intensity of weather (IPCC 1996). Annual, seasonal and diurnal variability in weather may
have an impact on the response of plants to C02 enriclunent .

Scenarios based on an equilibrium doubling GCM ' s predict that warming may be greater at
the higher latitudes and in continental areas by several times the global average. In tropical
and mid-latitudes, continental interiors may be warmer by 50 % of the global average (IPCC
1996). Increase in rainfall in some regions may limit warming during wet seasons whereas a
decrease in rainfall may contribute to higher temperatures. A warmer atmosphere is able to
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hold more water vapour, which may initially increase mean surface temperatures through an
increase in the amount, and changes in the type and distribution of, cloud cover (Houghton et
al. 1990). Estimates of changes in rainfall (spatial and temporal) are generally considered less

accurate than predictions of changes in temperature because of difficulties in accurately
representing precipitation processes, which occur on the scale of individual clouds (typically
0 . 1- 10

Jcm\

whereas GCMs typically compute climate variables at a grid spacing of 200 to

500 krn2 . The existing total cloud cover leads to a net cooling of the Earth relative to a cloud
free globe, although the effect of clouds depends on many factors including cloud height,
season, latitude , droplet size and optical thickness (Ramanathan eta!. 1989). A larger amount
of water vapour in the air will result in a greater rate of release of latent heat of condensation
in convective storms resulting in increased rainfall intensities. This may also result in
flooding , greater run off and longer dry spells (Gordon et al. 1992). A decrease in the
frequency of rainfall may result in an increase in periods of less cloud cover and an increase

in the amount of solar radiation available for photosynthesis.

Scenarios based on equilibriwn doubling GCM 's predict that tropical Australia will be
subject to significant regional variability in climate. Mean aruma! temperatures are predicted
to increase by 0 to 4 °C with the increase being smallest for coastal regions (Lehane 1995).
Wet season rainfall is expected to increase in coastal regions which may have a significant
impact on plants if the additional rainfall occurs earlier and later in the wet season, thereby
increasing the length of time for which water is available to support significant growth. But a
small decrease in rainfall in the dry season when rainfall is minimal, or a small increase in
rainfall in the wet season when water is not limiting would have minimal impact on
vegetation . An increase in temperature and rainfall variability may result in a greater
frequency and intensity of d rought (coupled with fire) and flood events . Such extreme events
are major contributors to changes in population dynamics and may be a factor in forest
system succession and recruitment. Predictions of regional climate are difficult due to the
spatial scale of GCM' s which are too large to take into account topographic effects (which
can dominate local climate) , or ENSO and cyclone events (dominating weather patterns in
any given year) (Pittock 1993).

To understand the potential impact of the enhanced greenhouse effect on plants, the influence
of C02 enrichment and climate must be investigated. Investigating the long-term impact of
C02 enrichment on plants should, ideally, allow variations in climate , including annual,
seasonal and diurnal variability, to impact upon the plant. At present, long-term C0 2
enrichment studies that include seasonal and diurnal variations in climate are few in nwnber.
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1.1. 3 Biosphere-vegetation interactions

The terrestrial surface and the atmosphere are linked via two-way fluxes of energy and mass.
Feedback loops exist between the terrestrial surface and the atmosphere, for example
transpiration and rainfall . Although the impact of climate on tree growth has received some
attention, the importance of vegetation in determining regional climate is less well known
(Eamus 1992).

Forest systems have the largest interactions with the atmosphere because of their large
potential to exchange C02 , water and heat. Loss of forest systems through deforestation
increases surface albedo which increases the net radiation load on a region. Thermally driven
circulation is lost and rainfall is decreased . Surface roughness, which is primarily determined
by vegetation cover, has a strong influence on moisture convergence and rainfall. Tall,
diverse forests have a high surface roughness and are consequently well coupled with the
atmosphere (Jarvis and MacNaughton 1986). When surface roughness decreases, regional
moisture convergence is decreased resulting in a decrease in rainfall. A decrease in the rate
of transpiration (E). which may occur as a result of decreased stomatal conductance (g5) in
response to C02 enrichment, may result in enhanced planetary boundary layer heating .
However the creation of a thermal low pressure and increase in moisture convergence may
offset the impact of decreased E (Eamus 1992).

A negative feedback on increasing atmospheric C02 concentration due to the direct effect of
C02 on carbon fixation by plants is the result of the C02 fertilisation effect. Wigley and
Raper (1992) have suggested a possible reduction in the predicted greenhouse warming of 20
to 30% because of the increase in carbon storage in biomass, soil and litter. Even under suboptimal conditions of light, nutrient or water availability, many plants maintain a relatively
enhanced growth response to C02 enrichment (Gifford 1979, Conroy et al. 1986, Ziska et
al. 1990, Kubiske and Pregitzer 1996). Thus most ecosystems, including woodlands and

forests, which have the largest potential for sequestering atmospheric C02 , are likely to be
influenced by the C02 fertilisation effect, irrespective of light, nutrient or water limitations.
Changes in forest structure, surface characteristic and E, as a result of increased atmospheric
C02 concentration, irrespective of climate change resulting from global warming, may have
a considerable influence on regional climate.
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1.1. 4 The global carbon cycle

Long-term studies of atmospheric C02 conducted at Mauna Loa since 1958 indicate that only
55% of the C02 released from industrial processes remained in the atmosphere (Bacastow
and Keeling 1981, Keeling 1986). Despite uncertainties regarding the actual amount of
annual anthropogenic C02 released into the atmosphere (Rotty and Marland 1986a/b), there is
general agreement that a large proportion of C02 released is sequestered into oceans and/or
terrestrial systems. However, considerable debate continues regarding the location of the
missing atmospheric C02 • In order to balance the global carbon budget three broad
possibilities exist: first, an under-estimation of the degree to which the oceans act as a sink
for anthropogenic carbon; second, an over estimation of the carbon released through the
degradation of terrestrial ecosystems, in particular deforestation in tropical regions; and
fmally, an under-estimation of the degree to which terrestrial ecosystems sequester
atmospheric C02 through a fertilisation response to C02 enrichment. Accurate predictions of
future atmospheric C02 concentrations is central to the ability of GCMs to forecast global
climate change. No less important to these models are an understanding of the mechanisms of
carbon movement between atmospheric, terrestrial and ocean systems.

Estimates of carbon flux between atmospheric, terrestrial and ocean systems are given by
Gifford ( 1994). Of the total anthropogenic carbon released into the atmosphere per year from
fossil fuel burning (5.8-6.2 Gt) (IPCC 1996), it is estimated that the atmosphere takes up 3.6
to 4.0 Gt (Watson et al. 1990) and the oceans take up 1.3 to 2.9 Gt per year (Broecker 1991,
Samiento 1991, Smith and McKenzie 1991). A further 1.5 to 3.0 Gt per year is reported to
be produced from tropical deforestation (Houghton 1991). This leaves 0.4 to 4 .3 Gt that is
unaccounted for.

Oceans store up to 50 times more carbon than the atmosphere, and, each year, the oceans
and atmosphere exchange around 15 times as much C02 as human activity produces
(Williamson and Gribbin 1991). The study of ocean-atmosphere carbon fluxes is particularly
complex given that variations in the ocean carbon cycle include latitudinal, longitudinal and
seasonal variations as well as the influence of depth and biotic processes. Global warming
can influence the flux of C02 between the atmosphere and the ocean directly or through
biotic processes. Solubility of C02 decreases with increasing temperature and this may result
in a release of C02 from the oceans with global warming (IPCC 1994). A loss of 1 % of the
ocean's carbon would effectively double the atmospheric concentration of C02 (Detwiler and
Hall 1988). However an increase in ocean temperature may increase biological activity
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resulting in a greater carbon sink (Fry 1971, Sibley and Strickland 1985). The worlds oceans
are a net sink for C02 , although the equatorial pacific ocean is a net source (Broecker 1991,
Sarmiento 1991, Smith and McKenzie 1991). However, Gifford (1994) suggests that in the
light of current knowledge, oceans cannot account for any additional carbon sink than that
estimated by Broecker (1991), Samiento (1991) and Smith and McKenzie (1991).

The principal controversy concerning the global carbon budget centres on whether terrestrial
ecosystems are a net source or sink of atmospheric C02 (Haex 1984, Hobbie et al. 1984,
Houghton 1988, Gifford 1994). Bolin (1977), suggested that terrestrial ecosystems do not act
as a net sink for C02 because of deforestation. Due to deforestation of certain regions ,
especially tropical forests, terrestrial ecosystems may be a net source of atmospheric C02
(Woodwell et al. 1983, Houghton 1988, Woodwell 1988, Gifford 1994). However, it is also
suggested that temperate ecosystems are no longer a net source of C02 , a result attributed to
conservation and limited reforestation (Delcourt and Harris 1980). Variation in the estimates
of the extent to which different degraded tropical forest ecosystems release C02 exists
because of a lack of data on land use practices (Dewilter and Hall 1988). Whether an area of
forest is selectively logged or clear felled and the remaining vegetation . burnt for the
formation of pasture, or whether forest is used for shifting cultivation and allowed to
regenerate after approximately three to five years, determines the extent and rate at which
C02 is released into the atmosphere (Detwiler and Hall 1988). [t is important to distinguish
between temporary and permanent clearing of tropical forests because the extent to which
C02 is released varies considerably (Hall et al. 1985).

The degree to which terrestrial ecosystems take up atmospheric C02 and so contribute to
balancing the global carbon budget is a contentious issue. Gifford (1994) argues that given
terrestrial carbon pools tum-over at a rate of 120 Gt of carbon per year, there is scope for
terrestrial disequilibrium of only 2. 5 Gt of carbon per year. Are there mechanisms that can
account for the estimated 0.4 to 4.3 Gt per year required to balance the global carbon
budget? Most species grown with C02 emichment have an initial net increase in carbon
assimilation (A) particularly under non-limiting conditions of light, water and nutrients. Some
relatively long-term C02 emichment studies greater then two years in duration (ldso and
Kimball 1991, Liu and Teskey 1995) and studies using mature tree species greater then ten
years old (Dufrene et al. 1993, Ellsworth et al. 1995, Teskey 1995, Wang et al. 1995) have
shown that increased carbon gain can be maintained over the long-term. However, carbon
gain may be down-regulated if soil nutrients are limited (Sage et al. 1989, McCormaughay et

al. 1993). Increases in terrestrial carbon pools may be limited by the nitrogen cycle (Korner
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and Amoe 1992, Penersson and McDonald 1994). However, it is often found that the C/N
ratio in plants increasetwith C02 enrictunent (Conroy 1992. Coleman ec al. 1993) . Gifford
(1994) suggests that this response alone, could, with a doubling of atmospheric CO:!
concentration, increase net primary production by 10%. In many tropical regions phosphorus
is a limiting soil nutrient (Melillo ec al. 1993). Conroy et al. (1990a) showed that C02
enriclunent enhanced partitioning of dry weight to wood in Pinus radiata but only when
phosphorus was non-limiting. Relatively linle is known about how a change in the C/P ratio
will influence productivity (Barlow and Conroy 1988, Conroy ec al. 1988. Conroy ec al.
1990b, Conroy et al. 1990c). Gifford (1994) reviews and suggests further mechanisms that
could account for a net increase in photosynthetic C02 uptake in terrestrial ecosystems. For
example, increases in root/shoot ratio suggests that such plants may be more competitive for
nitrogen. Increased carbon pools in the soil as a result of increased carbohydrate content in
plant tissues may result in higher rates of soil mineralisation thereby making more nitrogen
available. Further, the pool of nitrogen in vegetation and soil is the result of the energy
derived from the oxidation of photosynthetically flxed carbohydrates and so the nitrogen
content of a C02 enriched system will increase to match the increased photosynthetic
potential.

The effect of rising global temperatures may have an impact on the response of forest
ecosystems to increasing atmospheric C02 (Farrar and Williams 1991, Hogan eta/. 1991,
Long 1991 , Earn us 1996a). It has been proposed that as mean global temperature increases,
oxidation of organic maner by respiration increases and may even evenrually be greater than
photosynthetic carbon gain (Houghton and Woodwell 1983, Woodwell 1983, Wood well
1990). However, Gifford (1994) determined that whole plant respiration was half as sensitive
to growth temperature than has been asswned on the basis of short-term temperature effects.
Furthermore, it has often been assumed that mature forests increase maintenance respiration
in proportion to phorosynthesis because of increased woody mass in relation to the size of the
canopy. Gifford ( 1994) states that the ratio of respiration to photosynthesis is a more relevant
parameter, found to be constant for several different species differing in size, grown for
periods of up to nine months at four constant temperatures. He argues that rather than annual
new growth declining as a forest matures due to photosynthetic C02 fixation being offset by
maintenance

respiration,

liner

fall

offsets

new

annual

growth

and

the

respiration/photosynthesis ratio is maintained . Further, it was suggested on the basis of a
conserved respiration/ photosynthesis ratio of a variety of species grown with different
temperarures that a 3 °C warming would have Iinle effect on the respiration/photosynthesis
ratio.
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The ability of terrestrial ecosystems to act as a net sink for atmospheric C02 may be
enhanced with global warming. The high productivity of tropical plants and ecosystems may
be further enhanced through correlated increases in temperature and atmospheric C02
(Hogan et al. 1991, Gifford 1992). Higher temperatures favour photorespiration, thus the
inhibition of photorespiration by C02 enrichment will have its largest effect at higher
temperatures (Long 1991). Wang et al. (1995) found that C02 enrichment minimised the
inhibition of A caused by increased temperature in Scots pine. Sub-optimal temperatures have
been shown to reduce dry matter gain with C02 enrichment in some species (Long 1991), as
well as reduce the impact of sub-optimal temperatures in other species (Hogan et al. 1991,
Rawson 1992, Eamus 1996a).

Given the above arguments for sustained carbon gain with increasing atmospheric C02
concentration, terrestrial ecosystems may represent the missing sink required to balance the
global carbon budget. However, many questions remain regarding the responses of different
plants to C02 enrichment and the scaling up of these responses to the level of ecosystem is
problematic (Bazzaz 1990). Given that the majority of C02 enrichment studies have, until
recently, concentrated on annual crop species growing in temperate regions, greater emphasis
is required on tropical tree species.

1.2 The importance of C02 to plant physiology

Carbon dioxide is central to the growth and physiology of plants, acting directly and
indirectly. For most C 3 species, C02 is limiting to A, particularly where light, water and
nutrients are in abundance. Therefore increased atmospheric C02 concentration is expected
to influence the rate of A, and hence plant growth, inter-specific competition and the fonn ,
distribution and structure of ecosystems (Bazzaz 1990). Primary effects of C02 enrichment
on plants include enhanced A, a reduction in g 5 and suppression of photorespiration. As a
result of the influence of C02 enrichment on gas exchange, secondary responses may also be
observed, such as: a reduction in photoinhibition; the suppression of dark respiration; and,
morphological changes to leaf, branch, root and flower development. Enhanced A may result
in increased dry matter accumulation but changes in source/sink ratios may also result in a
change in carbon allocation. Changes in carbon allocation such as increased root/shoot ratio,
coupled with changes in g 5 , may impact on the water-use-efficiency (WUE) of the plant.
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1. 2.1 Primary effects of C02 enrichment on plant physiology

Assimilation
In the majority of short-term C02 enrichment studies, A in C3 species is enhanced although
the magnitude of the response varies widely from 20 to 300% (Kimball 1983, Cure and
Acock 1986, Eamus and Jarvis 1989, Luxmoore et at. 1993). The range of A responses to
C0 2 enrichment may be due to inter-specific differences, variations in experimental growth
conditions such as nutrient and water treatments , or due to the period of exposure to C02
enrichment, within which time acclimation of physiological processes to C02 enrichment
occurs (Sage 1994). Variations in A between juvenile compared to mature plants (particularly
important in trees) may also be considered.

Assimilation responds to C02 enrichment for three principal reasons. First, C02 acts as an
activator of the primary carboxylation enzyme, ribulose bisphosphate carboxylase oxygenase
(Rubisco).

Second, C02 is a

substrate

for

this enzyme . Third,

C02 decreases

photorespiratory losses of fixed C02 . The response of A in C3 species to C02 enrichment has
been the subject of frequent and extensive review for crop species (Kimball 1983, Acock and
Allen 1985 , Cure and Acock 1986, Kimball 1986, Lawlor and Mitchell 1991), for tree
species (DeLucia et al. 1985, Sionit and Kramer 1986, Kramer and Sionit 1987, Ceulemans
and Mousseau 1994) and for natural vegetation on the scale of whole ecosystems (Bazzaz
1990, Mooney et al. 1991 , Smith et al. 1992, Woodward 1992).

Photosynthetic acclimation
The instantaneous response (hours to days) of A to C02 enrichment has been extensively
studied (Eamus and Jarvis 1989, Mousseau and Saugier 1992). An instantaneous response is
termed non-acclimated. Plants that are in the process of adjusting to C02 enrichment are
acclimating and plants that have reached a physiological equilibrium are acclimated (Eamus
and Jarvis 1989, Sage 1994). The term 'acclimation' in this context. refers to any
biochemical or physiological changes that resuh

from growth in COTenriched air . The

direction of the acclimation response is further qualified when referring to A with the use of
the terms 'photosynthetic enhancement' to mean an improvement , and 'down-regulation' to
mean a loss of photosynthetic potential. The acclimation period may be species specific and
may depend on environmental or experimental growth conditions (Sage 1994). Longer lived
species, such as trees, may require more time to fully acclimate , perhaps in the time-scale of
years . Acclimation in natural systems may not reach an equilibrium given seasonal or annual
variations in climate and changing interactions of the ecosystem (Bazzaz 1990).
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Photosynthetic acclimation is often evaluated by comparing the photosynthetic rates of the
plant growing in COrenriched air with the rate of a plant growing in ambient air (Gunderson
and Wullschleger 1994). Comparing plants in their respective growth C02 is a relevant
technique for predicting A in rising C0 2 concentration. In addition, comparing plants in their
respective growth C02 may permit the observation of the influence of C02 enrichment on
growth and development over time (particularly important in trees) (Komer 1991), or the
influence of C02 enrichment on the response of A and growth with changing environmental
conditions such as seasonal variations in micro-climate. However only broad generalisations
about the acclimation process, and no mechanistic interpretation for the acclimation response
can be made using this technique (Gunderson and Wullschleger 1994).

Another technique in assessing photosynthetic acclimation is to measure A at a common Ca.
where plants grown under C02 enrichment are measured under ambient conditions and visa

versa. (reciprocal transfer). Thus, if trees have acclimated to C02-enriched conditions, this
should be evident when the influence of C02 enrichment between treatments have been
removed. Plants may have acclimated to C02 enrichment if A has either been enhanced or
down-regulated compared to trees grown under ambient conditions when compared at a
common C 3 . However, g5 has also been found to acclimate to long-term exposure to C02
enrichment (Arp 1991, Sage 1994). A reduction in g5 following long-term exposure to C02
enrichment may result in a smaller Ci. thus an observed decrease in A following reciprocal
transfer may not represent a loss of photOsynthetic potential. Unless stomatal acclimation can
be excluded, reciprocal transfer cannot permit mechanistic interpretations of the acclimation
response.

The most appropriate technique for assessing photosynthetic acclimation, which can identify
mechanisms that contribute to photosynthetic acclimation utilises the response of A to
changes in Ci (Arp 1991, Gunderson and Wullschleger 1994, Sage 1994). Acclimation
compared at a common Ci excludes the influence of C02 enrichment on stomatal
conductance. Thus, the response of A to different concentrations of Ci reveals various
physiological and biochemical characteristics of the photosynthetic process (Von Caemmerer
and Farquhar 1981, Farquhar and Sharkey 1982). Regions of the curve generated by the
A/Ci response represent, 1) the amount, activity, and kinetic properties of Rubisco , 2) rate of
RuBP regeneration, and 3) the rate of triose phosphate utilisation (Sage 1994). The study of
acclimation processes as well as quantifying the degree and direction of acclimation (either
down-regulation or photosynthetic enhancement) is important for determining the long-term
response of trees to

C~

enrichment.
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Many studies report no loss of photosynthetic potential , or down-regulation of
photosynthesis, following acclimation to C02 enrichment (Radin et al. 1987, Ziska et al.
1990, Idso and Kimball 1991 , Lawlor and Mitchell 1991 , Norby and O'Neill 1991. Arp and
Drake 1991 , Gunderson et al. 1993, Gifford and Chow 1994). However, down-regulation of
A following acclimation to C02 enrichment is often observed (Kramer 1981 , Cure and
Acock 1986, Bazzaz 1990, Mon 1990, Stitt 1991, Arp 1991). With moderate downregulation, A for trees grown under COrenriched conditions remains enhanced buc che
enhancement is less than that observed in the initial response. In some studies, acclimating
plants down-regulate such that there is no difference in the rate of A between plants grown
with C02 enrichment and control plants when measured at a common Ci (Sage 1994). Downregulation may result in an actual reduction of A compared to control plants when measured
at a common Ci (Gifford and Chow 1994). Down-regulation of A has been attributed to a
build-up of carbohydrates in the leaf, tying up inorganic phosphate , resulting in a feedback
inhibition of A (Kramer 1981. Cure and Alcock 1986, Eamus and Jarvis 1989. Bazzaz 1990.
Mott 1990, Arp 1991, Stitt 1991). The use of restrictive growth containers may be
responsible for photosynthetic down-regulation with C02 enrichment (Arp 1991 , Hogan et
al. 1991. Thomas and Strain 1991 , Berntson et al. 1993, McConnaughay et al. 1993).

Down-regulation is less often observed in field grown plants which has led to suggestions that
down-regulation may not occur in narural environments (Radin et al. 1987, Ziska et al.
1990, ldso and Kimball1991 , Norby and O' Neill 1991, Gunderston et al. 1993).

The extent to which a plant can grow in an unrestricted volume has a direct impact on the
ratio of capacity of the plant to supply fixed carbon (source) to capacity of the plant to utilise
the carbon (sink). The maintenance of an enhanced sink may be the key to the long-term
maintenance of enhanced A with C02 enrichment (Rogers et al. 1996). The effects of
increased C02 on growth are likely to be large and persistent when there is a large sink
capacity for carbon in the plant (Koch et al. 1986). Large variations in the growth response
of plants to C02 enrichment may be due to variations in sink capacity (Eamus and Jarvis
1989). Korner et al (1995) and van Oosten et al (1 994) have shown that differences in the
mode of phloem loading (symplastic versus apoplastic) and the impact of sugar accumulation
in leaves on gene expression, further highlight the apparent importance of source/sink ratios
as a determinant of the response of trees to C02 enrichment. Thus the acclimation response
of trees to C02 enrichment must include an understanding of the influence of the balance
between source and sink, whether the product of C02 enrichment or of experimental growth
conditions , such as trees grown in small pots.
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Stomatal conductance
The regulation of gas exchange between the atmosphere and the leaf occurs through the
activity of stomata. C02 moves from the atmosphere through the stomata and into the leaf by
virtue of a difference in the partial pressure of C02 . The air spaces within the leaf are almost
completely saturated with water ( > 99%) because of evaporation of water from the
mesophyll cells. As the partial pressure of water vapour in the air outside the leaf is usually
less than saturated, water vapour diffuses out of the leaf through the sromata . As C02
diffuses into the leaf water is losL To minimise water loss from the leaf stomatal pores can
become smaller through a change in the shape of the guard cells. Stomatal aperture also
varies in response to changes in light intensity, temperature, C02 concentration, soil and
atmospheric water content and leaf water starus (Cowan and Farquhar 1977, Farquhar and
Sharkey 1982). Changes in g 5 may influence leaf water potential ('l' w) by changing the rate of
E . Reduced E may limit the influx of C02 into the leaf, resulting in reduced C ;. As a result of
the need to control the rate of E, stomata can impose a limit on A. Stomatal conductance has
been found to decrease in response to C02 enrichment in the majo rity of studies (Hollinger
1987, Fetcher er al. 1988, Idso 1991 , Eamus er al. 1993) with few exceptions (Bunce 1992.
Gunderson ec al. 1993, Ellsworth et al. 1995). Irrespective of exceptions, C; is increased
with C02 enrichmenL Consequently , reductions in stomatal aperture with C02 enrichment
may still support enhanced rates of A with C02 enrichment.

The reduction in E that can occur with reduced stomatal aperture, and the increased A,
results in a significant increase in instantaneous transpiration efficiency (lTE) (Eamus 1991).
Increased ITE is a common feature of C02 enrichment studies and has been suggested as a
means by which plants may delay or reduce the impact of drought with C02 enrichment. In
addition to changes in gs caused by variation in stomatal aperture,
reduced stomatal density in some plants (Oberbauer et al.

co2· enrichment

has

1985 , Woodward 1987 ,

Woodward and Bazzaz 1988, Berryman et al. 1994).

Dark respiration
The response of dark respiration to C02 enrichment is variable and the underlying
mechanisms are poorly understood. However, the process of respiration is important given it
is a large component of the carbon budget and estimates indicate that about half of the carbon
fixed in photosynthesis (less photorespiration) is lost to respiration (Amthor 1991). It is
difficult to draw a general conclusion as to the direction of the response of dark respiration to
C02 enrichment (Bazzaz 1990). Increased dark respiration has been observed (Hubec ec al.
1985, Poorter et al. 1988, Den Hertog et al. 1993). High rates of photosynthesis and relative
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growth rates (Farrar and Williams 1990, Den Hertog 1993), as well as increased
carbohydrates within the shoots (Poorter et al. 1988, Williams and Farrar 1990) or during
the initial rapid expansion of young leaves in response to C02 enriclunent (Hrubec et al.
1985) have been positively correlated with increased rates of dark respiration. Consequently.
Farrar and Williams (1 991 ) suggest that dark respiration must be viewed in term of
comparonents where it may be expected that at least transient increases in respiration may be
found. However there have been reports of decreased respiration with C0 2 enriclunent
(Silsbu.ry and Stevens 1984, Gifford et al. 1985, Bunce 1990, Bunce and Caulfield 1991.
Wullschleger eta/. 1992, ldso and Kimball 1993). Changes in root respiration in response to
C02 enriclunent

ha;~ been

reported (Farrar and Williams 1991). The response of respiration

to C02 enriclunent appears to be as much influenced by environmental conditions as is
photosynthetic C02 assimilation (Farrar and Williams 1991). Studies that seek to detail
carbon budgets should give equal attention to carbon losses through shoot and root
respiration as has been given to photosynthetic carbon uptake and allocation .

I .2. 2 Secondary effects of C02 enrichment on plant physiology

Growth and dry matter accumulation
Controlled environment and field studies on a large range of plam species demonstrate that
biomass production is increased in response to C02 enrichment. Cure and Acock (1986) and
Lawlor and Mitchell (1991) have reviewed the response of crop species to C02 enriclunent.
For a large variety of tree species grown with C02 enrichment dry matter accumulation has
been found to be positive, but also variable (for review see Eamus and Jarvis 1989,
Ceulemans and Mousseau 1994). There are relatively few studies showing no growth
response (Hollinger 1987, Duffer a/. 1994, Liu and Teskey 1995) or an inhibition of dry
matter accumulation (Tolley and Strain 1984. Bunce 1992, Wang et a/. 1995). Studies of
tropical tree species are few in number but generally show a positive growth response to C02
enriclunent (Oberbauer eta/. 1985, Reekie and Bazzaz 1989, Downton eta/. 1990, Ziska et
al. 1991 , Duff et al. 1994).

The complexity of trees which includes longevity, secondary tissue production and branching
allows for considerable morphological change in response

to

C02 enrichment. A positive

growth response to C02 enriclunent has been found for tree height (Bazzaz et al. 1990),
degree of branching (Downton et al. 1990), internode length (Ceulemans et al. 1995a),
branch and trunk thickness (Teskey 1995), secondary tissue density (Conroy et al. 1990a).
root exploration (0 ' Neil et al. 1987), leaf area, leaf number, canopy area (Sionit et al. 1985,
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Brown and Higginbotham 1986, Conroy et al. 1986, Kock et at. 1986), leaf thickness
(Rogers et al. 1983) and leaf area per unit of leaf weight (SLA) (Conroy et a!. 1986).
Increased SLA has been associated with an increase in mesophyll cell size (Conroy et at.
1986), an increase in the nwnber of layers of cells in the mesophyll (Thomas and Harvey
1983) and a build up of starch granules in the mesophyll cells (Pettersson and McDonald
1992). The capacity of a plant to respond to C02 enrichment is largely defined by the genetic
potential of the species. However, within each species there is an ability to response to
changes in resource availability. The morphological changes in growth mentioned above are
examples of such responses.

Dry matter partitioning

The description of growth in terms of total dry matter accwnulation yields important
information on the response of trees to C02 enrichment. However, patterns of dry matter
partitioning between roots, stem, branches and leaves in response to C02 enriclunent yields
far more information . In many studies where nutrients were supplied to the plant, either a
decrease or no change in the root/shoot ratio occurred (Mousseau and Saugier 1992). Where
nutrients are limiting the root/shoot ratio generally increases (Eamus 1996a) and this can be
associated with increased fine root mass (Luxmoore et al. 1986, Norby et al. 1986). Where
exceptions to this occur, they have usually been associated with pot based experiments
(Higginbotham et al. 1985, Mousseau and Enoch 1989, see below) . Den Hertog and Stulen
(1990) found no change in carbon allocation in an experiment where water and nutrient
supply were carefully maintained. Stulen et al. (1992) suggest that C02 enriclunent does not
influence resource allocation, provided other environmental factors, such as water light and
nutrient availability, do not become limiting.

Changes in allocation and changes in functional relationships between plant parts are
frequently observed (Norby and O'Neil 1991). Such studies demonstrate that reallocation of
resources in the plant may occur in such a manner as to increase resource allocation to
limiting processes (Lerdau 1992). For example, with C02 enrichment the supply of
carbohydrates is increased in relation to the rate of supply of nutrients, essentially nitrogen.
Consequently carbon is reallocated from the canopy to the roots . Such behaviour has been
modelled in a number of studies (Eamus 1996b).

Factors influencing the gro\\'th response to C02 enrichment

Plant primary productivity is ultimately dependent on photosynthetic C02 assimilation.
However, A is also dependent on the amounts of photosynthetically active tissue constructed
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by the plant and on many aspects of carbon use (Komer 1991). Indeed, growth restrictions
other than shortage of photosynthate supply can influence the gas exchange response , such as
the restriction of root growth (Thomas and Strain 1991), or the seasonal change in microclimate (Ceulemans et al. 1994) . Further, Cole et al. (1994) showed an inverse relationship
between A and growth rate in four A . auriculifonnis provenances. Therefore, the response of
trees to C02 enrichment cannot be viewed exclusively through the responses of gas exchange
in isolation from the processes that influence plant growth.

Low nutrient supply has been shown to increase root/shoot ratio (Luxmoore et al. 1986,
Norby et al. 1986) and nutrients supplied in adequate amounts result in a decrease in the
root/shoot ratio in trees grown with C02 enrichment (Hollenger 1987, Mortensen and
Sandvik 1987). Plants may respond to a low rate of nitrogen supply by increasing the amount
of roots, whereas leaf area is increased in response to a low rate of nitrogen supply (Eamus
and Jarvis 1989).

Increased temperature enhances A at elevated C02 (Long 1991, Ceulemans et al. 1993,
Eamus 1995); although, Long (1991) suggests a threshold temperature exists for many plants,
below which C02 enrichment has a negative impact on A . However, C02 enrichment does
not always have a negative impact on growth at low temperatures suggesting that carbon
fixation may not be the only process underlying the response of COrenriched plants to low
temperature (Eamus 1996a).

The maximum enhancement of A is largest under light saturating conditions. An increase in
relative enhancement at sub-saturating light is caused by a decrease in the light compensation
point (f) with C02 enrichment resulting from increased apparent quantum efficiency

(~).

Enhanced quantum efficiency may benefit closed canopy species but may also contribute to
an over estimation of the growth response to C02 enrichment given that net assimilation is
often estimated from single leaves under light saturating conditions (Komer 1991).

Seedling studies have allowed a great deal of work to be conducted on the interactions of
C02 enrichment and variations in resource availability. The study of trees during the seedling
stage is important since plant growth is generally highest and competitive selection is greatest
(Bazzaz 1991). However, tree species are long-lived and may grow to be very large . As a
result of experimental difficulties in long-term studies on mature trees, a great shortfall exists
in this area. Ecophysiological characteristics that are found to be different between juvenile
and mature trees include g5 , A and WUE (Cregg et al. 1989, Donovan and Ehleringer 1991).
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Extrapolation from short tenn studies on seedling trees may overestimate the Iong-tenn
g rowth response to C02 enrichment. Technologies are developing that allow greater scope
for the long-tenn studies of mature tree species and are detailed in chapter two.

Controlled environment studies require that plants are grown in pots (see Chapter 2). Pot
based growth experiments allow easy access to roots for the estimation of dry matter gain.
Accurate estimates of water and nutrient input can also be detennined (Thomas and Strain
1991 , Berntson et at. 1993, McConnaughay et al. 1993). However, pot based growth studies
may contribute to the observed loss of photosynthetic potential (down-regulation) of A
through the reduction in sinks by restricting root growth. Down-regulation is frequently
observed in studies of tree species (Hickleton and Jolliffe 1980, Woo and W ong 1983, Wulff
and Strain 1983, DeLucia et at. 1985) may be the result of reduced sink strength (Ziska et al.
1990). and/or water and nutrient supply limitation (McConnaugbay et at. 1993) resulting
from small growth containers. Root restriction may be avoided or the influence on growth
minimised by the use of seedlings and short tenn studies. Alternatively, field based studies
allow trees to be grown directly in the ground (ldso and Kimbal 1991). Studies under field
conditions often show no evidence of long-term down-regulation of A (Ziska et at. 1990,
ldso and Kimbal 1991, Arp 1991, Eamus et al. 1993, Liu et al. 1995) , although there are
exceptions (Mousseau and Saugier 1992). Field based methods that pennit the use of
relatively mature trees species and periods of exposure to

C~

enrichment of greater than one

growing season are discussed in chapter 2.

In addition to the use of seedling trees, the majority of studies are of less than one growing
season and are often limited to the optimum growth season (Ziska et al. 1990, Mousseau and
Saugier 1992, El Kohen et al. 1993). Field based studies that observe only the growing
season may in some instances overestimate the long-tenn growth response to C0 2 enrichment
(such as in temperate tree species with a donnancy period), or underestimate the long-tenn
growth response to C02 enrichment (such as in tropical evergreen tree species that may have
a positive carbon balance throughout the year) . Since the growth response can be influenced
by changes in temperature , light and water availability, field based studies that incorporate
diurnal, seasonal and annual variations in micro-climate may allow a better estimation of the
long-tenn response of tree growth to C02 enrichment.

Studies of phenology in response to C02 enrichment are poorly represented in the literature
(Reekie and Bazzaz 1989, Reekie and Bazzaz 1991). This is the result of the use of seedling
trees, growth conditions that poorly represent field conditions and the short duration of most
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experiments compared to the life span of tree species. The use of grafted trees. where the
scion represents mature material , as evidenced by reproductive maturity , for example

Mangifera indica cv Irwin, may allow phenological observations with

CO~

enrichment in

relatively small trees that include reproductive responses . For example, significantly higher
fruit set and fruit productivity in response to C02 enrichment was reported for three year old
grafts of Cirrus sinensis (Downton et al. 1987).

Water relations
As C02 enrichment influences growth and biomass allocation, leaf area to root mass ratios
and gs. it may be expected that plant water relations will also be influenced by C02
enrichment . A decrease in the root/shoot ratio with C02 enrichment represents a decrease in
the plants' requirement to obtain water. Decreased g5 will also serve to reduce the rate of E
per unit leaf area, but this may be offset by increased leaf area per plant (Earnus 1996b).
Furthermore, increases in ITE, resulting from increased A and reduced E per unit of leaf
area has been frequently observed in response to C02 enridunent (Oberbauer et al. 1985 ,
Norby eta/. 1986, Hollinger 1987, Eamus eta/. 1993). An increase in growth with C02
enrichment with no change in water use per tree has been observed (Rogers ec al. 1983,
Norby et al. 1986). Furthermore, a positive linear relationship between WUE and increasing
atmospheric concentrations of C02 were demonstrated by Rogers et al. (1983).

A possible benefit from increased ITE (or WUE) is enhanced drought avoidance . Plants with
enhanced ITE with C02 enrichment may have a selective advantage over plants that do not
display such an increase. In the wet-dry tropics of northern Australia water availability limits
the growing season for many tree species (Prior ec at. 1997). Enhanced WUE may extend the
growing season or extend plant distribution to drier regions (Earnus 1991. Marks and Strain
1989). In horticultural situations, a lower rate of irrigation due to enhanced WUE with C02
enrichment may represent cost savings. In many tropical regions , seasonal water stress places
considerable limitations on crop productivity. An increase in WUE may be imponam in such
regions particularly in view of possible climate change induced variations in regional rainfall
distribution and frequency (1.1 .2).

Pre-dawn and mean daily leaf '¥ w were found to be higher for Maranches corymbosa grown
with C02 enrichment (Earnus et al. 1995). Changes in root/shoot ratios, decreased g 5 , and
increased foliar carbohydrate concentrations (suggested to have a osmoregulatory function,
Sionit et al. 1981) with C02 enrichment may have a significant impact on the water use
characteristics of the tree.
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1.3 The importance of trees and the tropics

Forests contain approximately 80% of the terrestrial aboveground carbon and 40 % of the
below ground carbon. Of the carbon contained in terrestrial ecosystems a significant
proportion is represented in tree species (Kirschbaum and Fischlin 1996). Thus trees
represent a significant pool of stored carbon. There is also a large potential for trees to act as
a sink for atmospheric C02 through the C02 fertilisation effect or through reforestation.
Forests may also act as a net source , contributing to anthropogenic atmospheric C02 through
changes in land use. such as deforestation for timber products or the creation of pasture
(Kirschbaum 1996).

Tropical forests represent approximately 42 % of the worlds forested area and contain 59%
of the global forest biomass and carbon (FAO 1982a, FAO 1983 , Brown ec a!. 1993 . Dixon

et a!. 1994). Tropical forests cover approximately 6% of the worlds surface but contain about
half of the plant and animal species (Bierregaard ec a!. 1992). Tropical forestS may constitute
a net biospheric sink for C02 despite the influence of deforestation (Kirschbaum and Fischlin
1996), and so may contribute to balancing the global carbon budget (1.1.4) . Most forests
occur in areas with mean monthly temperatures between 24 and 28 °C and where daily
extremes rarely exceed 38 °C or fall below 0 °C . Because of the synergy of high
temperatures and C02 enrichment, it is suggested that tropical forests will show a larger
response to C02 enrichment than temperate or alpine ecosystems (Eamus era!. 1995, Long
1991) .

In tropical regions changes in land use are expected to have a greater impact on the changing
flux of carbon than a response to increasing atmospheric C02 concentrations or climate
change per se. (Mooney et al. 1991). Changes in regional distribution of rainfall due both to
climate change and land use practices (see below) are predicted to have a large impact on
forest productivity (Raich et al. 1991) and on the distribution of vegetation types (Cramer
and Leemans 1993, Neilson 1993). In some areas decreased rainfall may accelerate the
change from dry forest to savanna, while in others , increased rainfall may favour the
expansion of forests. Although the influence of more frequent disturbances such as soil
erosion and nutrient depletion with climate change have the potential to influence tree
responses, it is generally agreed that trees will increase in productivity because high tropical
temperatures favour an enhancement of photosynthesis and growth with C02 enrichment
(1.2.1). Further, it is agreed that increased WUE (1.2.2) with C02 enrichment is likely to
enhance photosynthesis and growth in drier tropical regions and perhaps offset the influence
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of water stress with decreased rainfall (1.1.2) . Despite the importance of tropical tree species
there has been relatively little work conducted on tree species in the tropics (Oberbauer er al.
1985. Ziska eta/. 1990, Hogan eta/. 1991 , Eamus et al. 1993). Elevated C02 studies of tree
species pose particular problems in tropical regions, including high temperatures. and
seasonal high VPD and rainfall (see chapter 2). ln addition, the lack of research is a product
of temperate bias in research locations and low infrastructure in tropical regions.

Tropical ecosystems have the potential to influence climate change through the ability to
sequester atmospheric C02 . However tropical forests are currently being removed o r
degraded by human activity (Trexler and Haugen 1995). The loss of carbon from
deforestation is having a measurable impact on the rate of atmospheric C02 increase
(Houghton eta/. 1987). The rate of tropical deforestation increased from approximately 10
1

Mba yr·' in 1980 to between 13 .8 to 20.0 Mha yr' in 1990 (Lanly et al. 1991 , Myers 1991,
Aldhous 1993). The best estimate of the loss in forest area is 15.4 Mha yr·' , emining 1.6 Gt
1

C yr· between 1987 and 1990 (Dixon et al. 1994). As forests are destroyed,the potential for
tropical forests to sequester atmospheric C02 is reduced.

Deforestation is currently most rapid in south east Asia and the Amazon region (Fearnside
1992). The Amazon region accounts for half of the global release of carbon into the
atmosphere due to land use change (Feamside 1992, Brown et al. 1993). It has been
suggested that in temperate regions the rate of deforestation is nearing equilibrium with the
rate of forest regeneration (Kirschbaum and Fischlin 1996). However, it has been suggested
that a further 660 Mha of tropical forest will be lost between 1990 and 2050 resulting in a
reduction of the 1990 forest area by one third and emitting 41 to 77 Gt C (Trexler and
Haugen 1993). Indirectly, climate change may contribute to forest destruction through an
increase in the incidence of drought, fires and increased severe storm events (IPCC 1996).
Carbon and methane can be released directly and nutrients lost through erosion and soil
degradation .

Our understanding of the structure and function of tropical ecosystems through time, much
less their response to C02 enriclunent or climate change , is poor. Ecosystem responses to
C02 enriclunent are modelled from what is known from the responses of the predominant
vegetation in that ecosystem. There are problems with extrapolation because such results
carmot include all of the complex interactions that are represented in an ecosystem (Bazzaz
1990, Mooney et al. 1991, Woodward and Diament 1991 , Woodward et al. 1991) . The
influence of C02 enriclunent on representative parts of whole ecosystems has been studied

20

for a coastal salt marsh ecosystem (Curtis et al. 1989) and a tussock tundra ecosystem
(Oechel et al. 1993). Both are relatively low lying systems but experimentation on whole
forest ecosystems, which are tall and complex is virrually an economic and physical
impossibility (Mooney et al. 1991), although the use of branch bags, Free Carbon
Enrichment Studies (FACE) and open-top-chambers can partially overcome this (for review
see Eamus 1996b).

1.4 Long-tenn study of tree responses to C02 enricluneot

1. 4.1 Long-term studies and acclimation to C02 enrichment

Large differences in the duration of exposure to C02 enrichment exist m the literature
(Eamus and Jarvis 1989, Lawlor and Mitchelll991 , Gunderson and Wullschleger 1994). The
duration of C02 enrichment studies depends upon the species being investigated and the
conditions under which they are grown. The minimum period of time for exposure should be

as least equal to the time required for a plant to acclimate to the experimental conditions
(Eamus and Jarvis 1989, Sage 1994). Crop species may acclimate to C02 enrichment within
days to weeks (Sage et al. 1989), such that a four week study of C02 enrichment on cotton
has been called long-tenn (Delucia et al. 1985). Tree species are, however, long lived , from
tens to hundreds of years. There is a recognised need for long-term studies of C02
enrichment and tree species. Until recently, few C02 enrichment studies on tree species were
longer than two years (Conroy ec a!. 1990b Arp and Drake 1991 , ldso and Kimbal 1991 ,
Wang et al. 1995). The seedling stage is often included in the time period of exposure to
enriched C02 (Reekie and Bazzaz 1989, ldso ec al. 1991 , Bunce 1992, Berryman et at.
1994). This has raised concerns regarding the possible differences in the response to C02
enrichment between juvenile and mature individuals (Eamus and Jarvis 1989, Cregg et at.
1989, Eamus 1996b). For most species it is not known whether enhanced growth with C02
enrichment observed at the seedling stage can be maintained over the long-tenn . The
question of whether mature tree species can maintain an enhanced net carbon gain with
enriched atmospheric C02 is being addressed for temperate tree species (Ceulemans ec al.
1993, Ellsworth et al. 1995, Liu and Teskey 1995). To-date there have been few published
long-tenn studies of the response of mature tropical tree species to C02 enrichment (Eamus

eta! 1995).

Stable growth conditions over the time span of an experiment, such as those produced in
growth cabinets and climate controlled greenhouses, may reduce the period of time required
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for the plant to acclimate to C02 enriclunent. Using growth cabinets, Reek.ie and Bazzaz
( 1989) confmed a growth experiment on seedlings of five tropical tree species to eighteen
weeks, although it is unlikely that the trees were fully acclimated in this time. Investigation of
tree species are not always suited to growth cabinets because of cost, the restriction on the
size of the material being investigated and, as discussed in 1.2.2, the problems associated
with long-term growth in pots. Acclimation of A with C02 enriclunent is the outcome of the
reallocation of available resources (Woodrow 1994). Plants allocate resources amongst the
components of the system to maximise efficiency (Sage 1994). An acclimated response of
plants to C02 enriclunent may depend on the relative availability, and uniformity of
resources and climatic conditions.

In field based experiments the availability of resources can be subject to climatic variability
including, diurnal, seasonal and annual variations in temperarure, light, VPD and soil water
availability. Trees subject to such narural variability in climatic conditions may take longer to
fully acclimate to C02 enriclunent. An understanding of the process of acclimation in plants
in response to environmental change (including C02 enriclunent) is necessary in order to
understand the long-tenn response of plants and forest systems to elevated atmospheric C02
(Strain 1987, Bazzaz 1990, Mooney ec al. 1991). Thus in field based experiments the impact
of C02 enrichment may only be elucidated through long-tenn observations, of at least two
full growing seasons.

1.4. 2 Long-term studies and seasonal processes

The wet-dry tropics of northern Australia are characterised by seasonal extremes of water
variability. Monsoon activity in the wet season (November to March) and dry south-east
trade winds at other times of the year are major features of the climate. Up to three meters of
rain can fall in the wet season whereas between May and August there is virtually no
precipitation. Daily maximum VPD can range from 1 kPa in the wet season to 4 kPa in the
dry season. Water availability has a large impact on the growth of plants. The interaction of
C02 enrichment with seasonal variations in water availability in tropical regions is largely
unknown. In order to determine whether the impact of C02 enrichment on trees varies with
season, long-tenn studies are required. Similarly, in order to determine the long-term
response to C02 enriclunent the influence of seasonal variation in climate on the C02
response must also be understood.
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1.5 Mangijera indica cv Irwin

1.5. 1 Phenological and physiological description of M . indica

Mangifera indica L. (Mango) originated in the north-eastern Indo-Burmese region, where it
grows in forests. Mango is a member of the family Anacardiaceae in the genus Mangifera .
There are 41 Mangifera species although only 13 species have edible fruit. M . indica has
been cultivated in India for 4000 years and is the only Mangifera species produced on a large
commercial scale. During this time , active selection of superior cultivars has taken place
(Mukherjee 1972). During the fou rth century mangos were introduced into southeast Asia.
by the seventeenth century into Africa and Brazil, eighteenth century into Mexico, Florida
and Hawaii, and into Australia by the nineteenth century. Cultivars which developed in
tropical regions produced seeds with several genetically identical embryos . The cultivar Irwin
is a typical example of this.

M . indica is a medium to large (9-3 1 m) evergreen tree , long lived (some hundreds of years)
with a dense symmetrical canopy, long-tap root and dense fibrous surface roots. Leaves are
simple. lanceolate in shape and leathery in texture . Leaves have stomata located on the
abaxial surface only. Leaves may be retained for up to 4 years if not damaged . The
inflorescence is a many branched, terminal panicle bearing up to 4000 polygamous flowers.
Cultivar Irwin (used for the scion material in the present study) may retain multiple fruits on
each panicle. Cultivar Irwin has a non-embryonic seed whereas the cultivar Kensington (used
for the root stock in the present study) has a poly-embryonic seed. The fruit is a fleshy drupe,
weighing 60 g to more than 2 kg . Most cultivars of M. indica, including Irwin have a
irregular or biannual fruiting habit. Hybridisation occurs freely between cultivars of each
group resulting in cultivars with wide ranging genotypic and environmental growth responses
(Schaffer et al. 1994).

Tree growth is determined by an orthotropic, periodically active, terminal meristem which
produces an indeterminate trunk bearing tiers of branches . Tree growth is synchronous and
there is a temporal separation between reproductive and vegetative stages of growth. Each
period of growth, called a flush, terminates when all new leaves are fully expanded. A period
of dormancy usually follows each flush. The number and frequency of flushes depends upon
cultivar, temperature, water availability, tree maturity and current fruit load. Vegetative
growth is generally inhibited during fruit growth. Root growth alternates with shoot growth,
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although juvenile trees exhibit strong vegetative bias in the absence of reproductive sinks.
(Schaffer et al. 1994).

M. indica is adapted to a wide range of tropical and subtropical climatic conditions. However
the best areas for commercial fruit production are those possessing cool and dry periods prior
to flowering and abundant soil moisture and hot temperatures (30-33 °C) during fruit
development. The optimum temperature range for M . indica has been reported to be 24 to 30
°C (Whiley et al. 1989), although mangos can tolerate temperature up to 48 °C . Low
temperatures limit commercial productivity. At 15 °C vegetative growth is inhibited (Whiley
et al. 1989) and at a temperature at or below 0 °C for a few hours young leaves may be

severely damaged or killed (Mukherjee 1974).

Mango production occurs throughout the tropics and subtropics in areas of high and low
VPD . However there are very few studies of the effects of VPD on growth and physiology of

M. indica. Stomatal conductance has been shown to increase with increasing VPD (1.5-2.5
kPa) and temperature (29-34 °C) (Reich and Borchet 1988). At similar VPD, g5 and A were
larger for leaves exposed to optimal temperatures (30 °C) than to sub-optimal temperature
(15 °C) (Pongsomboom et al. 1992). Thus, A and g5 are independently influenced by VPD
and temperature .

A period of drought prior to flowering is necessary for reliable fruit production (Mendoza
and Suriyapananont 1984). Mango trees are also considered drought tolerant and are able to
survive up to 8 months without rain (Sukonthasing et al. 1991). In one study , loss of leaf
turgor occurred when 'I'w reached -1 .75 MPa and permanent damage to the leaves occurred
at a 'f'w value of -3.2 MPa (Pongsomboon 1991 ), which is high compared with -6.6 MPa for
apple (Fereres et al. 1979) and -5.0 MPa for Macadamia (Stephenson et al. 1989). However
it took 36 days after withholding water for mango to reach the permanent wilting point
compared with 10 days for similar sized Macadamia trees. Drought tolerance in mango is
based on more effective water regulation to prevent desiccation and to maintain leaf turgor
rather than resistance by the tissue to dehydration damage. M. indica belongs to a group of
trees which posses lacticifers. Re-hydration studies attribute osmotic adjusonent to active
changes which were probably mediated through latex inclusions (Pongsomboon 1991).
Linear correlations between g5 and 'I'w have been reported (Pongsomboon 1991). Reich and
Borchet (1988) observed stomatal regulation in mango significantly reduced the rate of
development of water deficit compared with other species. Water is required for fruit set and
to promote net vegetative growth. Despite the importance of water relations on the
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physiology of M. indica, the influence of C02 enrichment on the water relations of M. indica
is absent from the literature.

1.5.2 M . indica cv Irwin and C02 enrichment studies

There have been no previous studies of the influence of C02 enriclunent on M . indica.
despite M . indica being a wide ranging, horticulturally important tropical tree species. M .

indica is highly tolerant of water stress (Mendoza and Suriyapananont 1984) and its ability to
adapt to large seasonal variations in water availability make it particularly suitable as a
horticultural species in wet-dry regions of the tropics. C02 enrichment has been found to
enhance water stress tolerance of many tree species (Eamus 1991, Chaves and Pereira 1992.
Eamus er al. 1995). Changes in WUE may have significant implications for the commercial
management of M. indica. Enhancement of WUE and drought tolerance may significantly
in.fluence the climatic range under which M . indica can be grown commercially. This may be
particularly important in regions where minimal infrastructure support is available.

Studies of the impact of C02 enriclunent on productivity are represented for crop species
(Lawlor and Mitchell 1991, Tripp et al. 1991). However there are fewer studies of the
impact of C02 enrichment on the productivity of tree species (Downton er al. 1987). The
development of fruit represent a sink for photo-assimilates and mineral nutrients and as such
represent an ideal means of studying the influence of C02 enrichment on source/sink
relations. The high productivity of M. indica cv Irwin and the ability of cv Irwin to fruit
within the first season after grafting make it particularly suitable tor such studies. Thus the
large fruiting potential of M. indica cv Irwin represents a means for investigating the
influence of varying sink strength on gas exchange and growth with C02 enrichment.

The use of grafted material for the study of C02 enrichment can be an advantage for several
reasons. First, non-grafted trees are rarely used commercially. therefore grafted trees are
representative of the material most often used commercially. The scion material used in the
grafting of trees in the present study was selected from one individual tree so is genetically
uniform and as such reduces the chances of intra-specific variability. Finally. most
experiments on tree species use juvenile material for reasons of convenience and cost (1 .2.2).
The response of juvenile material can not be expected to fully represent that of the mature
tree . By using grafted material, the scion of which originated from a mature tree, it is
possible that the response of the tree is more representative of a mature tree.
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1.6 Location and climate description of the study site

Fumigation chambers were constructed on the site of the Myilly point Campus of the
Northern Territory University, Darwin {12° 27'S 130° 50 'E) . The climate of the region is
monsoonal, influenced by the north-west monsoon and associated low pressure trough during
the period November to March (wet season) . During the remainder of the year the region is
mostly under the influence of the south-east trade winds emanating from the dominant high
pressure system passing over the continent at this time (dry season) . This high pressure
system directs dry stable air over the region. The dry season (April to October) is
characterised by sporadic rainfall during the start and fin ish of the season and almost nil
rainfall from May to September with associated light cloud cover and high light levels. The
dry season is also characterised by high atmospheric vapour pressure deficits (4-5 k.Pa). The
wet season accounts for 90% of the annual rainfall (1659 mm) which is characterised by
early season thunderstorm activity, monsoonal low pressure systems and low atmospheric
vapour pressure deficit (1-2.5 k.Pa). In contrast to seasonal extremes in atmospheric and soil
water availability, temperature, which is greatly moderated in coastal regions, varies little
between the wet season (mean daily max 31.8 °C, mean daily min 24 .8 °C) and the dry
season (mean daily max 30.4 °C, mean daily min 19.3 °C) .

1. 7 Thesis questions and structure

1. 7. 1 Thesis questions

The work described in this thesis addresses the following questions:
i) What is influence of C02 enriclunent on A and g 5 in M. indica over daily, seasonal and
annual time-scales?
ii) Does the impact of C02 enriclunent vary according to time of day , season, or tree age?

iii) What is the long-term growth response to C02 enriclunent?
iv) What is the influence of C02 enriclunent on the allocation of dry matter?
v) Do changes in source/sink relations influence the response of A and g 5 to C02 enriclunent?
vi) Does C02 enrictunent influence leaf water relations?
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1. 7. 2 Thesis structure

This thesis comprises seven chapters. Chapter one is a general introduction to the topic of
climate change, C02 enrichment studies and tree responses . In addition, chapter one
describes the experimental material and its importance in the present study and describes
regional climate. Chapter two compares alternative approaches to studying tree responses to
C02 enrichment, and describes the construction and testing of the C0 2 fumigation facility .
Diurnal, seasonal and long-term responses of A and g5 to C02 enriclunent are described in
chapter three. Chapter four describes the acclimation response of A and how changes in
source/sink ratios of trees growing with C02 enriclunem can influence A and g 5 . Chapter five
describes the influence of C02 enrichment on water relations of M . indica whilst chapter six
describes the growth response, including allocation of biomass of M. indica to C02
enrichment. Finally , chapter seven is a general discussion of significant findings of this
investigation.
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Chapter Two
Experimental Description, Chamber Construction and
Micro-climate Recording
2.1 Introduction

The study of the influence of C02 enrichment on whole plant growth and physiology
encompasses a variety of experimental approaches and strategies depending on the
experimental material used and the objectives of the study . Experimental approaches may be
grouped into either controlled chamber based or field-based.

Controlled chamber

experimental approaches include controlled environment cabinets and phytotrons . Field
experimental approaches may include open-top chambers , closed-top chambers , branch bag
techniques or Free-Air Carbon Dioxide Enrichment (FACE).

2.1 .1 Controlled chamber experimental approaches

Controlled environment cabinets have frequently been used for the study of short-tenn plant
responses to C02 enrichment in crop species or annuals (Smart et al. 1994). Controlled
environment cabinets can accurately monitor and control most environmental variables and
thus enable reliable replication of growth conditions between replicate cabinets and between
successive experiments. Replication of growth conditions are important since many studies
rely on successive growth trials to include treannents and replication within treatments
(Bunce 1990, Pettersson and McDonald 1992).

Controlled environment cabinets are restricted in volume and this restricts the type of plant
and/or the duration of the study. For the study of tree species , experimental material is
restricted to seedlings and experiments are typically of a shon duration (Norby and 0' Neill
1991. Koike er al. 1996). Downton et at. (1990) studied Garcinia mangostana L. under C02enriched conditions for one year within growth cabinets. However, mangosteen trees are
very slow growing and so are suited to relatively long-tenn studies in controlled environment
cabinets.

Controlled environment cabinet,Jrequire that plants be grown in pots. As cabinets are often
restricted in size, so too are the size of pots. Down regulation of growth and carbon
assimilation in response to C02 enrichment has been linked to growth in pots (Tschaplinsld
and Blake 1985, Eamus and Jarvis 1989, Arp 1991 , Ceulemans and Mousseau 1994, Sage
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1994, see 4.1) and therefore controlled environment cabinets are unsuitable for long-term

srudies of the influence of C02 enrichment on tree species.

Controlled environment cabinets studies do not usually include diurnal or seasonal variations
in plant micro-climate. In a srudy of mangosteen and C02 enrichment, Downton et al. ( 1990)
regulated air temperarure (Ta;r) and vapour pressure deficit (VPD) to the srudy regions annual
mean Tair and VPD. Similarly, in a srudy of birch seedlings and C02 enrichment, Koike et

al. ( 1996) set day/night Tair to 30/ 16 °C despite such square-wave form single step changes in
micro-climate being unrepresentative of field conditions. In the wet-dry tropics of northern
Australia, diurnal and seasonal variations in Tair and VPD are important determinants of
growth and phenology for most plant species (Duff et al. 1997, Eamus and Cole 1997).

Large scale phytotrons allow scope for vertical growth and space for larger pots . Diurnal and
seasonal variation in light can be achieved by the use of natural lighting. Phytotrons, by
nature of their size, can be costly in terms of C02 and power consumption. As a result,
phytotrons may suffer from a lack of chamber replication. Chambers have been installed
within the larger phytotron providing different levels of treatment (Ceulemans and Mousseau
1994). Pseudo chamber replication by switching both plants and C02 concentrations between

two chambers at intervals during the srudy has been practiced (Norby and O'Neil 1991).
Whilst this is experimentally useful , it is of questionable statistical integrity.

2.1 .2 Field-based experimental approaches

It has rarely been possible to study large mature trees over the long-term because of their
longevity and size. The majority of studies have been conducted on small seedlings grown in
pots over short duration (see 1.2.2). However, the response of seedling or juvenile trees to
C02 enrichment can differ from marure trees in terms of morphology, phenology and
physiology (Earnus and Jarvis 1989, Mousseau and Saugier 1992, Eamus 1996b). Field-based
experimental approaches may redress many of the limitations in controlled environment
srudies. Review of field techniques for exposure of plants to C02 enrichment are given by
Allen et al. (1992) and Earnus (1996b). The main techniques will be briefly stated here.

Open-top chambers may range from 2 to 6 m in diameter and 1.5 to 6 m in height (Eamus
1996b). Larger open-top chambers are capable of accommodating large trees, with scope for

longer experimental duration. Open-top chambers typically have a high rate of continuous air
flow through the chamber into which the C02 is injected. A high volume of air is required to
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help minimise increases in T 3 ,r and T 1ear during the day . To ensure adequate c irculation of air
and to minimise dead-air space. open-top chambers are often of cyl indrical cross section
although many are octagonal or square (Eamus 1996b). Open-top chambers are suited to
single tree studies (Wullschleger ec al. 1992) and some may be operated at relatively remote
sites for the study of plants in natural habitats (Curtis et al. 1989, Allen et al. 1992).

Open-top chambers can be costly in tei"Imof maintaining C02 concentration since air is not
recirculated. Open-top chambers are also susceptible to wind , both by the diluting ingress of
air and in tenns of physical strength (Drake er al. 1989) . In addition. open-top chambers
modify the micro-climate around the plant and large chamber variations in

T~ , r

and VPD

have been observed (Eamus 1996b).

Closed-chambers have an advantage over open-top chambers in being unrestricted by shape
and relatively unrestricted by size. Vu et al. (1983) used a field chamber system suited to
soybean, a crop species of low height. Larger, square shaped, chambers have been used to
accommodate a number of seedling trees (Koch et al. 1986). Closed-chambers allow the
recirculation of injected C02 , thereby effecting considerable cost saving in long-term studies.
Closed-top chambers are subject to only small fluctuations in C02 concentration due to wind.

Regulation of Tair in closed-chambers is often a problem, particularly in climates with high
ambient Tair and high incident solar radiation, such as that of tropical northern Australia
(Koch et al. 1986). Chambers located in temperate regions can achieve temperature control
by relatively inexpensive means. Hocking and Meyer ( 1991) regulated Tair by a sprinkler
system on the floor of the chamber. Rawson et al. ( 1995) developed a temperature gradient
chamber to investigate the response of plants to C02 enrichment and temperature . Studies of
the interaction of C02 and temperature may require cooling and heating to control Tair
(Coleman et a/. 1991). Closed-chamber systems may utilise air-conditioning to achieve
temperature control, such as the system developed for this study. Through the use of air
conditioners , Vu et al. (1983) set Tair levels to maintain a day/night mean. This highlights
three disadvantages in the requirement for micro-climate control in closed-chambers. The
first is the cost of power in running micro-climate control . Second is the constraint on the
portability of the system due to the requirement for power supply. Third is the possible loss
in diurnal and seasonal variation in micro-climate within the chamber, including Tair and

VPD.
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The study of the response of large mature trees to C02 enrichment is possible by two
technologies, namely branch bag and Free-Air Carbon Dioxide Enrichment (FACE)
techniques. Branch bag techniques expose individual branches of mature trees to C02
enrichment. Branch bag frames are constructed of either aluminium, acrylic or wire, and
covered with PVC, polypropylene or polyethylene (Teskey et al. 1991, Barton et al. 1993,
Dufrene et al. 1993). Continuous flow of air through the bag and over the branch wherein
C02 is injected, mixed and regulated is common to most variations of the method. Tair within
the chamber was higher than ambient Tair by 0.5 to 3.5 °C in all variations of branch bags
reviewed by Eamus (1996b). However the cost of operation in terms of C02, power and
materials is relatively low compared with other technologies. The low cost of the technology
permits more extensive replication. The largest advantage of branch bag techniques is that
mature and very large trees can be exposed to C02 enrichment. However some estimation of
the degree of autonomy between branches with respect to water, carbon and nutrient
economy is required (Sprugel et al. 1991, Earnus 1996b). Sprugel and Hinckley (1990) found
branch-to-branch variation in carbon allocation to be substantial, and this may be a large
source of error if replication is low (Eamus 1996b). A branch cannot be autonomous with
respect to water and nutrients, but branch autonomy may be temporally variable with respect
to carbon depending on the source/sink status (Eamus 1996b). The influence of C02
enrichment may further complicate source/sink dynamics. Anatomical and phenological
influences of C02 enrichment such as leaf initiation and the reproductive response are
additional potential differences between branches. Experimental investigation of the impact of
C02 enrichment on branch autonomy is required.

The FACE technique uses a circular array of C0 2 outlets set in a field crop. C02
concentration is measured at the centre of the array. A computer integrates wind strength and
direction and then, regulates the release of C02 up-wind from the C02 detector. This
technique has been used in annual crop species (for example cotton) and has been extensively
reviewed by Hendrey (1992) and Dugas and Pinter (1994). Although FACE has recently
been applied to a tree species (Ellsworth 1995), the application of FACE to trees is difficult
given the large volumes and complex aerodynamics of forest systems (Earnus 1996b). The
cost of establishing FACE and the cost of operation is high compared to open-top chambers.
However, in terms of cost per square meter of ground, FACE is about 30% the cost of opentop chambers (Hendrey and Kimball 1994). In addition, FACE does not generate chamber
effects such as increased Tair• reduced light and altered VPD characteristics (Eamus 1996b).
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2.1. 3 Chamber design requirements of the present study

The study described in this thesis was suited to a closed-chamber design due to the objectives
of the study (1.7 .1), the climatic conditions of the study site (1.6) and the location of the
chambers in relation to facilities. The study was essentially field-based, although close
proximity to services such as mains power allowed the use of air conditioners, as well as
power for C02 control, irrigation and microclimate monitoring.

The objectives of this study included growing sufficient trees to accommodate periodic
whole-tree destructive estimates of growth, as well as to permit the unrestricted growth of a
number of trees for at least three full growing seasons. Initially 24 M. indica seedlings were
planted into the ground in each of four chambers (two enriched with C02 and two ambient).
At the completion of the growth experiment, four trees remained in each chamber.
Fumigation chambers were required to maintain either ambient or 700 J.lmol mor 1 C02 at all
times. C02 regulation was required to respond to the increased C02 arising from a person
working in the chamber as well as photosynthetic and respiratory induced changes in C02
concentration. In addition, ventilation in the ambient chambers had to be sufficient to
maintain ambient C02 concentrations in response to a person working in the chamber, as
well as the photosynthetic and respiratory induced changes in C02 concentration.

Tree life span is often in the order of tens to hundreds of years, which is clearly beyond the
scope of existing studies of C02 enrichment. However, relatively short-term studies may
contribute to the understanding of the long-term response to C02 enrichment if field-based.
The study described in this thesis aimed to characterise the growth of a tropical fruit tree
species over at least two growing seasons in a micro-climate that approximated ambient
conditions. The wet-dry tropics of northern Australia is characterised by strong seasonal
variation in soil and atmospheric water availability, and to a lesser degree, Tair and
photosynthetic photon flux density (PPFD) (Table 2. 1). Diurnal and seasonal changes in
VPD and PPFD have strong physiological influences on plants. Thus it was an aim of this
study that chamber conditions replicate as close as possible both diurnal and seasonal changes
in ambient micro-climate.

Assimilation is influenced by Tair> VPD, and PPFD. Consequently it was essential that
variations in micro-climate between chambers were not significantly different. At the
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Table 2.1 Meteorologil:al data of the Danvin region ( 12" 27' S 130" 50' E) including a) annual means for momhly rainfall, daily maximum
temperature. daily minimum temperature. and relative humidity (RH) at 0900 and 1500 h; b) monthly mean rainfall and c) monthly mean
temperature (max+ min/2) for the study months (October 199 1 to Apri l 1994). (Commonwealth Bureau of Meteoro logy. Darwin).

a)

b)

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Ann

Rainfall (mm) Mean Monthly

414

345

309

101

20

I

I

6

17

72

143

229

1659

Temperature ("C) Mean Daily Max.

31.8

31.4

31.8

32.6

31.9

30.5

30.4

31.2

32.4

33. 1

33.1

32.6

31.9

Temperature ('C) Mean Daily Min .

24.8

24. 6

24 .4

23.9

22. 1

19.9

19.3

20.6

23. 1

25.0

25.3

25.2

23.2

RH (%} Mean "t 0900 h

82

84

83

75

67

63

63

67

71

71

73

77

73

RH (%) Mean at 1500 h

70

72

67

53

43

39

38

41

47

53

59

65

54

52

214

564

Rainfall (mm)
199 1

c)

1992

30 1

212

161

207

0

0

0

2

13

180

184

1993

446

271

135

16

0

0

0

0

8

13

35

544

1994

308

472

314

42

29. 1

29.9

30.2

Temperature ("C)
1991
1992

28.7

28.8

29 . 1

28.0

28.4

25.5

25.5

26.6

28.8

29.2

29.3

29.2

1993

28.5

27 .8

28.8

29.3

27.9

26.3

25.5

26.5

28 .1

29.5

29. 2

28. C)

1994

29. ')

28.3

29. 1

29.3
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beginning and at intervals during the srudy. chamber and ambient micro-climates were
monirored to assess differences and changes in chamber micro-climate.

2.2 Materials and Methods

2. 2.1 Chamber location, description and experimemal arrangemem

Eight chambers were constructed in the grounds of the Northern Terrirory University . Myilly
Poinr Campus. Darwin NT Australia (12" 24 ' S 13Cf 46 ' E). Chambers were orientated along
the nonh/south axis with the entrance towards the north (Plate 2.la and b) This orientation
was

to

standardise the amounts of solar radiation received by the chambers and to minimise

interference by shading caused by air conditioners located at the back of each chamber.
Chambers were positioned within the site and relative to each other so minimise shading
from surrounding trees as well as minimise shading between chambers.

Chambers were supplied from W. A. Young and Co .. Adelaide Aust. in the form of
greenhouse kits . Frames were constructed of 20 nm1 galvanised iron tube. The basic
J imensions of 3.5 x 2.4 m base area x 2.4 m high was modified to 2.6 m high by extending
the legs and atraching a plywood base wall extension . The plywood extension. apart from
increasing the volume of the chambers was partly buried to form a seal with the ground . A
gable pitch of 22" was included in the total height. The volume of each chamber was
approximately 20.2 m
structure

to

3

.

Corner legs of the chambers were set into concrete to anchor the

the ground. Chambers were covered with reinforced. UV light stabilised. neutral

density . horticultural plastic (W . A. Young and Co .. Adelaide Aust.).

A total of eight chambers were built. however only four chambers were allocated to the study
described in this thesis. Only envirorunental testing data for the four chambers used in this
study as we ll as C02 supply and control testing are presented in this thesis .

2.2.2 M. indica cv

!~Win

Grafted M. indica cv Irwin were supplied by Spring-Y Orchard NT. M. indica cv
Kensington seeds were planted in August 1990. Seedlings were grafted using scion material
from four adult cv Irwin trees in April I99l. One hundred and twenty four vigorous and
unifom1 trees (height. t1ush number. leaf number) were purchased in September 1991. In
October 1991. 24 trees were planted into the ground within each of four chambers in four
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Plate 2.1 a) South facing view of four chambers featuring chamber entrance and the plywood extensions. b) north facing view of three chambers featuring a ventilation fan (chamber
top) and an air conditioner (chamber centre) .
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rows of six with approximately 0.5 m spacing between trees . In addition, seven trees
remained in pots and were placed in each chamber in October 1991. Trees were re-poned
from the original 5 L pots to 15 L pots ten weeks from the commencement of the study .

A second set of grafted M. indica cv Irwin were purchased and placed within the four
chambers in September 1993, 22 months after the commencement of the experiment . For this
set of trees, M. indica cv Kensington seeds were planted in August 1992. Germinated
seedlings were grafted with cv Irwin scion material in September 1992. Grafts were re-poned
from 5 to 25 L pots three weeks from the commencement of the study . Four trees were
placed within each chamber . Trees were allocated to each chamber from the tallest to the
shortest tree in turn. A phenological and physiological description of M. indica is given in
1.5.1 and a review of M. indica and C02 enrichment studies is given in 1.5 .2.

2.2.3 Air temperature control and testing

Installed into each chamber was one Fujitsu AFT series 4 . 7 kW (cooling capacity)
recirculating refrigerative air conditioner (Fuj itsu General Ltd. , Sydney Aust.) (Plate 2.2b).
Air conditioners were attached to welded steel frames 1.5 m above the ground and at the
centre of the southern face of the chamber. The effectiveness of temperature control within
chambers , Tair variation between chambers, and the ability of the temperature control to
approximate ambient Tair were tested using three strategies. The first strategy involved the
initial testing of air conditioners including the combined response of air conditioning and
ventilation. Tair measurements were made on the 2nd of September 1991 at approximately
one hour intervals between 0800 and 1730 h in each of four chambers in which air
conditioning and ventilation was operational and in one chamber in which ventilation only
was operational. M easurements of ambient Tair were also included. Tair measurements were
made using a Fluke 51 k/j thermometer and thermocouple (John Fluke MFG. Co. Inc.,
Washington USA). Each thermocouple was positioned in the centre of each chamber , under
shade and out of the air stream of the air conditioner and air ventilation fan.

The evenness of Tair within chambers was tested at mid-day on the 30th September 1991
using a Fluke 51 k/j thermometer and thermocouple within one chamber. Tair was measured
at 27 points spaced around the chamber, including three heights above the ground (0.5 , 1.3
and 2 m) and nine points spaced at each height. Measurements were repeated three times.
Comparison of Tair measured at each height as well as a comparison of the right, middle and
left sides of the chamber , and the front, centre and back of the chamber were made.
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Plate 2.2 a) Chamber interior featuring from top to bottom : ventilation fan. Servomex IRGA
and air conditioner: b) control housing, featuring from left to right: tour irrigation solenoids
supplying two chambers each, four Dwyer tlow meters supplying C02 to each of four
enriched C02 chambers, two of tour skinner solenoids regulating C0 2 to each of four
enriched C02 chambers.
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Tht! second strategy involved logging Tair over rwo fu ll days at three intervals (September
1991. January-February 1992 and December 1992) using a Vaisala HMP 35A temperature

and humidity probe (Vaisala Pry. Ltd .. Helsinki. Finland) and LI-COR Ll-1000 data loggers
<LI -1000) (Ll-COR. Inc .. Lincoln. USA). Due to equipment limitations. data logging within
t!ach period was undertaken at intervals. Within each interval two chambers as well as
ambient conditions were measured. Mean T:ur was recorded every 30 min from
measurements made every 2 min. In order to compare the resul ts from different days. the
J itference in T:ur between each chamber and ambient T:ur were compared.

Tht: third strategy util ised temperature data gained during the measurement of assimilation
using a LI-COR LI-6200 IRGA portable gas analyser (Ll-6200) (Ll-COR . Inc .. Lincoln .
USA). Carbon assimilation was measured at nine intervals over a 30 month period.
Adjustments to T:ur were made by varying air conditioner output at the time of each LI-6200
study if T:ur between chambers was significantly different. Comparison of T:1ir data from each
Ll-6200 study was made during the analysis of assimilation and stomatal conductance.

2.2.4

co! supply and control

Food grade liquid
CO~

CO~

was supplied in 30 kg cylinders (Liquid Air. Pty. Ltd. Darwin Aust.).

was supplied to two C02-enriched chambers through 6 rrun poly flow tubing (Imperial

Eastman. Sydney Aust.).

CO~

was suppl ied to each

C O~-en ri ched

chamber through a split

system that incorporated a continuous supply and a solenoid regulated supply (Plate 2.2). The
continuous supply regulated C0 2 through two Dwyer Rate Master fl ow meters (Dwyer Inst.
Inc .. Mi<.: higan USA) to two chambers. supplying each chamber with approximately 80 % of
the required

CO~

(Plate 2.2b). A Servomex 1370 infrared gas analyser (IRGA) (Servomex

Ltd .. Crowborough. UK) located within one of the two C02-enriched chambers provided
feedback control through two Skinner Y52 solenoids (Honeywell Inc .. New Britain. USA)
regulating C0 2 concentration to 700 1-1mol mor' (Plates 2.2a and b). The Servomex IRGA
sampled one of two chambers at any one time but controlled

CO~

concentration to both

chambers at all times. IRGA sample inlet points were located at the centre of

each

chamber and 30 em above the canopy. Sample air to each IRGA was switched between
chambers approximately every three days (Figure 2. 1). Since one IRGA controlled two
chambers. the balance of CO~ between chambers was checked weekly. C02 balance between
chambers was achieved by disconnecting solenoid control then adjusting the supply of C02 to
each chamber through the Dwyer flow meters to approximately 600 1-1mol mor j. Servomex
lRG A's were calibrated using calibration C02 and checked by connecting the supply inlet in
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serit!s with a Ll-6200. CO~ calibration was checked approximately every three months during
the 30 momh study using the external

CO~

concentration (Ca) output of the LI-6200. The

effectiveness of co1regulation within a chamber was tested by measuring

co~

output from a

Servomex IRG A every 30 min between 0800 and 1600 h on the Isr OctOber 1991 .

2.2.5 Chamber vencilation and air circulation

Chambers were vemilated using Fantech MT 204 fans (Famech Pty .. Ltd .. Slacks Ck. Qld
AusL l. Fans were mourned at the southern end and at the top of each chamber (Plate 2.2a)
Fan capac ity was rated at 50 L s·

1
•

effectively exchanging the chamber vo lume every 6.4

min . CO: gas outlets were located within the fan air stream to enhance the mixing of

CO ~ .

Osci llating air conditioners funher circulated air within the chambers (Plate 2.2a).

Mixing and distribution of C0 2 within chambers was tested at mid-day on 31st September
1991 using a Servomex IRGA.

CO~

concemrarion measured at 27 points spaced around the

chamber. including three heights above the ground (0.5. l .3 and 2 m) and nine points spaced
at each height. Measurements were repeated three times. Comparison of CO: concentration
at each height as well as a comparison of the right. middle and left sides of the chamber. and
the front. centre and back of the chamber were made.

Leaf boundary layer conductance within a chamber was measured according to the method of
Nobel (I 983) (see appendix I). Filter paper cut out to the shape and dimension of a M. indica
leaf were soaked with distilled water and suspended at the centre of the chamber. out of the
Jirect path of ventilation fan and air conditioner outlets. A Fluke 5 1 klj thermometer and
thermocouple was used to measure T:ur and leaf temperature (T 1c:11 ). A whirling hygrometer
was used w measure relative humidity (RH). Change in leaf weight was measured within the
chamber every 60 sec for 8 min. The test was repeated three times.
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1

~ ~

0

0

Figure 2.1 Diagram of two C02 enriched chambers featuring a dual supply system . One
cylinder supplies two flow gauges ( I) with outlets at the ventilation fans (2). A servomex
IRGA
(4).

(3)

samples air from either chamber according to the position of the three way valve

Feedback signal from one IRGA activates two solenoids (5) which are supplied from

second C02 cy linder.

2. 2. 6 Photosynthetic phocon flux density

Diurnal variation in PPFD within chambers and differences in PPFD between chambers .
particularly during the morning and the evening, was initially measured on the 7th July 1991
using a Decagon Sunfleck Ceptometer (Decagon Devices Inc ., Pullman Aust.). Chambers
were allocated to treatments according to the ranked difference in the sum of intercepted
PPFD. Diurnal variation in PPFD both inside and outside the chamber were measured using
LI-COR U -1908A quantum sensors and LI- 1000 data loggers positioned within each
chamber and one positioned outside the chamber. Mean PPFD was recorded every 30 min
from measurements made every 2 min. PPFD was measured at the dates and according to the
same methods as the second strategy of chamber
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T :,ir

measurement (2.2 .3).

2. 2. 7 Vapour pressure deficit

Spray irrigation can humidify the air whereas refrigerative air conditioning can dehumidify
the air. In addition. large diurnal and seasonal variations in VPD are characteristic of the
~rudy

region ( 1.6). Therefore it was important to determine the influence of irrigation and air

conditioning on VPD as well as to determine the variation in VPD between chambers . A
comparison between ambient and chamber VPD was also made .

T, 11 r and RH was measured using Vaisala HMP 35A temperature and humidity probes and LIi 000 Jara loggers. Variations in diurnal T;,ir and RH were recorded both inside and outside

each chamber. Mean T.,;r and RH was recorded every 30 min from measurements made
every 2 min. VPD was calculated according to appendix 2. T:tir and RH was measured at the
dates and according to the same methods as the second strategy of chamber T;ur measurement
(2.2 .3).

2. 2. 8 lrri~acion

Two systems of irrigation were installed. The first consisted of 17 micro-jet misters
(Wingfield Sydney Aust.) set 30 em above the ground . around the perimeter of the chamber
and down the centre of the chamber. Each spray outlet was rated at 90 L h"1. Watering rates
and cycles were determined according to experimental and seasonal requirement (Table 2.2).
Watering cycles were controlled using a Richdel 446PR six station irrigation controller
(Hardy Irrigation Inc .. El Paso TX USA) and fo ur Richdel 2400 irrigation solenoids (Hardy
Irrigation Inc .. El Paso TX USA) (Plate 2.2b). Trees in pots were watered to field capacity at
0600 and 1400 h except during periods when water was deliberately withheld .

The second irrigation system comprised one Turbo Key A4008 dripper (Hardy Irrigation,
Sydney Aust.) per tree for trees grown in pots. Therefore trees grown in pots could be
selectively watered when water to trees in the ground was withheld . Each drip outlet was
rated at 8 L 11· 1• Drip irrigation cycles varied depending on the amount of water received
through spray irrigation. Trees in pots were watered to field capacity at 0600 and 1400 h.

The water holding capacity of the soil was measured by saturating a I L tube of soil with
water and then allowing it to drain for 24 hour. The drained soil was weighed (sWt). Soil
was then dried at 80 "C until a constant weight (dWt). (sWt-dWt)/dWt x 100

= percentage

holding capacity of the soil. The volume of soil within the trench beneath each chamber was
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3. 16 m ·. Therefore the soil volume divided by the holding capacity of the soil represents the
watenng field capacity of the chamber. Irrigation regimes were based on the estimation of
this tield capacity (Table 2.2).

-

-

Table 2 ..2 Chamber irrigation
regime
durin!! the 30 month studv
....
......
.. included irrigation minutes
per day. the number of watering days per week and the toral water volume per chamber per

wc:c:ks . Each chamber was fitted with 17 micro jet sprayers. Each sprayer delivers
approximately 90 L 11· 1•

Watering Period

Watering Rates
min da/

days week' 1

L week·!

19-10-91

10

28-3-92

2

7

357

28-3-92

to

9-8-92

5

2

63

9 - ~-lJ2

to

30-9-92

8

30-9-92

to

1-J-93

5

1-1-93

to

l-6-93

10

255

1-6-93

to

20-6-93

1.5

382

20-6-93

to

10-9-93

Nil

Nil

Nil

I 0-<:J-93

(()

5-3-94

5

7

890

204
7

890

2.2.1J Soil characcerisrics andjerriliser regimes

The majority of experiments in this srudy were conducted on trees planted directly into the
ground. The parent soil at the study site was comprised of shallow clay-sandy-loam overlying laterite and was highly variable within the tield site. Replacement of this soil was
necessary to c:nsure quality and homogeneity of the soil for the first establishment phase
fo llowing planting. Chamber tloors were excavated prior to positioning the chambers to a
depth of 0.5 m and a base area of 3.5 m x 2.5 m. Trenches were then filled with top-soil (All
Earth Ind .. Darwin Aust.) comprised of black jungle top-soiL course sand . and chicken litter
in the ratio 4:2: I. Darwin soils are high in clay and poor in structure. Course sand was
required to increase drainage and chicken litter to increase organic content. The laterite subsurface was heavily scoured by long-term development of the experimental site which
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resulted in good drainage. The field site was also well serviced by storm water drainage . Soil
used for pots consisted of course sand, peatmoss (Euroturf, West Germany), and vermiculite
(Grade 3) (Richgro, Green Horticultural Products, Qld Aust.) in the ratio 2:2:1.

Nutrient additions were maintained to minimise limitations on growth by nutrient availability.
Fertiliser was applied to trees grown in the ground according to season, irrigation regime,
and the number and size of the trees in each chamber. A combination of slow release
pellerised fertiliser (Osmocote, Grace Sierra NSW Aust.) (14:6: 18 N:P:K) and liquid foliar
fertiliser (Aquasol Hortico Vic . Aust.) (23:4 :18 N:P:K + trace micronutrients) were used
(Table 2.3). The first set of trees grown in pots received five 10 g applications of Osmocote,
which corresponded to the application of Osmocote for trees planted into the ground up until
and including the 14th April 1993 (Table 2.3). In addition, the first set of trees grown in pots
received Aquasol at the same rate and at the same time as trees grown in the ground (Table
2.3). The second set of trees grown in pots received 20 g of Osmocote per pot at the
beginning of the experiment.

2. 2.10 Statistical analysis

Data were analysed using Systat version 5 .0 (Wilkinson 1990). Changes in PPFD measured
in the morning or in the afternoon between chambers was compared using analysis of covariance. Prior to the analysis of co-variance, the relationship between the dependent variable
and the co-variate were tested for linearity. Analysis of co-variance was then used to
determine whether a significant change in slope of the PPFD/time of day relationship
occurred between chambers.

Measurments of variations in C02 concentration and T air distribution within a chamber were
performed using one factor analysis of variance . Post hoc multiple comparisons used the
Tukeys' method (Day and Quinn 1998) when ANOVA showed significant variations. In
addition, comparison between chambers of the difference in Tair• PPFD and VPD between
chambers and ambient values of T airo PPFD and VPD was performed using one factor
analysis of variance. Group variances were compared using Bartlett's test for homogeneity of
group variances. Percentage values were arcsine transformed. Probability of 0 .05 was used
in all statistical tests as the level for rejection of the null hypothesis, unless otherwise stated.
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Table 2.3 The amount and rate of fertiliser was applied to trees planted into the ground
according to season, irrigation regime and the number of trees in each chamber.

Date

Number of trees
chamber·•

Osmocote
g ch·'

Aquasol

g tree

15-11-91

24

6-2-92

24

8-3-92

20

200

10

11-8-92

20

200

10

26-9-92

20

11-1-92

14

6-2-92

14

14-3-93

14

100

7

15-6-93

6

331

55

18-6-93

720

-1

g

c'

L ch"1

5

5

L6

2.5

2

3

2

3

6

20

2

1-9-93

6

20

2

8-1 1-93

6

240

40

20

2

1-12-93

6

200

33

10

2

26-12-93

3

140

23

28-1-93

3

100

17

140

30

10

2.3 Results

2.3.1 Air temperature control and testing

Preliminary day-time measurements of T air within each chamber on the 2nd September 1991
demonstrate the requirement for day-time temperarure controL Without cooling, chamber T air
reached 44 °C at midday (Figure 2.2). However, with the combination of air conditioning
and ventilation, changes in diurnal Tair were not significantly different between chambers. In
addition, chamber Tair was similar to ambient Tair· The largest deviation between ambient Tair
and chamber Tair was 3 °C before midday and less than 1 °C after midday (Figure 2.2).
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Comparison of Tair measured at various positions within a chamber on the 30th September
1991 demonstrates that ventilation and air conditioner circulation resulted in minimal
gradients of Tair within the chamber (Table 2.4).

Table 2.4 Tair was measured within one chamber at three heighs above the ground (0.5 , 1.3
and 2 m) and nine points spaced at each height. A comparison of Tair measured at each height

as well as a comparison of the right, middle and left sides of the chamber, and the front,
centre and back of the chamber were made. Values are mean Tair (°C) ± s.e . Means
followed by a different letter within the matrix are significantly different (P < 0.05).

3

height 2

33 .5 ± 0.6

3

Middle

33.4 ± 0.6

3

Middle

33.2

Height 1

33.4 ± 0.7

Right

33 .6 ± 0.7

Front

34.2 ± 0.4

3

height 3

33.3 3 ± 0.7

3

Left

33.2 ± 0.7

Back

32.9 ± 0.3

3

± 0.4

3

3

Due to equipment constraints on the 30th September 1991 only Tair values for two chambers
could be measured (Figure 2.3a). Similarly, PPFD (2.3.4) and VPD (2.3.5) were represented
by only two chambers on the 30th September 1991. Tair values for chamber four on the 3rd
of December 1992 could not be included due to equipment failure (Figure 2.5a). As VPD

was calculated from Tairo measurement of VPD for chamber four on the 3rd of December
1992 could not be calculated.

Diurnal changes in chamber Tair compared to ambient Tair measured at three intervals during
the study period demonstrated that chamber Tair was a close approximation of ambient Tair
(Figures 2.3a, 2 .4a and b, 2.5a and b). When measured in September 1991 the largest
difference in chamber Tair compared to ambient Tair between 0900 and 1500 h was +2.1 °C
at 1400 h (Figure 2.3a). In January-February 1992 the largest difference in chamber Tair
compared to ambient Tair was +3. 1 °C at 1230 h (Figure 2.4a) and +3 .5 °C at 0900 h
(Figure 2.4b). In December 1992 the largest difference in chamber Tair compared with
ambient Tair was +2.2 °C at 0900 h (Figure 2 .5a) and -4 .1 °C at 1330 h (Figure 2.5b). The
mean differences between chamber Tair and ambient Tair between 0900 and 1500 hare shown
in table 2 .5.
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46

40
o)
........
u
0
-........
C1)

.....

--

:>

38
36
34
32

0

I..
C1)

a.

E
C1)

30
28

f-

26
24
0
b)

2000

,.......
I
IJ)

1600

N

I

E
0

1200

0

800

E
::t
-........
u...
a...
a...

400
0
c)

3.5
3.0
,.......
0

2.5

a...

.::c

-........
0
0...

>

20

1. 5

l

0

I

J:

1.0

o.5 1rfj
0.0
L____

_ L_ _.L.__

9

6

12

___L_

_

15

..L...__

18

__j

21

Time of day (h)

Figure 2.3 a) T~;r. b) PPFD . and c) VPD (calculated from Tair and RH) were measured on
the 30th September 1991 between 0630 and 2030 h within chamber 1 (• ) and chamber 4 ( 0)
as well as for ambient conditions (0).
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Figure 2.4 Tair· PPFD and YPD (calculated from Tair and RH) were measured on the 31st
January 1992 (a. c and e) and the 2nd February 1992 (b, d and f) between 0630 and 2030 h.
On the 3 1st January 1992 micro-climate parameters were measured in chamber 1 C• ) and
chamber 2 (0) as well as for ambient conditions (0). On the 2nd February 1992 microc) imate parameters were measured in chamber 3 ( • ) and chamber 4 ( 0 ) as well as for
ambient conditions (0 ).
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Figure 2.5 T air• PPFD and VPD (calculated from Tair and RH) were measured on the 3rd
December 1992 (a. c and e) and the 8th December 1992 (b . d and f) between 0630 and 2030
h. On the 3rd December 1992 micro-climate parameters were measured in chamber 2 (• )
and chamber 3 (0) as well as for ambient conditions (0). On the 8th December 1992 microclimate parameters were measured in chamber 1 (• ) and chamber 4 ( 0) as well as for
ambient conditions (0 ).
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Table 2.5 The difference in mean Tau and VPD ( ± s.e.) between chambers (Ch) or hetween chambers and ambient (Amb) condit ions between 0900 and 1500

h fur three intervals during the study was conducted. At interval a). only chambe rs I and 4 were measured . At interval c) , chamber 3 could not be measured.
At interval b) and c) only two chambers could be measured at one time.

30 Sep 1991

a)

Ch I - Ch 4

Ch I - Amb

Ch 4 - Amb

Tair ( C)

0 .54 ± 0 .05

0 .66 ± 0.33

0. 13 ± 0.33

VPD (kPa)

0.2 1 ± 0.02

0.12

0

b)

8 February 1992

Cl1 2- Ch I

Ch 2 - Amb

1.99

± 0.02

- 1.66 ± 0.06

0.33

± 0.18

-0. 17

± 0.08

-0.98 ± 0.04

0.03

± 0 .11

-VPD (kPa)

-0.08 ± 0. 11

31 Jan 1992

·./
T~ir ('C)

± 0. 10

Ch I - Amb

Ch 3 - Ch 4

Ch 3 - Amb

Ch 4- Amb

1.96

± 0.26

0.69 ± 0.30

-1.27 ± 0.29

0.40

± 0.5

± 0.09

-0.29 ± 0.07

8 December 1992

3 Dec 1992

c)

0.11

Ch 2 - Arnb

ChI-Ch 4

ChI- Amb

Ch 4- Amb

Tair t C)

-

0.35

± 0.3 1

2.40

± 0.32

-0.63

± 0 .34

-3.03 ± 0.23

VPD (kPa)

-

0.68

± 0.08

0.36

± 0. 15

-0.59 ± 0.15

-0.94 ± 0.07
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Diurnal changes in chamber T:,ir measured at three intervals during the srudy demonstrate
close agreemem between chambers (Figures 2.3a, 2.4a and b, 2 .5a and b) TJir was not
significantly different between chambers between 0630 and 2130 h on the 30th September
1991 (Table 2 .6). In September 1991 the largest difference in Tair between chambers between
0900 and 1500 h was +0.08 ''C at 1100 h (Figure 2.3a). Small differences in Tair between
chambers were recorded in January-February 1992 and December 1992 (Table 2 .6) In
January-February 1992 the largest difference in Tiir between chambers was - 1.9 °C at 1130 h
(figure 2.4a) and +3 .4 "Cat 0900 h (Figure 2.4b). In December 1992 the largest difference
in Tair between chambers was +4.0 °C at 1430 h (Figure 2 5b). The mean difference.sin T;,;r
between chambers between 0900 and 1500 hare shown in table 2.6 .

Table 2.6 The mean difference between chamber and ambient Tnir- PPFD and VPD recorded
between 0630 and 2130 h (expressed as a percentage

± s.e.) was used to compare the

difference in Ta•r· PPFD VPD between chambers at three intervals during the study . At
interval a). only chambers I and 4 were compared . At interval c), T:tir and VPD could not be
determined for chamber 3. Percentages followed by a different lener within a row are
significantly different (P<0.05).

a)

30 Sep 1991
Chamber 1

Chamber 4

Tair

99"

±

99a

±

PPFD

70"

± I

70:1

±

VPD

112"

±3

115"

±3

b)

31 Jan 1992
Chamber 1

8 Feb 1992

Chamber 2

± 1

Chamber 3

± 1

T,,;,

105a ± 1

PPFD

64a

±2

76;'

±2

70a

VPD

91"h

±5

82a

±5

106b ± 7

l01 bc

102ab

Chamber 2
Tnir

100;'

± l

PPFD

7l a

±1

VPD

lOOa

±1

Chamber 3

70a ±

51

98c

±

I

74a ± 2
86"

±5

8 Dec 1992

3 Dec 1992

C)

±1

Chamber 4

Chamber 1

Chamber 4

100"

± 1

94b

± 1

67a

±2

69a

± 1

82b

± 1

66c ± 2

2.3.2 C02 supply and control

Mean C02 concentration within one chamber measured between 0800 and 1600 h on the 1st
October 1991 was 699.4

± 7.5 ~mol mor 1 (Figure 2.6). Wind strengths were noted during

measurements of C02 and found to have no effect on the maintenance of a constant C02
concentration. The split C02 supply system reduced fluctuations in the concentration of
enriched C02 that were initially observed by simple on/off solenoid control.

2.3.3 Air circulation

A comparison of C02 concentration measured at various positions within one chamber on the
3 1st September 1991 demonstrate that ventilation fans and air conditioner circulation resulted
in effective mixing and an even distribution of C02 within the chamber (Table 2. 7).

Table 2.7 C02 concentration was measured at three heights above the ground (0.5, 1.3 and 2
m) and nine points spaced at each height in one chamber. A comparison of C02
concentration at each height as well as a comparison of the right, middle and left sides of the
chamber, and the front , centre and back of the chamber were made. Values are mean C02
concentration (~ol mor

1
)

± s.e. Means followed by a different letter within the matrix are

significantly different (P < 0 .05).

Height 2

700

3

± 4.2

Height 3

698

3

± 3.4

± 3.4

Middle

699

3

± 4.6

Left

701

3

± 6.1

± 4 .8

Middle

697

3

± 4 .1

Back

698

3

± 4.1

Height 1

7CXi ± 6 .3

Right

6973

Front

703

3

The wind velocity of ventilation fans and oscillating air conditioners measured at a distance
of 1 m from the fan/air conditioner outlet was 1.6 m s· 1 and 2.2 m s· 1 respectively. This
produced sufficient air flow to give a boundary layer conductance of 42 mrn s·1 which is high
according to the methods described by Nobel (1983).
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Figure 2.6 The mean C02 concentration measured within one chamber (• ) at 30 minute
intervals between 0800 and 1600 h was 699.4

53

± 7 .5 11mol mor 1•

2.3.4 Phorosynrhetic photon flux density

Day-time measurements of PPFD within each chamber on the 7th July 1991 demonstrated
that there were no significant difference.s in PPFD between chambers during the morning or
the evening. when interference by surrounding trees and buildings was more likely (Figure
2. 7a and b). PPFD measured over the entire photoperiod at three intervals during the 30
month study demonstrated close agreement in the diurnal pattern of change of PPFD between
chambers and between chambers and ambient PPFD (Figures 2 .3b. 2 .4c and d . 2 .5c and d).
PPFD was not significantly different between chambers during each interval (Table 2 6).
PPFD measured within chambers was approximately 70 % of ambient PPFD (Table 2.6).

2.3.5 Vapour pressure deficit

Diurnal changes in chamber VPD compared to ambient VPD measured at three intervals
during the study demonstrated that chamber VPD was a close approximation of ambient VPD
(Figures 2.3c . 2.4e and f. 2.5e and f) . In September 1991 the largest difference in chamber
VPD compared to ambient VPD between 0900 and 1500 h was -0.62 kPa at 0930 h (Figure
2.3c). In January-February 1992 the largest difference in chamber VPD compared to ambient
VPD was + 0.54 kPa at 1100 h (Figure 2.4e) and +0.82 kPa at 0900 h (Figure 2.4f). In
December 1992 the largest difference in chamber VPD compared with ambient VPD was
+ 0.95 kPa at 0900 h (Figure 2.5e) and -1.53 kPa at 0930 h (Figure 2.5b) . The mean
difference between chamber VPD and ambient VPD between 0900 and 1500 h are shown in
table 2.5 .

Diurnal changes in chamber VPD measured at three intervals during the study demonstrated
close agreement between chambers (Figures 2.3c. 2.4e and f. 2.5e and f). VPD was not
significantly different between chambers one and four between 0630 and 2130 h on the 30th
September 1991 (Table 2.6) . When measured in September 1991 the largest difference in
VPD between chambers between 0900 and 1500 h was + 0 .30 kPa at 0930 h (Figure 2.3c).
Small differences in VPD between chambers were recorded in January-February 1992 and
December 1992 (Table 2.6) . In January-February 1992 the largest difference in VPD
between chambers was -0.38 kPa at 1130 h (Figure 2.4e) and +0.62 kPa at 1400 h (Figure
2.4f). In December 1992 the largest difference in VPD between chambers was + 1.01 kPa at
1430 h (Figure 2.5e). The mean difference in VPD between chambers between 0900 and
1500 hare shown in table 2.5.
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Figure 2.7 Measurement of PPFD within chamber 1 (0) , 2 (0), 3 (A). and 4 ('v) during,
a) morning . where time 0 is 0705 h. and b) evening . where time 0 is 1702 h.
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2.4 Discussion and conclusions

Diurnal measurements of changes in chamber Tair• PPFD and VPD measured at three
intervals during the study demonstrated close agreement between chambers. It was an
important requirement of the experimental design that replicate chambers produced similar
growth conditions. Some significant deviation between chambers in Tair and VPD was
recorded . This highlights the importance of chamber replication within treatments .

Diurnal measurements of the change in chamber and ambient Tair- PPFD and YPD at three
intervals during the study demonstrated close agreement between chamber and ambient
conditions. Some deviation between chamber and ambient conditions may be expected given
that closed-top chambers are somewhat protected from some weather conditions such as
strong wind or thunderstorm activity that is characteristic of the study region. However,
chamber micro-climate responded rapidly to changes in ambient conditions. This response
was highlighted in the wet season where chambers followed ambient changes in T air. PPFD
and VPD, such as changes associated with mid-day heavy cloud cover (Figure 2.4a, c and e),
or intermittent cloud cover between 1000 and 1400 h followed by sudden heavy cloud cover
after 1400 h for the remainder of the day (Figure 2.5b , d and f). In contrast, the climatic
stability of the study region in the dry season is reflected in the response of chamber microclimate measured in September 1991 (Figure 2.3a, band c).

The long-term response of M. indica to C02 enrichment was a principal aim of this study.
Trees were grown over two wet seasons and two dry seasons. Seasonal variations in microclimate have a strong influence on growth and physiology of trees in the study region.
Therefore it was important that chambers were able to approximate seasonal variations in
micro-climate. Seasonal variations can be seen in the diurnal response when comparing
micro-climate measured in September 1991 (dry season) with micro-climate measured in
January-February 1992 (early wet season) and December 1992 (late wet season). Uniform
maximum Tair• PPFD and VPD in the dry season (Figure 2 .3) contrasts with rapid changes in
Tairo PPFD and YPD in the early wet season (Figure 2.4). Small changes in day time Tair
between the wet season and the dry season within the order of 2 to 5 °C are characteristic of
the region (Figures 2 .3a, 2.4a and b). Diurnal changes in PPFD were uniform when
measured in the dry season (Figure 2 .3b) and contrast strongly with the changes in PPFD
measured in the wet season (Figures 2.4c and d, 2 .5d). Seasonal differences in VPD were
also measured. The mean value of VPD measured in the dry season between 0900 and 1500
h within chambers (Figure 2.3c) was approximately 2 .76 kPa but the mean YPD measured
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between 0900 and 1500 h in the wet season was approximately 1.92 kPa (Figures 2.4e and f,
2.5e and f) .

Day-to-day micro-climate variability, characteristic of the wet season is represented in
chamber micro-climate. For example, micro-climate measured on 3rd December 1992
represents a relatively cloud free day, whereas five days later on the 8th December 1992 the
day is characterised by a sudden fall in Tair• PPFD and VPD at approximately 1400 h, the
result of an afternoon thunderstorm

In conclusion, chamber micro-climate closely approximated diurnal and seasonal variations in
ambient micro-climate. This is considered extremely advantageous in a study that seeks to
characterise the long-term physiological and growth response of a tropical tree species to
c~

enriclunent.
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Chapter Three
Diurnal, Seasonal and Long-Term Variations in Assimilation and
Stomatal Conductance in Grafted Mangifera indica

3. 1 Introduction

The concentration of atmospheric C02 has been increasing from the time of the industrial
revolution, and will continue to increase tluoughout the 21st century (Hendrey 1992).
Because of the central role of C02 in the physiology of plants, and as a consequence of the
continued increase in atmospheric C02 there is considerable interest in determining the
response of plants to this increase (Eamus and Jarvis 1989, Ceulemans and Mousseau 1994 ,
Sage 1994 , Eamus 1996a). C02 influences several plant physiological processes directly,
including assimilation (A), stomatal conductance (g5) and dark respiration

(~)

(see 1.2).

Assimilation has been found to increase and g5 to decrease in response to C02 enrichment. in
the majority of studies (see 1.2.1). As a result of changes to such primary processes, a
nwnber of secondary responses are observed, including changes in patterns of water use
(Chapter 5), enhanced growth and altered patterns of dry matter allocation (Chapter 6). The
principal focus of this chapter will be the response of A to C02 enrichment. Stomatal control
of carbon gain and water loss is a process which seeks to optimise the exchange of these
gases (Cowan 1981). Therefore this chapter also examines the infl uence of C02 enrichment
on stomatal function.

Trees constitute a major reservoir of carbon in the terrestrial biota and may have a significant
impact upon the concentration of atmospheric C02 (see 1. 1.3). Tropical forests are of special
importance in the global carbon cycle. Because of the high productivity of tropical trees,
tropical forests are a major site of carbon exchange between the atmosphere and the
terrestrial surface (see 1.1.4). However, tropical forests are also subject to extensive
deforestation (1.1.4). Although debate continues regarding the ability of tropical forests to
sequester additional atmospheric C02 , land clearing in the tropics is estimated to release as
much as 1.5-3 Gt C yr" 1 (Houghton 1991). Despite the importance of tropical forests, the
greater nwnber of C02 enrichment studies have focused on crop species and the greater
proportion of studies using trees have concentrated on temperate species (Eamus 1996b). The
present study will contribute to redressing the short fall of data available on the influence of
C02 enrichment on tropical trees .
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Trees are typically long-l ived and large compared to other plant types. However, due to the
expense of construction and operation of C02 enrichment facilities, studies on tree species
are predominantly of short duration (less than one season) and use seedling or juvenile
material (see 1.2.2). Such studies are limited in their ability to predict long-term responses of
A and

g~

given possible physiological differences between j uvenile and mature trees (see

1.2.2). Where seedling trees are used in long-term studies of C02 enrichment ( > l year).
variations in gas exchange between successive years may be a function of physiological
differences between seedling and mature trees (Cregg et a/. 1989, Donovan and Ehleringer
1991 ). The scion material of grafted trees represents mature tissue as evidenced by early
reproductive maturity (see l. 5. 2). In the present study, gas exchange was measured on
established grafts (4 months old at the outset) of M. indica fo r three growing seasons .
Therefore the aim of this chapter is to investigate the influence of C02 enrichment on
differences in A and

g~

between successive years in order to better determine the long-term

response.

In the present study. the principal experimental material (established grafts of M. indica)
were grown directly in the ground . In addition. two further growth studies utilized trees
g rown in 15 L and 20 L pots. Discussion of the long-term acclimation response of A and gs
to C02 enrictunent will be confined in this chapter to trees grown in the ground . The
influence of growth in pots on gas exchange with C0 2 enrichment will be addressed in
chapter 4 .

Diurnal fluctuations in A have been observed and attributed to stomatal closure (Cowan
1981 ) and been found to result from diurnal water stress in many plants (Tenhunen er al.
1984. see Chapter 5). although. photoprotective mechanisms have also been shown to reduce
A during high temperatures and high irradiances (Faria era/. 1996). With C02 enrichment,
the concentration of C02 within the leaf (C;) is maintained at a reduced g 5 , resulting in
enhanced instantaneous transpiration efficiency (ITE) defined as the ratio of the rate of
assimilation to the rate of transpiration (Woodward 1987, Norby and 0' Neill 1989, Eamus
1991. Eamus et at. 1993). However, diurnal variation in A with C02 enrichment. including
afternoon inhibition of A, have still been observed (Eamus et at. 1993, Berryman et at.
1994). An increase in the source/sink ratio and subsequent build-up of foliar carbohydrates as
a result of high rates of A in response to C02 enrichment may result in end-product inhibition
of A (De Lucia et al. 1985, Ehret and Jollife 1985. Stitt 1991). Foliar carbohydrates may
accumulate during the day resulting in an afternoon inhibition of A in trees grown under C02
enrichment . The maintenance of enhanced A with C02 enrichment may require a large and
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sustained carbon sink (Koch et at. 1986, Downcon el al. 1987, Sage 1994, see Chapter 4). In
the present study . trees were grown in the ground and may not be subject to a restriction in
sink as evidenced by the maintenance of enhanced carbon gain and dry matter accumulation
over the long-term (see Chapter 6). However, changes in sink, such as a build-up of folia r
carbohydrates. may influence the plane within a shorter (diurnal) time frame . Alternatively. it
has been suggested that insufficient transport capacity with C02 enrichment may contribute to
diurnal inhibition of A (Korner el al. 1995). This chapter will investigate diurnal variations in
A in response to C02 enrichrnent.

Drought stress can influence plant responses to C02 enrichment. and this will be discussed in
detail in chapter 5. The seasonal wet-dry tropics of northern Australia are characterised by
extreme variations in soil and atmospheric water availability (see 1.6). Throughout the
present study. trees were watered to field capacity (see 2.2.8). However large seasonal
variations in vapour pressure deficit (VPD) occurred within the fumigation chambers (see
2.3.5). Few studies have been undertaken where such seasonal variations. of the magnirude
occurring in northern Australia. have been incorporated into the srudy design. Although
seasonal variations in atmospheric water availability are dominant features in the wet-dry
tropics of northern Australia. seasonal variations in air temperature (Tair) and photosynthetic
photon flux density (PPFD) may also influence the gas exchange response to C0 2 enrichrnent
(see I .2 .2). This study aims

tO

investigate the response of A and g, in response to C02

enrichment within the context of seasonal climatic variations.

3 .2 Materials and methods

3.2.1 Diurnal and seasonal variation of apparent quantum yield m response to C02
enrichmenl

Twenty four M. indica seedlings were planted into the ground in each of the four chambers
in October 1991 (two enriched and two ambient C02). For a description of M. indica see
1.5. Irrigation and fertiliser regimes are described in 2.2.7 and 2.2.8 respectively . Apparent

quanrum yield(¢) was measured in November 1991. March 1992 and July 1992 (3, 21 and
39 weeks respectively from the beginning of C02 enrichrnent). These periods correspond to
the early wet season. wet season and dry season (see Table 2 . 1). A LI-COR U -6200 portable
gas analyser (LI-6200) (LI-COR, Inc .. Lincoln , USA) using a 1 L cuvette was used to
measure A. Apparent quantum yield was calculated as the slope of the relationship between
.?

A and PPFD for all values of PPFD above the compensation point and below 300 J..Lmol m -
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1

s- . The range of values of PPFD for which light was limiting for A was determined from
light response curves (Figures 3.1, 3.2 and 3.3). Apparent quantum yield was determined for
morning (typically 0630-0830 h) and afternoon (typically 1630-1830 h) periods. Assimilation
was measured on each of three leaves per tree from four trees per chamber. Trees were
selected from the centre and ends of each chamber to account for possible effects of gradients
of microclimate within the chamber. Leaves were fully mature and selected from the upper
canopy such that they were exposed to direct light throughout the measurement period.

3.2.2 Diurnal, seasonal and long-term variation in Amax in response to C02 enrichment
Gas exchange was measured on the trees described in 3.2.1. Light saturated assimilation
(AmaJ expressed per unit of leaf area was first measured in November 1991 and then at eight
intervals until February 1994. This period included three wet seasons and two dry seasons.
Trees and leaves were selected as described in 3.2.1.

A LI-6200 was used to measure leaf temperature (Trear). PPFD. A, transpiration (E) and g 5 •
Measurements of A were made hourly when PPFD was above saturating in the morning until
the end of the saturating light period in the afternoon (typically 0900- 1600 h). From light
response curves (Figures 3.1, 3.2 and 3.3) it was determined that light saturation occurred at
PPFD > 800 J.lmOl m·2 s- 1. Amax was calculated as the mean A for all values of PPFD
greater than 800 J.lmol m-2 s·1. Measurements of Amax were further divided into morning
(typically 0900-1230 h) and afternoon (typically 1230-1600 h) periods . Amax could not be
measured in the afternoon in November 1992 or February 1994 due to afternoon thunder
storms, when PPFD was below saturation.

Amax expressed per unit of leaf dry weight (DW) was calculated from measurements of Amax
expressed per unit of leaf area (described above) and specific leaf area (SLA) measured from
whole leaves sampled at the completion of each assimilation measurement (3 .2.3).

3. 2. 3 Specific leaf area, chlorophyll concentration and soluble protein concentration

Leaves were sampled for the determination of SLA, chlorophyll concentration and soluble
protein concentration in the afternoon of the fmal day of each period of assimilation
2

measurement. A 102.5 mm hole punch was used to take two samples mid-way along the leaf
and either side of the mid-vein. The first disk was used for the determination of chlorophyll
in accordance with the methods of Coombs et al. (1985) . Disks were ground in a monar and
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pestle with acid washed sand (Ajax chemicals, Auburn Aust.) and 10 ml of chilled 80%
acetone. Samples were kept chilled and dark until centrifuging at 2000 rpm. Absorbance was
measured at 664 and 647 nm to calculate chlorophyll ~ and Q and hence total chlorophyll
concentration.

The second leaf disk was used for soluble protein determination using a bicinchoninic acid
reagent (Sigma chemicals Co., St. Louis USA) as described by Evans (1986). Disks were
frozen in liquid nitrogen and then freeze dried (Flexi-Dry , FfS Systems , Stone Ridge USA).
Disks were weighed (DW and area of each disk was used to determine the amount of soluble
protein and chlorophyll expressed on a leaf DW basis) and then ground to a powder using
acid washed sand . Ground samples were resuspended in 1 ml of chilled bicine buffer (50 rnM

+

1

1% PVP and 1 g L- MgC12 , pH 8.0 using NaOH) and left to stand for 1 hat 4 °C . After

centrifuging at 2000 rpm, 100 )ll of supernatant was combined with 2 ml of bicinchoninic
acid reagent. Samples were incubated for 30 min at 37 °C, then absorbance at 562 nm was
measured. The amount of soluble protein was determined using a bovine serum albumin
standard curve (Sigma chemicals Co ., St. Louis USA).

The projected area of the remaining fresh leaf was measured using a leaf area meter (Delta-T
Devices, Noddestown, UK) after removal of the petiole. The leaf was then dried at 70 °C to
a constant weight. Projected leaf area divided by leaf DW equals whole leaf SLA.

3.2.4 Stomatal density

Stomatal density of M. indica was measured on the first leaves developed after exposure to
enriched C02 (January 1992) and on the last leaves developed before the end of the study
(February 1994). Stomatal density was measured on two areas of the leaf, half way along the
leaf and between the mid-rib and leaf edge. In January 1992, eight trees per chamber, three
leaves per tree , and two glue smears per leaf were sampled. In February 1994, three trees
per chamber, two leaves per tree, and two glue smears per leaf were sampled. Selleys quickgrip glue (Selleys Co., Sydney Aust.) was applied to the abaxial surface of the selected
2

leaves in two thin smears of approximately 20 mrn

.

Glue smears were peeled from the

leaves after allowing three minute to dry then laid on microscope slide with a drop of water
to assist in flattening out the peel. Glue peels were viewed under x 400 magnification. The
vernier stage was moved randomly in two directions then the number of stomata in a 5.3 x

104 cm2 field of view was scored . Four fields of view were scored on each glue peel.
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3. 2. 5 Statistical analysis

Data were analysed using Systat version 5.0 (Wilkinson 1990). Apparent quantum yield was
compared using analysis of co-variance. Prior to the analysis of co-variance. the relationship
between the dependent variable and the co-variate w
presented as slopes

tested for linearity . Data are

± s .e .. number of data points (n) and squared multiple regression (r\

Analysis of co-variance was then used to determine whether a significant change in slope of
the A/PPFD relationship occurred between treatments (CO:!. time of day. season) by
determining the significance of the treatment x PPFD interaction tem1.

Comparison of means among and between treatments was performed using a one or two
factor nested analysis of variance . The principal facto r of analysis was C02 treatment . The
secondary facror was the effect of time. either between successive observations. between
morning and afternoon measuremems. o r between seasonal measuremems of <j>. Am.,x and g,.
Nested terms were either trees within treatment chambers or replicate chambers within C02
treatmems . Probability of 0.05 was used in all statistical tests as the level for rejection of the
null hypothesis. unless otherwise stated.

3.3 Results

3. 3.1 Diurnal and seasonal variation

of~

in response

£O

C02 enrichment

Assimilation increased curvilinearly with increasing PPFD in all treatments (Fig ures 3.1. 3.2
and 3.3) . Mean daily

<1>

(mean of morning and afternoon values) increased (P=0.004) in trees

grown with C02 enrichment compared to trees grown under ambient conditions irrespective
of season (Table 3.1). Apparem quantum yield measured in the dry season (July 1993) was
smaller (P < 0.00 l) compared to either wet season measurement. irrespective of treatment
(Table 3. 1). The response of

<1>

to C02 enrichment was largest in the dry season (July 1992)

increasing with C02 enrichment by 50 % compared to controls. Apparem quantum y ield
increased with C02 enrichment by 21 % in the early wet season (November 1991) and 17 %
in the late wet season (March 1992) compared to controls (Table 3 . 1). There was no
treatment difference in T 1car within measurement periods , however T1ear measured in the dry
season was approximately 6 °C lower than either wet season measurement (Table 3.1).
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Figure 3.1 The relationship between A and PPFD for trees grown under ambient (0, a and
b) or C02-enriched

<• . c and d) conditions, measured in November 199 1 (early wet season).
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1 500

Apparent quantum yield increased (P=0.023) in the afternoon compared to the morning in
the wet season and in the dry season. irrespective of treatment (Table 3.2). In contrast.

<1>

decreased in the afternoon compared to the morning in the early wet season for both
treatments (P < O.OOI ambient conditions. P = O.l04 COrenriched conditions). Significant
differences (P < 0.003) in

<1>

with C02 enrichment only occurred in the afternoon when

measured in the early wet season and the wet season. with increases of 33% and 30%
respectively . In contrast. in the dry season .~ increased (P<0.023) with CO~ enrichment by
60 % in the morning and by 38 % in the afternoon compared with controls . There was no
treatment difference in T1c:ll when morning or afternoon measurements were compared within
each measurement period . T 1d increased by approximately 1 "C between the morning and
the afternoon during the wet season measurements of <j>. irrespective of treatment (Table 3.2).
In contrast. Tk:lr increased by approximately 9 "C between the morning and the afternoon
during the dry season measurement of <j>. irrespective of treatment.
Stomatal conductance and C/ Ca were smaller (P< 0.001). and LAVPD larger (P = 0.015)
(for PPFD < 300 ~uno! mor

1
)

in the dry season (July 1992) compared with the wet season.

irrespective of treatment (Figures 3.4a. b and c). There was a significant decline in gs
(P < 0.03) with C01 enrichment for both wet season measurements. but there was no
difference in g, between treatments in the dry season. Similarly. afternoon decreases in g,
occurred irrespective of treatment in the wet season (P=0.008) but not in the dry season.
C /C:, was larger (P < 0.001 ) with C02 enrichment compared with controls in the dry season.
In addition. there was an afternoon decrease (P = 0.015) in C/ C:, in the dry season. but only
in trees grown under ambient conditions.

Table 3. 1 T~ca 1 and

<1>

for trees grown under ambient or C02-enriched conditions measured in

November 1991 (early wet season). March 1993 (wet season) and July 1993 (dry season).
Values are mean T 1cal
1830 h) values

± s.e. and mean

tj> of morning (0630-0830 h) and afternoon (1630-

± s.e .. sample number (n) and

r

2

.

Means followed by a different letter within

a row are significantly different (P < 0.05).

November 1991

March 1992

July 1992

Amb

Enr

Amb

Enr

Amb

Enr

.019ac

.023b

.018a

.02Jcb

.006d

.009e

± s.e .

.001

.001

.001

.001

.001

.001

n

187

164

396

362

216

198

.79

.75

.74

.66

.45

.43

29.64a

29 .66:1

29.69a

29.70a

23.43b

24.14b

0 .06

0.08

0.07

0.10

0 .28

0.27

<I>

r

(mol mor

1

T~c:,r

± s.e .

1
)
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Table 3.2

Tk~r

and

~

for M. indica grown under ambient or COr enriched condit ions measured in November 1991 (early wet season), March 1993 (wet

season) and July 1993 (dry season) in the morning (am, 0630-0830 h) afternoon (pm, 1630-1830 h). Values are mean T1car

± s.e.

and

mean~

± s.e., sample

number (n) and 1.2. Within each measuremem periot.l. means followed by a different letter are significantly different (P <O.OS).

March 1992 (Wet Season)

November 1991 (Ea rly Wet Season)

~(mol mol"

± s.e.
11

r

2

T~ca r

± s. e.

1
)

Ambient C02

Enriched C0 2

Ambient C02

am

pm

am

pm

am

pm

.022"

.0 151>

.023"

.020"

.016a

.020

.001

.00 1

.00 1

.001

.00 1

98

89

87

77

.88

.76

.77

29. 18"

30. 13b

0.08

0.05

July 1992 (Dry Season)

Enriched C02

Ambient C02

am

pm

am

pm

am

pm

.014"

.026'

.005"

.008b

.008b

.0 11c

.001

.001

.00 1

.001

.00 1

.001

.00 1

183

2 13

127

235

101

11 5

98

100

.72

.68

.80

.63

.72

.39

.52

.26

.62

29.07"

30.34tl

28.92"

30.44b

28. I 3"

30.69tl

1 8.32~

28. 151!

19.62"

28 .3i)
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0.07
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0. 14

0.15

0. 18

68

11

Emiched C02

0.4
a)

0 .3

0 .9

E 0 .2
0
E
.......,

"'-:... 0 .8
u

.........
I

,...

VI

I

u

.. 0.1

0

0.7

0>

o.o l I !1a I ril I ril I faa I faa I !?a
0>

>

25

N

N

(J)

(j)

I...

0

0

z

>

....

z

2

0

2

Morni ng

......... 20
0
a..

(J)

N
O'l

0

Af t ernoo n

~

0
0.

~
~

15

10

5

O'l

N
O'l

N

m

>

.....

>-

z

:2

:J

0

0

Morning

"?

(j)

>

0

z

N
O'l

....

0

:2

N
O'l

~
:J
"?

Afternoon

2

1
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in the morning (0630-0830 h) and afternoon (1630- 1830 h) in November 1991 (early wet
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C02-enriched (hatched bar) conditions . Values are means
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± s.e.

N
O'l

1

3. 3. 2 The influence of C02 enrichment on light saturated assimilation

Amax was larger (P= 0.005) for trees grown with CO:! enrichment compared with controls
with the exception of March 1992 (Figure 3.5a). In March 1992 there was no significant
difference in A111ax between treatments.

A111ax declined (P < 0.00 1) in the afternoon compared to the morning fo r all measurements
after August 1992. irrespective of treatment (Figure 3.6a and b). In August 1993 (dry
season). A111ax declined by 23 % (P <O.OO I) in the afternoon compared with the morning for
trees grown w ith C0 2 enrichment. but for trees g rown under ambient conditions

A 111 ~x

declined by 15% (P = 0.015) in the afternoon compared with the morning (C02 x
morning/afternoon interactive term P <0.001) (Figure 3.7a). However. in December 1993
(wet season). the decline in

A 111 :.~

in the afternoon compared to the morning was

approximate ly 19% . irrespective of treatment (Figure 3.7a). During the measurement of Ama"
in August 1993 and December 1993, T 1c:tl and VPD were larger (P <0.001) in the afternoon
compared with the morning. irrespective of treatment (Table 3.3). There was no significant
difference in

T~car

between treatments when measured in the afternoon . Within either morning

or afternoon measurements. only the wet season afternoon measurement of VPD was
significantly different between treatments. which was less with C02 enrichment compared
with controls (Table 3.3).

A m:1 ~ was 118% larger (P <0.001 ) in the wet season ( November 1991. November 1992,

December 1993) compared to the dry season (July 1992. August 1992, August 1993).
irrespective of treatment (Figure 3.Sa). However. the percentage difference in Amax in
response to C02 enrichment was larger (P < 0. 001) in the dry season (26%) than the wet
season (22%) (Figure 3.Sa) .

Am~" expressed per unit of leaf OW was enhanced with

C02 enrichment when measured in

July 1992 (P <O.OOl) by 22 %. August 1992 (P=0.047) by 9 %, November 1992 (P <0.001)
by 13 % and December 1993 (P = 0. 00 1) by 9%. Amax was not significantly different in
November 1991 and August 1993 and was less with C02 enrichment in March 1992 and
April 1993 (data not shown) . The percentage d ifference in Ama" in response to C02
enrichment was larger (P <0.001) in the dry season (July 1992, August 1992, August 1993)
(7 4 %) compared to the wet season (November 199 1, November 1992, December 1993)
(8%) (Table 3 .4).
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conditions measured between 0900 and 1600 h for 9 observations over 28 months. Values
are means± s.e. N/ S indicates a non-significant result between data points (P>0.05).
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Figure 3.6 Amax measured on trees grown under a) ambient or b) COTenriched conditions,
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N/S indicates a non-significant result between data
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Table 3.3 T,~:·r ('C) and YPD (kPa) were determined during the measurement of Ama' for M.
indica grown under ambient or COrenriched conditions in August 1993 (dry season) and
December 1993 (wet season) in the morning (0900-1230 h) and afternoon 0230- 1600

h).

Values are means ± s.e . Within each measurement period. means followed by a different
letter are significantly different (P < 0 .05).

August 1993
Ambient C02

± 0.1

Dect>mber 1993

Enriched C02

Ambient C02

Enriched C02
37.2c ± 0.1

36 f

± 0 .2

36.3;' ± 0.1

37.9h ±0. 1

37.8°

=0.1

39.5 ± 0.1

h
39.7 ± 0 . 1

Morning VPD

3.38a ± 0.06

3.39a

± 0.04

1.68;' ± 0.03

1.68a ± 0.03

Afternoon VPD

3.8 1 ± 0.03

3.94h ± 0.03

2.84 ± 0.04

Morning Tkaf

35.4a

Afternoon Tk:l 1

Table 3.4

Am:.~

11

h

11

2.4 1c ± 0.03

expressed per unit of leaf OW for M. indica grown under ambient or COr

enriched conditions. Values are means of the combined data from three wet season
measurements (November 1991. November 1992 and December 1993) and three dry season
measurements (July 1992. August 1992 and August 1993)

±

s.e. Means followed by a

different letter are significantly different (P < 0 .05).

Dry Season

Wet Season

A n•ax (~moI

-1 ·I)

g s

.07o=' ± .oo1

h

.082 ± .001

.023~

± .001

d

.040 ± .00 1

3.3.3 Stomatal conductance and stomatal densiry

Stomatal conductance was smaller (P < 0. 00 1) for trees grown with C02 enrictunent
compared with controls with the exception of July 1992 and August 1992 (Figure 3.5b). In
July 1992 and August 1992 there was no significant difference in g, between treatments .
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Instantaneous transpiration efficiency (ITE) defined as the ratio of the rate of assimilation to
the rate o f transpiration (Eamus 1991 ). was 117% larger (P < 0.001) for trees grown with
C02 enrichment compared with controls (Figure 3.5c).

In August 1993 (dry season) g, was 28% smaller (P <0.001) in the afternoon compared to
the morning for trees grown under ambient conditions. and 31% smaller (P < 0.001) in the
afternoon than the morning for trees grown with C02 enrichment (Figure 3.7b). The decline
in g, in the afternoon compared to the morning was not significantly different between
treatments. However. in December 1993 (wet season). gs was 47% larger (P <O.OOI) in the
afternoon compared to the morning for trees grown under ambient conditions, and 126 %
larger (P <O.OO I) for trees grown with C02 enrichment (Figure 3.7b)

Although the

proportional difference in gs measured in the afternoon compared w the morning between
tream1ents was large. the net difference in g" between treatments was not significantly
influenced by C02 enrichment.

Mean g, was 575 % larger (P<O.OOJ) in the wet season (November 1991. November 1992.
December 1993) compared to the dry season (July 1992. August 1992. August 1993).
irrespective of treatment (Figure 3.5b). In addition. the increase in g$ in response to C02
enrichment. compared to controls. was larger (P <0.001 ) in the wet season (62%) compared
to the dry season (24 %).

Stomatal density was 17 % less (P <O.OO l) for trees grown with C02 enrichment compared to
controls . Within treatments. there was no significant d ifference between stomatal density
measured early in the study (January 1992) and late in the study (February 1994) (Figure
3.8).

The relationship between Am:'x and g, was linear for the graph of eight periodic
measurements over a 28 month period for both trees grown under ambient conditions

(Am:.~=8. 1 0 x g, .,. 5.77 . n = 9. r = 0.63. P= O 01) and COTenriched conditions
1

(Am:.x = 31.95 x g,

+ 6.3 3, n=9. r2 =0.70, P= 0.005) (Figure 3.9) . All values of Amax and gs

a re for PPFD > 800 )lmol m2 s·1• as five measurements of gas exchange did not include
light limiting A . The slope of the relationship between Am:tx and g, was larger (P=0 .009) fo r
trees grown under C02-enriched conditions compared with controls.
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76

±

16
14
......... 12

"i

.I

~
0

C/1

tOi

10

N

I

!

E
0

E

-..
:i.

8
6

0

<(

E

4

2

0
0.0

0.1

0 .2

0 .4

0.3

g (mol m

-2

s

Figure 3.9 Am:'~ (for PPFD > 800 ).lmol mor

1
)

0.5

0 .6

-1

s )

as a function of gs for trees g rown under

ambient (0) or C02-enriched (• ) conditions for 8 observations over 28 momhs. Values are
means

± s.e. Standard errors are presented on the x and y axis.

77

1

The mean Ci for nine measurements over a 28 month period was 269 ± 11 1-1mol mor under
ambient conditions and 478

± 17 1-1mol mor 1 under C02-enriched conditions, an increase of

78% for trees grown with C02 enrichment compared with controls (Figure 3.1 Oa). The
increase in Ci in response to C02 enrichment was larger (P < 0.001) in the wet season (82 %)
than the dry season (74%) (Figure 3. 10a).

C/Ca was smaller (P<0.001) for trees grown under C02-enriched compared with controls
with the exception of July 1992 and August 1992 (Figure 3.1 Ob), when C/ Ca was larger
(P = 0 .007) for trees grown under COrenriched conditions compared with controls. C/Ca
was larger (P<0.001) in the wet season (November 1991, November 1992, December 1993)
compared to the dry season (July 1992, August 1992, August 1993) by 34% for trees grown
under COr enriched conditions and by 24 % for trees grown under ambient conditions
(Figure 3.10b). The increase in C/ Ca in the wet season c'ompared to ~e dry season was
larger (P<O.OOl) for trees grown under COrenriched' t:onditiops tompared with controls.

Minimum C/Ca ratios were observed at the same time as maximal LAVPD (Figure 3 .lOb
and c).

Changes in Amax and g5 with changes in C/ Ca between the morning and the afternoon were
graphed for one dry season (August 1993) and one wet season (December 1993) (Figure 3. 7a
and b). In the wet season, Amax decreased by 19% (P < 0. 001) and g5 increase by 125%
(P < O.OOI) while C/Ca increased by 12% (P <O.OOl) in the afternoon compared to the
morning under ambient conditions. Under COrenriched conditions, Amax decreased by 19%
(P < 0 .001) and g5 increased by 47% (P < 0. 001) while C/ Ca increased by 24 % in the
afternoon compared to the morning. In the dry season, both Amax and g5 decreased (15 % and
28 % respectively) (P<0 .001) while C;IC 3 decreased by 3% (P =0.067) in the afternoon
compared to the morning under ambient conditions. Under COrenriched conditions both
Amax and g5 decreased (23% and 30% respectively) (P<O.OO l ) while C/ Ca decreased by 4%
(P=O.OOl) in the afternoon compared to the morning.

3.3.5 Specific leaf area

SLA measured from whole leaves was smaller (P=0.027) in response to C02 enrichment
compared with controls (Figure 3 .11). SLA measured from leaf disks was also smaller
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± s.e.

(P= 0.023) in response to C02 enriclunent compared with controls with the exception of SLA
measured in December 1991 (P=0.052) (Table 3.5).

3.3.6 Foliar soluble protein concentration

Where soluble protein concentration expressed per unit of leaf area increased with C02
enriclunent, soluble protein concentration expressed per unit of leaf DW also increased with

C02 enrichment (P<O.OOl and P =0.02 respectively) (Table 3.5). One exception existed
(December 1993), where soluble protein concentration expressed per unit of leaf DW
increased but not significantly (P = 0.174). Where soluble protein concentration expressed per
unit of leaf area was not influenced by C02 enriclunent, soluble protein concentration
expressed per unit of leaf DW decreased (P = 0.023) with C02 enrichment compared with
controls (Table 3.5).

Soluble protein concentration expressed per unit of leaf DW progressively increased with
each successive measurement. irrespective of treatment, with the exception of March 1994
(Table 3.5). However, the percentage difference in soluble protein concentration expressed
per unit of leaf area between treatments progressively decreased with each successive
measurement, with the exception of March 1992. To illustrate this, soluble protein
concentration was 44 % larger with C02 enriclunent in December 1991 compared with
controls, 26% in August 1993, 14 % in December 1993 and not significantly different
between treatments in March 1994 (Table 3.5).

3.3. 7 Chlorophyll concentration

Total chlorophyll concentration expressed per unit of leaf DW and per unit of leaf area was
smaller (P<0.017) with C02 enriclunent in December 1991 and December 1993 (Table
3.5). Total chlorophyll concentration expressed per unit of leaf DW was smaller (P<O.OOl)
with C02 enriclunent in August 1993. All measurements of chlorophyll

~

and !?. showed a

similar response to C02 enriclunent, and consequently there was no treatment difference in
the ratio of chlorophyll ~ to chlorophyll !?_.
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Table 3.5 SLA, soluble protein concentration and total chlorophyll concentration (chlorophyll ~ + ~) expressed per unit of leaf DW and per unit of leaf area forM. indica grown

under ambient or COrenriched conditions in Dccemhcr 1991 (wet season), March 1992 (late wet season), August 1993 (dry season), December 1993 (wet season) and March
1994 (late wet season) . The ratio of

chloro phy ll ~

to chlorophyll b was also determined. Values are means ± s.e. Within each measurement period, means followed by a different

letter are significantly different (P < 0.05).

December 1991

August 1993

March 1992

Amb C02

Enr C02

.78" ± .02

.75b ± .03

Amb C02

Enr C02

December I 993

Amb C02

Enr C02

Amb coz

.73" ± .01

.62'' ± .0 1

.73" ± .01

March 1994

Enr C02

Amb C0 2

Enr C02

.88' ± .05

.77" ± .04

Specific leaf area
(m 2 g I XI 0 2)

.74"

± .03

.66"

± .02

.64'' ±

.01

Soluble protein concentration

± 11.7

(mg g ')

209"

(g m·2)

26.8" ± 1.32

11

± 10.6

277" ± 14.6

373" ± 11.0

337h ± 10. 1

532"

± 2.59

51.3" ± 2.32

51.5" ± 1.90

74.0"

± 2.05

93 .0" ± 2.50

84.3"

38.7h

..+-

9.3

566

± 11. 2

435" ± 14.3

± 2.23

95.t ± 1.88

51.8" ± 3.86

48.7" ± 2.25

3.54.

± 0. 126

3.24" ± 0.23

668' t 12.0

692"

367''

± 8.4

Chlorophyll concentration
(mg g·l)

4.66" ± 0. 13

3.92b ± 0 .1 5

4.67" ± 0.21

4.47" ± 0.22

2.26" ± 0.09

1.82'' ± 0.06

3.39"

± 0.07

2.69b ± 0.07

(g m2)

.6 17" ± .017

.527h ± .019

.613"

± .024

.623" ± .035

.302" ± .O il

.298" ± .010

.424" ± .008

.368" ± .008

a:b

3.06" ± 0.04

3.08" ± 0.04

2.86" ± 0.06

2.87" ± 0.05

2.96' ± 0.04

2.99' ± 0.04

4.03" ± 0.05

4.14"

82

± 0.06

.411" ± .023

.420"

± .02 1

± 0.07

3.21"

± 0.05

2.91"

3.4 Discussion

3.4.1 Apparenr quantum yield

Apparent quanrurn yield increased in M. indica in response to C02 enrichment (Table 3 .1).
Enhanced

If>

with C02 enrichment has been observed previously (Ziska et al. 1990, Long and

Drake 1991 , Eamus eta/. 1993). Less often, declines in

q,

with C02 enrichment have been

reponed such as in a chamber-based study of birch seedlings (Koike et al. 1996). C02 and
0 2 compete for the primary acceptor molecule of C3 photosynthesis, RuBP. Since Rubisco
catalyses both RuBP carboxylation and oxygenation, an increase in C 3 increases the
proportion of RuBP that is carboxylated (Stitt 1991). An increase in

<l>

with C02 enrichment

was observed in the shade adapted tree species Maranthes corymbosa (Eamus et at. 1993)
and Scirpus olneyi (Long and Drake 1991). Bazzaz et al. (1990) found the largest growth
response with C02 enrichment in a study of seven co-occurring tree species occurred in the
shade tolerant species. Therefore the largest contribution of enhanced lj> with C02 enrichment
may occur in shaded and shade adapted leaves. M. indica has a closed, dense canopy,
wherein a significant proportion of the canopy may become adapted to non-saturating levels
of PPFD. An increase in

<l>

in M. indica is therefore likely to contribute significantly to total

carbon gain in the long-term if the increase in If> observed in the full sunlight adapted leaves is
also present in shade adapted leaves. However, only leaves adapted to saturating PPFD were
studied in the present study.

There was an overall decline in

<l>

in the dry season (July 1992) compared with either wet

season (November 1991 , March 1992), irrespective of treatment . A seasonal response of

If>

in

a field based study has not previously been reported, although Long and Drake (199 1) found
no long-term down-regulation of lj> in Scirpus olneyi with C02 enrichment when compared
between three consecutive peak growing seasons. Stomata respond to both a decrease in plant
water potential resulting from a limitation in soil water availability (Schulze 1986a, Schulze
and Hall 1986, Chaves 1991) or to an increase in VPD (Lange et al. 1971, Bunce 1987,
Aphalo and Jarvis 1991). In the present study however, pre-dawn 'Pw and mean minimum
daily 'I'w were not significantly different between treatments irrespective of season (with the
exception of January 1993) and remained comparatively high (>-0.304 MPa) in the dry
season (see Chapter 5, Table 5.2). Therefore, 'Pw is unlikely to have contributed significantly
to the observed seasonal variation in lj> . There was an overall decline in gs (for PPFD < 300
~ol m-2 s· 1) consistent with an overall increase in LAVPD in the dry season compared with

either wet season (Figure 3 .4a and b) . It is suggested that g 5 declined in the dry season in
83

response to increased LA VPD resulting in a decline in
support of gs limiting

<1>

<1>

through substrate limitation . In

in the dry season. C/ C:, also declined (for PPFD < 300 ).lmol m·~ s'

1
)

in the dry season. as would be predicted if g~ were limiting A (Figure 3.4c).

There was a larger response of <1> to C02 enrichment in the dry season compared
season measurements of

<1>

to

either wet

(Table 3. 1). Stomatal conductance was not different between

treatments in the dry season. the proportionally larger decline in gs under ambient conditions
being the result of a large increase in LAVPD in the dry season (Figure 3.4a and b).
Stomatal limitation of

<I>

in control trees resulted in a significant reduction in

3.4c). Therefore. the benefit of C02 enrichment to

<1>

C ;IC~

(Figure

was largest in the dry season because

C/ C:, remained enhanced under COrenriched conditions despite a similar gs to control trees.

Apparent quantum yield was larger in the afternoon compared ro the morning in the wet
season and in the dry season. irrespective of treatment (Table 3.2). The enhancement of

<1>

in

the afternoon was largest for trees grown with C02 enrichment compared with controls for
both the wet season and the dry season. However. Eamus et a!. ( 1993) found an afternoon
decrease in

<1>

in Moramhes corymbosa, and suggested that this may represent a normal

circadian rhythm or result from end product inhibition of A (see 3.4.3). A decrease in

<!>

was

found to be positively correlated with a foliar accumulation of starch in the leaf (Mauney
a/. 1979). However. there have been no previous reports of an increase in

<1>

e£

in the afternoon

compared to the morning. Increased afternoon T 1c:.r of approximately 2 uC in the wet season
and 9 "C in the dry season may account for the increase in ¢ in the afternoon (Table 3 .2).
Increased temperature favors oxygenation by decreasing the solubility of C01 (relative to 0 2)
and the specificity of Rubisco for C02 (Jordan and Orgren 1984. Ziska er al. 1990). Since
photorespiratory losses increase with temperature. such losses would be expected to affect
photosynthesis at ambient C02 concentrations more than elevated C02 (Pearcy and Bjorkman
1983. Idso er at. 1987. Sionit et al. 1987). Therefore. the influence of C02 enrichment on

<I>

will have its largest impact at higher temperatures (Farrar and W illiams 1991. Long 1991).
Diurnal enhancement of <P with C02 enrichment was largest in the dry season. where suboptimal T~~::.r in the morning (see 4.3.2) coupled with a diurnal increase in T 1c3 r of 8.7 "C
further supports the suggestion that the diurnal increase in ¢ with C02 enrichment is
influenced by temperature. A further mechanism is suggested given that Rubisco requires
activation by light (Eamus er at. 1993). Vu et al. ( 1983) showed that light may regulate
Rubisco activity in the morning, however this response was nor studied in the afternoon.
Apparent quantum yield may contribute significantly to carbon gain in M. indica if higher
levels of atmospheric C02 are coupled with increases in temperature (see 1. 1 . 1).
84

Differences in 4> between treattnents only occurred in the afternoon when measured in the
wet season (March 1992) (Table 3.2). However, in the dry season (July 1992) 4> was
enhanced in response to C02 enrichment in both the morning and afternoon. It is suggested
that in addition to seasonal and diurnal variation in temperature, seasonal and diurnal
fluctuations in LAVPD influence the response of 4> to C02 enrichment. Trees were subject to
increased evaporative demand in the dry season with increased LA VPD and decreased g 5
both in the morning as well as in the afternoon, but in the wet season, evaporative demand
was relatively low in the morning compared with the afternoon (Figure 3.4a and b). Trees
grown with C02 enrichment maintain a larger C/Ca despite a lower g 5 resulting in larger
benefits during periods of water stress. Thus C02 enrichment enhances 4> in both the morning
and the afternoon in the dry season.

Apparent quantum yield decreased in the afternoon compared to the morning in the early wet
season (November 1991), for trees grown under ambient conditions (Table 3.2). This result,
observed only in November 1991 (four weeks from the commencement of C02 enrichment),
may be a response to transplanting .

3.4.2 The influence of C02 enrichment on A,=

Am:u measured on mature leaves under ambient conditions was similar to Amax previously
reported for M. indica, including seasonal variations (Whiley et al. unpublished). A max
expressed per unit of leaf area was significantly enhanced with C02 enrichment. Although
not previously reported forM. indica, an increase in Amax in response to C02 enrichment has
been observed for many tree species (for review see: Eamus and Jarvis 1989, Ceulemans and
Mousseau 1994, Sage 1994, Eamus 1996b). Enhanced Amax in response to C02 enrichment
can be attributed to an increase in substrate supply (Figure 3.10a), and to a concurrent
decline in photorespiration resulting from increased levels of C02 at the Rubisco active sites
(discussed in 3.4.1). Increased Ci was maintained throughout the study despite a significant
decrease in g 5 for trees grown under C02-enriched conditions (Figure 3.5b). Enhanced Amax

in response to C02 enrichment is the most frequently observed response, although there have
been a number of studies that show either no response to C02 enrichment (Reekie and
Bazzaz 1989, Tissue et al. 1993) or a decline in Amax with time (Wulff and Strain 1983. Woo

and Wong 1983, DeLucia et al. 1985, Oberbauer et al. 1989, Tolley and Strain 1994). No
apparent loss of the enhancement of Ama.x in response to C02 enrichment was observed in the
present study. This is discussed further in 3.4. 6.
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3. 4.3 Diurnal changes in A mar in response to C02 enrichment

AmaJt was larger in the morning than in the afternoon for the majority of observations
irrespective of treatment (Figure 3.6a and b). Hysteresis, whereby a decline in A occurs in
the afternoon compared to the morning, despite light being saturating , have been previously
reported (Nijs et al. 1989, Eamus et at. 1993). The exceptions to this fmding were early in
the study where there was an afternoon increase in AmaJt (November 1991 and March 1992).
These early results were not treatment specific and may represents an acclimation period
following the transfer of trees from pots to the ground.

Amal( declined in the afternoon in December 1993 irrespective of treatment and regardless of
a large diurnal increase in g5 and C/Ca (Figure 3.7a and b). Stomatal conductance increased
in the afternoon despite an afternoon increase in VPD and T 1ear· A decrease in AmaJt despite
an increase in gs was also reported by Earnus et al. (1993). It is possible that the diurnal
decrease in Amax was due to a build-up of foliar carbohydrates which results in Pi
regeneration limitation of photosynthesis. A feedback response from starch and sucrose
synthesis to photosynthetic C02 uptake was described by Herold (1980) and DeLucia et at.
(1985). Experimental evidence for this mechanism was reviewed by Sharkey (1990). Rieger
and Marra (1994) found that a decline in A in trees grown under COr enriched conditions
was positively correlated with a foliar accwnulation of starch. As the rates of trios-phosphate
cycling can be rapid (Stitt 1991) carbohydrate accwnulation may occur within a diurnal time
scale. A period of low source activity (such as at night) may permit an increase in the level of
RuBP, thereby A is restored by the morning.

The decrease in Arnv. in the afternoon compared with the morning was not significantly
influenced by C02 enrichment in December 1993. In the wet season, an afternoon increase in
g5 and decrease in Amalt both contribute to an increase in C/ Ca. However the percentage
increase in C/Ca in the afternoon was doubled under C02 enrichment compared to controls
(Figure 3. 7a). This suggests that the large increase in whole tree dry matter observed in the
wet season representS a strong sink for carbohydrates in trees grown under COr enriched
conditions (see Chapter 6). In the dry season, the afternoon decline in C/ Ca was due
primarily to a decline in g5 , given that A= also declined in the afternoon compared with the
morning.

In August 1993 (dry season) the decline in AmaJt in the afternoon compared with the morning
was significantly larger with C02 enrichment compared to controls (Figure 3.7a). Although
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g, and C ;IC" declined in the afternoon compared with the morning. the percentage decline
was not influenced by C02 enrichment. Amax remained enhanced with
Ci remained elevated at a reduced

g~.

CO~

enrichment since

However. seasonal flucruations in growth (see 6.4. 3)

resulted in similar fluctuations in sink strength. An increased source/sink ratio with C02
enrichment may result in enhanced carbohydrate accumulation in dry season afternoons. An
accumulation of foliar carbohydrates may result in a decrease in SLA . as was observed
(discussed in 6.4.2). In addition to the sequestration of Pi. C02 enrichment can also reduce
the activity of sucrose-phosphate synthase (Socias 1993) thereby increasing starch and
sucrose synthesis and accumulation within the leaf (Sage er al. 1989. Sharkey er at. 1991 ).
Foliar carbohydrate accumulation with C02 enrichmem indicates either a source/sink
imbalance (Downton et al. 1985. Ehret and Jollife 1985) or an inability of the phloem to
translocate additional photosynthate produced with C02 enrichment (Korner et at. 1995).
Enhanced A with C02 enrichmem in the dry season may also result in a phosphate limitation
of photosynthesis. Conroy (1992) found that phosphate requirement is increased with C02
enriclunent as a result of an increase in Amax · The sequestering of trios-phosphate with the
synthesis of sucrose and starch is enhanced with C02 enrichment resulting in a decrease in
RuBP regeneration.

T1..::11 significantly increased in the afternoon compared with the morning when measured in
August 1993. although T 1car measured in the afternoon was not significantly different between
treatmentS (Table 3.3). A decrease in g, can result from increased T1c.• r (Aphalo and Jarvis
1991. Santrucek and Sage 1996)) independently of LA VPD (Berryman ec al. 1994 ). thereby
contributing to a decline in A 111:,x · In the present study . A111: 1x decreased with increasing T 1c;1r
for temperatures greater than 30 "C (see Figure 4 .5a). An increase in T1cat coupled with C02
enrichment is more likely w enhance Am:•~ in response to C02 enrichment as the affinity of
RuBP carboxylase for C02 declines w ith increased temperature. therefore under C02enriched conditions Amax would be less influenced by increased temperature (Long 1991) . In
addition . the temperature optimum for photOsynthesis is generally higher with C0 2
enrichment (Ceulemans er at. 1993. Eamus ec a/. 1993).

3.4.4 SeasonaL change in A 11111x and g,

Aonax varied significantly between seasons. with a significant reduction in the dry season
compared to the wet season. irrespective of treatment (Figure 3.5a). In addition, C02
enrichment significantly infl uenced the response o f

Am~x

to season such that Amalt was

enhanced with enriched C02 by 25 % in the dry season compared to 16 % in the wet season.
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This seasonal variation in Amax was due to the response of gs to LA VPD (Figures 3.5b and
3. 10c) and was not a response to

~l;w

(discussed in 3.4.1). Trees grown under C01-enriched

conditions maintained an elevated C; at a reduced o r similar

g~

to that of control trees and so

the benefit of C01 enrichment to A was largest in the dry season. as shown in figure 3.9.
where the linear relationship between AmJx and gs was conserved over the 28 month study. In
support of this finding. Murthy et a!. ( 1997) showed that Amax. of Pinus raeda increased
between the late summer and early autumn in response to CO:! enriclunent. However. this
result contrasts with the findings of Teskey ( 1997). also using Pinus taeda. where the
proportional enhancement of A to CO:! enrichment was not significantly different between
four consecutive seasons. Murthy et aL. ( 1997) used 9 year old trees while Teskey (1997)
used 20 year old trees of the same species. Allometric relationships vary with tree age. and
may influence source/sink relationships of trees of different age. resulting in a varied
seasonal response of A to C02 enridunent.

Few studies have investigated the impact of CO~ enrichment on Amax as a function of season .
More often. field based studies measure the response of A to C02 enrichment over a single
growing season . The enhancement of A with C02 enrichment has been observed to decline
toward the end of the growing season (Kimball et a!. 1986. Radin et a/. 1987. Ziska er a!.
1990. Mousseau and Saugier 1992. El Kohen et a/. 1993). However these studies make no
mention of the relative benefit of C02 enrichment as the season progresses. Arp and Drake
( 1991) suggest that a decline in A at the end of the growing season may be due to a reduction
of growth limiting sinks for carbon . as well as lower temperatures o r a reallocation of
nutrients . Evergreen species (such as M. indica) can maintain a positive carbon balance
throughout the year. It is therefore appropriate to study the impact of C02 enrichment for all
seasons. The absence of data in the literature on the impact of seasonality and C02
enrichment on tropical trees species. combined with the imponance of tropical ecosystems to
the global carbon budget. highlights the need for such studies .

Seasonal differences in C/ Ca between treatments reflect the seasonal responses of gs and Anux
to C0 2 enrichment (Figure 3.7a and b) . The largest difference in g, between treatments was
in the wet season but the largest difference in A111ax between treatments was in the dry season.
Since Am~x increased in the wet season, an increase in g~ must be primarily responsible for
the increase in C/ C:•· Since Am:llt decreased in the dry season. the decrease in g,. must be
primarily responsible for the decrease in C/ C:,· This suggests that the balance between
carbon gain and water loss is not fixed but varies according to changes in environmental
conditions.
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The dry season is characterised by extended periods of saturating PPFD and high levels of
VPD . Saturating PPFD drives photochemistry yet high VPD results in stomatal closure and
reduced C;. Such conditions have been shown to result in photoinhibition (Powles 1984,
Correia et at. 1990, Groom et at. 1991, Krause et a/. 1995). Photoinhibition has been
suggested to influence A in M . indica (Whiley et al. unpublished). Wang er al. (1991 ) in a
four year study of Scots pine concluded that elevated temperature and changes in VPD
between seasons strongly influenced the response of A to C02 enrichment through changes in
photoinhibition and photorespiration. In the present study, the relative enhancement of Amax
with C02 enrichment observed in the dry season may be the result of reduced photoinhibition
given that C; is maintained at a reduced g5 . However, the extent and duration of
photoinhibition was not determined in the present study , and it is recognised that the
reduction in PPFD of approximately 30% due to chamber coverings (see 2.3.4) may have
reduced the impact of photoinhibition. If the reduction in PPFD due to chamber covering
reduced photoinhibition, it is likely that the enhancement of A with C02 enrichment is
underestimated in this study.

The percentage increase in Amax expressed per unit of leaf DW with C02 enrictunent was
smaller than that of Amax expressed per unit of leaf area, because of a decrease in SLA with
C02 enrictunent (Table 3.4, Figures 3.5a and 3.11). Nevertheless, the majority of
observations of Amax (per unit of leaf DW) were larger for trees grown with C02 enrichment,
a result similarly found by Eamus et al. (1993). The decrease in SLA was likely to be
associated with an increase in photosynthetic end products , namely starch (3.4.3), and was
not associated with increased photosynthetic apparatus per se. , given that chlorophyll
concentration and soluble protein concentration were less with C02 enrichment (discussed
below). Amax expressed per unit of leaf DW decreased in the dry season compared to lhe wet
season, irrespective of treatment (Table 3.4). In addition, the percentage response of Amax
expressed per unit of leaf DW to C02 enrichment was significantly larger in the dry season
compared to the wet season, a result that mirrors the response of Amax expressed per unit of
leaf area, which is discussed above .

There was a decrease in the soluble protein concentration expressed per unit of leaf DW with
C02 enrichment in March 1992 and March 1994, but for the same period soluble protein
concentration expressed per unit of leaf area was not significantly different between
treaonents. This was due to lhe decrease in SLA with C02 enrictunent (Table 3.5). Decreases
in soluble protein with C02 enrichment has been observed previously (Van Oosten et al.
1992, Berryman et al. 1993). Soluble protein is a good indicator of Rubisco concentration
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and other Calvin cycle enzymes (Evans 1989). Declines in Rubisco concentration in response
to C02 enrichment have been observed previously {Bestford er al. 1989. Sage 1989. Tissue
er a/. 1993). Hilbert er a/. ( 1991) modeled optimal foliar nitrogen concentration and

predicted a decline in response to C02 enrichment. Such a response was considered highly
adaptive since photosynthesis becomes relatively more limited by RuBP regeneration than
Rubisco activity with C0 2 enriclunent (Sage 1994). In contrast. soluble protein significantly
increased with CO:! enrichment in December 1991. August 1993 and December 1993. From
these observations. it is tentatively suggested that a seasonal and long-tem1 trend is apparent .
Soluble protein concentration decreased with C02 enriclunent in the late wet season only
(March 1992 and 1994). where vegetative growth was largest and whe re sink capacity was
expanding in both canopy and woody tissues (see 6.4 .3). thereby resulting in a reallocation of
nitrogen toward expanding structural material. in particular new leaves. Foliar soluble
protein concentration increased with C02 enrichment when g rowth was slowest, such as in
the dry season (August 1993) or when developing reproductive sinks inhibited vegetative
g rowth (December 199 1 and December 1993) (see 6.4.4).

A long-term trend is also apparent. irrespective of treatmems. with an increase in foliar
soluble protein concentration during each successive measurement. with the exception o f the
last measurement in March 1994 (Table 5.3). This may represent an ontogenetic response of
the whole tree. since leaves of the same age were sampled for each determination of soluble
protein but clearly the tree itself has aged. Although soluble protein increased with tree age.
irrespective of treatment. the percemage increase in soluble protein concentration expressed
per unit of leaf area in leaves g rown with C02 enriclu11ent declined with each successive
measurement. w ith the exception of March 1992 (eg. December 1991 44 %. August 1993
26 %. December 1994 14% and not significantly different in March 1994). It is unclear if this
response represents acclimation of nitrogen allocation in response to C02 enriclunent.

Chlorophyll concemration expressed per unit of leaf OW and per unit of leaf area were either
unaffected or smaller with C02 enrichment compared with controls . Decreased chlorophyll
concentration with C02 enrichment has been observed previously (Oberbauer et al. 1985 .
Wullschleger et a/. 1992, Eamus er at. 1993) . In these stud ies . PPFD was moderate
2

(>500 J..Lmol m·

s·1).

2

Where PPFD has been low (<250 J..LmOl m"

1
s· )

to

high

chlorophyll

concentration increased with C02 enriclunent (Gaudillere and Mousseau 1989). Leaves
selected to determine chlorophyll concentration in the present study were high light adapted .
Since light absorption was not limiting carbon fixation w ith C0 2 enrichment , a decline in
chlo rophyll concentration, with a concomitant decline in light harvesting and utilisation
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biochemistry (Evans 1987), may represent a reallocation of resources away from light
harvesting toward carbon fixation, or toward other plant strucrures to support enhanced
growth with C02 enrichment. The influence of C02 enrichment on dry maner gain is
discussed in chapter 6 .

3.4.5 Storruual conductance and water-use-efficiency

Stomatal conductance measured on marure leaves with ambient C02 was similar to g5
previously reported for M. indica (Whiley et al. unpublished). Stomatal conductance is
directly sensitive to Ci, and increases in Ci with C02 enrichment have frequently been found
to decreased gs (Oberbauer et al. 1985, Reekie and Bazzaz 1989, Ziska et al. 1991, Earnus et
al. 1993, Santrucek and Sage 1996; for review see: Earnus and Jarvis 1989, Ceulernans and
Mousseau 1994, Sage 1994, Earnus 1996b), although not previously reported forM. indica.
No response of g5 with C02 enrichment has also been reported (Gunderston et al. 1993, Liu
and Teskey 1995, Teskey 1995) as well as an increase in g5 with C02 enrichment (Ziska et
al. 1991). The mechanism by which the stomata respond to C02 enrichment has been
reviewed by Mansfield et al. (1990) and Mon (1990) , although the action of C02 on guard
cell remains uncertain (Earnus 1995).

In C 3 plants , g5 is regulated to track A and maintain Ci 20 to 30% below Ca, although the
C/Ca ratio is sensitive to evaporative demand (Sage 1994). The response of

AmaJ\

to C02

enrichment was largest in the dry season where evaporative demand was largest, but the
impact of C02 enrichment on g5 was largest in the wet season where evaporative demand was
least (Figure 3.5b). This is because g5 in the dry season was not significantly different
between treatments, yet at a similar g5 , Ci remained enhanced with C02 enrichment (Figures
3.5b and 3 .10a). The impact of C02 enrichment on g5 was not only to reduce g5 at all times
of the year but to moderate the change in g5 between the wet season and the dry season.
Assimilation and g 5 are linked by a common mechanism involving Ci by which optimisation
of carbon gain with respect to water loss is achieved (Cowan 1981). The result of enhanced
A and decreased g5 was to enhance dry maner accumulation (Chapter 6) and enhance ITE.

ITE was significantly enhanced in M. indica with C02 enrichment (Figure 3.5c) . The
majority of data reviewed by Eamus (1991) supports the view that C02 enrichment enhances
ITE. The instantaneous ratio of A to E (most commonly measured on individual leaves) is

often used to describe water-use-efficiency (WUE) (Ceulemans and Mousseau 1994). WUE
is defmed as the ratio of the weight of the dry matter produced (either whole plant or
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harvested portion) to the amount of water transpired (Eamus 1991). C02 enrichment can
result in enhanced WUE through a decrease in E and an increase in A. If an increase in ITE
with C02 enrichment is accompanied by an increase in canopy area, total tree water use can
remain the same or increase (Eamus 1991). Canopy area had increased in a range of plants
investigated by Morison and Gifford (1984), resulting in a similar rate of water use between
trees grown with C02 enrichment and controls. Assuming that an increase in A is reflected
by an increase in growth rate (as found in the present study, see Chapter 6) WUE may be
expected to increase. It is likely that ITE reflects a 'real ' increases in WUE with C02
enrichment given the observed decrease in gs and increased dry matter gain through
enhanced A (Chapter 6). Drought tolerance is one long-term consequence of enhanced
WUE. M. indica can tolerate considerable water stress (Schaffer et al. 1994). However high
productivity in M. indica relies on the prevention of water stress during fruit development
(Schaffer er al. 1994). Eamus and Jarvis (1989) suggested that seasonal patterns of WUE
may change with C02 enrichment. WUE may be enhanced in M . indica during both the high
growth period of the year where water stress is minimal but where dry matter accumulation
is largest and during the dry season where growth is slow but where Amax is enhanced at a
reduced g 5 •

Stomatal density significantly declined with C02 enrichment and this reduction did not
change over the long-term (Figure 3.8). Trees are equipped with a plastic phenotype capable
of adjusting stomatal density to increasing C02 concentration (Friederike et al. 1996). A
decrease in stomatal density with C02 enrichment (Oberbauer et al. 1985, Woodward 1987)
and an increase in stomatal density in response to a decrease in the partial pressure of C02
have been reported (Woodward and Bazzaz 1988). Further, a decrease in stomatal density

has been associated with a decrease in stomatal index (ratio of stomata to epidermal cells)
showing that there is a change in stomatal initiation and not simply a response to leaf
expansion (Woodward 1987). However, increased stomatal density (Gaudillere and
Mousseau 1989) and no change in stomatal density (Thomas and Harvey 1983, Oberbauer et
al. 1985, Radoglou and Jarvis 1990b) with C02 enrichment has also been reported .

Ceulemans and Mousseau (1994) suggest that a decline in gs with C02 enrichment may be
the result of a decrease in stomatal density. However, Paoletti and Gellini (1993) suggest that
gs declines with C02 enrichment as a function of stomatal opening. The latter view is
supported in the present study, as seasonal changes in LA VPD greatly influenced gs
irrespective of treatment or changes in stomatal density.
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3.4.6 The long-term response of Amax and gs to C02 enrichment

Seasonal changes in climate, the differences in climate between successive years and
ontological development of the tree may all exert, to some degree an influence on Amax and
g 5 . Despite these possible influences, and despite the large differences in Amax and gs that
were observed to exist between seasons, there was no apparent loss of photosynthetic
potemjal over the duration of the C02 enrichment study (Figure 3.5a and b).

Water availability and not temperature is the major feature of seasonality in tropical climates
(Duff et al. 1997). M. indica is an evergreen species and thus maintains a positive carbon
balance throughout the year (Schaffer et al. 1994). Whole tree dry matter gain varies little
between seasons, rather there is an alternation between dry matter allocated to the roots and
dry matter allocated to the shoots according to season (see 4 .1.2). Given that water
availability has such a strong influence on growth in the study region (Duff et al. 1997), a
larger A at a smaller gs with C02 enrichment may result in the maintenance of an enhanced
positive carbon balance with C02 enrichment in the dry season as well as in the wet season.
Important implications on the flow of carbon in tropical fo rest systems may result if carbon is
sequestered from the aonosphere at all times of the year. Long-term studies of tropical tree
species are few. Hogan et al. (1991) reviewed the response of nine tropical tree species to
C02 enrichment over the medium-term (at least four months) and found no evidence for loss
of photosynthetic potential. Earnus et a!. (1993) found a medium-term (32 weeks)
maintenance of A in the monsoon vine forest species Maranthes corymbosa with C02
enrichment. Neither study was undertaken for long enough to be able to comment on
seasonal influences of C02 enrichment. The majority of studies that investigate the response
of trees to C02 enrichment, utilise temperate tree species. Jdso and Kimball (1991) studying
sour orange (3 years}, and Liu et al. (1995) studying loblolly pine (2 years) found a
maintenance of the long-term response of A to C02 enrichment. However, Woo and Wong
(1983), DeLucia et at. (1985), Wulff and Strain (1983), and Hickleton and Jolliffe (1980)
found that after an injtial stimulation, A became insensitive to C02 enrichment or down
regulated. Ziska et al. (1990) suggest that differences in acclimation to enriched C02 may
depend on source/sink relationships (discussed in detail in Chapter 4). The maintenance of a
positive carbon balance throughout the year may provide the sink required to maintain
enhanced A with C02 enrichment.
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3.5 Conclusions

Apparent quantum yield and Am:•x were enhanced and g, was reduced with

CO~

enrichment.

A111a, was enhanced with C02 enrichment despite a reduction in total chlorophyll
concentration. soluble protein concentration and SLA for trees grown under COTenriched
conditions. Changes in chlorophyll and soluble protein concentration presumably represent a
reallocation of nitrogen between the tissues of the tree. This response of gas exchange
resulted in an enhanced dry maner gain as well as signi ficantly altered patterns of dry matter
allocation (Chapter 6).

The balance between carbon gain and water loss is not fixed but varies according to
environmenral conditions. although swmata may optimise there behavior to maximise C gain
and minimise water loss in some conditions. It was found that season had a large impact on
gas exchange characteristics. With
despite reduced

g~ .

CO~

enrichment. C; was maintained at an enriched value

Consequently the proportional enhancement of Amax was largest in the dry

season and therefore the relative benefit of

CO~

enrichment is largest during periods of

environmental stress. Stomatal conductance responds strongly

lO

seasonal changes
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atmospheric water content. Instantaneous transpiration efficiency (ITE) was significantly
enhanced with

CO~

enrichment . It is likely that ITE reflects a long-term increase in WUE

with CO:! enrichment given rhe observed increase in dry maner (Chapter 6). Enhanced
drought rolerance is one long-term consequence of enhanced WUE (Chapter 5).

There were large diurnal variations in gas exchange characteristics which were further
influenced by season . There was an afternoon decline in Amax in both the wet and the dry
season. but in the dry season the percenrage decline was larger with C02 enrichment . It is
suggested that end point inhibition of assimilation in response to an increase in the
sourceisink ratio results in a diurnal inhibition of A. The maintenance of enhanced Amax in
the dry season coupled with a seasonally reduced sink strength resulted in relatively larger
inhibition of Am:.x in the afternoon compared with controls .

There was no apparent loss of photosynthetic potential over the duration of the C02
enrichment srudy . Given that water availability had such a strong influence on growth in the
study region. the enhancement of A and reduction in

g~

with C02 enrichment presumably

contributed to the maintenance of an enhanced positive carbon balance throughout the year
and over the long-term. This may have important implications on the flow of carbon in
tropical forest systems.
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Chapter Four
Assimilation, Stomatal Conductance, Source/Sink Interactions
and the Investigation of
Acclimation through Reciprocal Transfer
4.1 Introduction

4.1.1 Photosynthetic acclimation and C02 enrichment

The first responses of plants to rising atmospheric C02 concentrations will occur in leaves.
From these changes whole tree adjustments in physiology, growth and morphology will
follow. For this reason the effect of C02 enrichment on photosynthesis of individual leaves
has been the focus of much research (Gunderson and Wullshleger 1994). As C02 is central to
plant physiology the impact of C02 enrid unent has resulted in large variations in responses
of gas exchange and growth . Long-term changes in growth and gas exchange characteristics
in response to C02 enrichment is called acclimation. The definition of the acclimation is often
varied and contradictory (Eamus and Jarvis 1989, Gunderson and Wullshleger 1994, Sage
1994). However, in this thesis, acclimation will be used to describe the biochemical and
physiological adjustments that alter the response of photosynthesis to C02 enrichment
irrespective of the direction of the response. An increase in photosynthesis is described as
photosynthetic enhancement and a decrease in photosynthesis with C02 enrichment, as downregulation or Joss of photosynthetic potential (Ceulemans and Mousseau 1994, Pettersson and
McDonald 1994). The principal aim of this chapter is to investigate the acclimation response
of Mangifera indica to C02 enrichment and to determine the direction and magnitude of the
response in a series of experiments utilising trees grown in pots and in the ground.

Growth enhancement of trees with C02 enrichment results primarily from increased
photosynthetic carbon input, although major uncertainties remain about the maintenance of
this increase over the life span of the tree (El Kohen et al. 1993). Uncertainties are due to the
fact that the initial enhancement of carbon assimilation (A) with C02 enrichment often
decreases with time (Eamus and Jarvis 1989, Sage et al. 1989, Sage 1994). Acclimation that
results in a loss of photosynthetic potential, or down-regulation, in response to C02
enrichment, has been observed in trees and annual crop plants (Tolley and Strain 1984,
DeLucia et al. 1985, Arp 1991 , Bowles 1991, Mousseau 1992). Arp (1991) suggests that
down-regulation of A with C02 enrichment may result from inappropriate growth conditions.
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Growth restriction of roots of trees grown in pots has been found to result in photosynthetic
down-regulation after an initial stimulation of A in response to C02 enriclunent (Oberbauer et
al. 1985, Thomas and Strain 1991 , see 1.2.1). However, McConnaughay et al. (1993) and

Berntson et al. (1993) found that several aspects of growth conditions within pots besides pot
size, such as pot shape, nutrient concentration and the total amount of nutrients, can influence
the response of growth to C02 enriclunent. The restriction of root growth, or sink, in small
containers may result in a feedback inhibition of A (Arp 1991 , see 3.4.3). It has also been
observed that restriction of root growth can cause water and nutrient stress. leading to a loss
of photosynthetic enhancement in response to C02 enrichment (Berntson et al. 1993,
McConnaughay et al. 1993). Recent studies using large trees growing in the ground in opentop chambers (Idso and Kimball 1991 , Gunderson ec al. 1993, Ceulemans et al. 1997) or
branch bag studies of mature trees (Teskey 1995) or free air carbon enrichment techniques
(Ellsworth et al. 1995), have demonstrated no down-regulation of A. However, these
fmdings are not universal and down-regulation has been observed in studies that exclude root
restriction (Pettersson and McDonald 1992).

In the present study two sets of trees were grown in pots. The first set of trees were grown in
15 L pots for 16 months and the second set were grown in 25 L pots for 6.5 months. Pot
based experiments were not specifically intended for the investigation of the influence of the
containerised growth on the response of light saturated assimilation (Ama.J and stomatal
conductance (g5) to C02 enrichment. However the opportunity to compare the response of
trees grown in pots with trees grown in the ground served to validate the results of pot based
experiments. In addition, any change in the response of gas exchange to C02 enrichment for
trees grown in pots may serve to reveal processes of acclimation or the role of sink (through
root restriction) in determining the response of trees to C02 enriclunent.

For trees grown in pots the degree of down-regulation may be dependent on pot size and/or
the duration of the study (Thomas and Strain 1991). Provided that pot volume is sufficiently
large and experimental duration sufficiently short, pot based C0 2 enrichment experiments
may not result in photosynthetic down-regulation (Ceulemans et al. 1997). Nevertheless,
trees are typically long-lived and it is suggested that morphological and physiological
differences between juvenile and mature trees influence the response of A to C02 enriclunent
(see 1.4.1). Pot based C02 enrichment studies of tree species often include seedlings and
rarely exceed one full growing season (see 1.2.2). The contribution of such studies toward a
better understanding of the response of tree species to C02 enriclunent may be limited. The
influence of restrictive growth containers on A highlights the importance of field based
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experiments for determining the long-term gas-exchange response of tree species to C02
enrichment.

Acclimation involves the redistribution of resources towards the most limiting process.
resulting in increased efficiency of resource use, under prevailing environmental conditions
(Arp 1991). This defmition suggests that an equilibrium can be reached if prevailing

environmental conditions are constant for sufficient time. Controlled environment studies
provide constant environmental conditions and have shown that C02 enrichment influences
the response of gas exchange to changes in light, temperature, atmospheric and soil water
content and nutrient availability (Conroy et at. 1986, Comoy et al. 1988, Comoy er a/.
1990. Penersson and McDonald 1994 , Eamus et al. 1995). However, controlled environment
studies may result in growth conditions that are far removed from field conditions and can
not represent the constantly varying environmental conditions encountered in the field (see
2. 1.2). Field based studies are bener able to measure acclimation to C02 enrichment in
response to changing environmental conditions. Acclimation may occur in the short-term or
diurnal time scale. For example, stomatal closure in response to a diurnal increase in leaf to
air vapour pressure deficit (LAVPD), has a smaller impact on A for trees grown with C02
enrichment than control trees, where intercellular C02 concentration (C;) is maintained
despite a lower g 5 (see 3.4.2). Long-lived species , such as trees, may require more time to
fully acclimate, perhaps in the time-scale of years and the processes of acclimation may be
influenced by seasonal changes in environmental conditions. Acclimation resulting in downregulation of photosynthesis has been reported to occur in the late growing season (Kimball
et al. 1986, Radin et al. 1987). Seasonal influences on acclimation may include: the

reduction of growth, thereby limiting the sink for carbon in growing tissues; a gradual fill ing
of available sinks ; lower temperatures limiting A; or a reallocation of nutrients from the leaf
(Arp and Drake 1991). Acclimation in natural systems may not reach an equilibrium given
seasonal or annual variations in climate and changing interactions of the ecosystem (Bazzaz
1990). Therefore, long-term field based studies are necessary in order to understand the
processes of acclimation that may result from exposure of trees to C02 enrichment.

Photosynthetic rates of plants acclimated to C02 enrichment are often compared with those of
plants grown under ambient conditions by making measurements in the same C02 regime as
that used during growth (Wullschleger eta/. 1992, Eamus et at. 1993, Teskey 1995). While
this comparison may be relevant for predicting A in an environment of increasing C02 , it
results in only a broad generalisation about photosynthetic acclimation, and then only if
changes in C02 enrichment over a period of time (days to months) are compared so that up
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or down regulation within the high C02 treatment can be observed (Gunderson and
Wullschleger 1994). If plants acclimated to C02 enriclunent are compared with trees
acclimated to ambient conditions, but both sets of plants are measured under ambient
conditions, a bener indication of the changes in photosynthetic acclimation can be inferred.
since measurement at a common atmospheric C02 concentration (C3 ) accounts for the
combined response of stomatal and mesophyll acclimation to C02 enriclunent. Reciprocal
transfer experiments can be applied to further investigate acclimation. However in the past.
such transfers have been made using trees grown in pots (Hollinger 1987, Fetcher et al.
1988). The present study will determine the long-term acclimation response of trees exposed
to C02 enriclunent using the reciprocal transfer technique. Reciprocal transfer was applied to
trees grown in the ground by reversing the C02 treatments for the entire chamber at the end
of the growth experiment.

A decline in g5 in response to C02 enriclunent is often observed (Wullschleger eta!. 1992,
Eamus et al. 1993, Teskey 1995 , see 3.4.2). Stomatal conductance can affect A by changing
Ci, thus changes in g5 in response to C02 enriclunent may be defmed as stomatal acclimation
(Arp 1991 , Sage 1994). Changes in g5 in response to C02 enriclunent have been observed

and were the result of changes in stomatal aperture (Eamus and Jarvis 1989) and/or stomatal
density (Thomas and Harvey 1983 , see 3.4.5). In order to exclude stomatal processes from
the influence of C02 enriclunent on photosynthetic acclimation, a curve generated from the
response of A to changes in intercellular C02 concentration (A/Ci) can be used (Arp 1991,
Harley et a!. 1992, Gunderson and Wullschleger 1994, Sage 1994). A/C; analysis allow a
mechanistic interpretation of the acclimation response from the relationship between A and
Ci. As Ci rises , the rate of photosynthesis increases linearly, corresponding to a region where
Rubisco activity, or carboxylation efficiency (CE), limits photosynthesis. At higher values of
Ci the line approaches an asymptote, corresponding to where the thylakoid capacity to supply
ATP and NADPH for RuBP regeneration limits photosynthesis. When the A/C; curve
reaches an asymptote, photosynthesis is insensitive to increasing C02 , where A is C0 2
saturated (Jmax) and the capacity of starch and sucrose synthesis to utilise triose phosphates
and subsequently regenerate inorganic phosphate (P;) for photophosphorylation limits
photosynthesis (Sage 1994). In the present study, A/Ci curves were constructed using plants
grown in pots in a laboratory gas exchange system to further investigate the acclimation
response of A to C02 enriclunent.
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4.1. 2 The influence of source/sink ratios on the acclimation response to C02 enrichment
The maintenance of a large sink is widely regarded as important for the long-term
maintenance of enhanced A with C02 enrichment (Oberbauer et al. 1985 , Thomas and Strain
1991, Wullschleger et al. 1992, Eamus et al. 1995, Teskey 1995, Will and Ceulemans
1997). However, source activity varies depending upon environmental conditions, such as
seasonal variations in atmospheric or soil water content. It is unlikely , therefore, that sink
activity alone is important, but it is the balance between source and sink activity that is
important for the long-term maintenance of enhanced A with C02 enrichment (Arp 1991).
Sink is defmed as a region of a plant that is a net consumer of carbohydrates whilst a source
is defmed as a region of a plant that is a net producer of carbohydrates. The canopy as a
whole is essentially viewed as source tissue. However, a new and rapidly developing canopy
may also be viewed as sink tissue, especially if in response to C02 enrichment, specific leaf
area (SLA) is decreased as a result of starch accumulation in the leaf tissue (see 3.4.3). If a
balance between production and consumption of carbon substances is an important factor
regulating the long-term assimilation response to C02 enrichment, then not only is a strong
sink important but the ability of the plant to expand source tissue is also important. M . indica
is an evergreen sub-tropical fruit tree . Unlike some temperate tree species (Liu and Teskey
1995, Teskey 1995), M. indica maintains a positive carbon balance throughout the year
(Schaffer et al. 1994, see 6.4.3). Seasonal variations in growth results in a continual seasonal
alternation in patterns of dry matter allocation. For example, dry marter is allocated to the
canopy in the wet season, to the roots, bark and other storage tissues in the dry season and to
fruit in the wet/dry transition (Chacko and Ananthanarayanan 1982). Consequently, the yearlong maintenance of sink activity may result in a year-long and long-term enhancement of A
in response to C02 enrichment.

Fruit trees are pruned to restrict tree size, enhance the penetration of light into the canopy,
adjust crop load , and maintain a ba.lance between vegetative and reproductive growth (Marini
and Barden 1987). Pruning the canopy results in a reduced source activity. During the reestablishment of a canopy a strong sink is generated . Plant responses to partial defoliation or
removal of branches from trees have included improved water relations (Rom and Ferree
1985 , Swietlik 1986, Tschaplinski and Blake 1989) and increased assimilation (Blake and
Tschaplinski 1986, Kauppi et al. 1990), although Will and Ceulemans (1997) found no
change in A, g5 or carbohydrate status in coppiced Populus shoots. The study reported in this
chapter seeks to investigate the response of Amax and g5 to C02 enrichment where the
source/sink ratio has been decreased by pruning.
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The maintenance of a strong sink for assimilated carbon has been shown to maintain
enhanced A with C02 enrichment (discussed above). Although developing reproductive sinks
inhibit vegetative growth in M. indica (Kulkarni 1988), and despite the season in which fruit
development occurs coinciding with inhibited source activity (high LAYPD reduces gs and
Ci, and hence A, see 3.4.1), developing fruit represent an important sink for assimilated
carbon. The cultivar Irwin is a heavy bearing variety of M. indica and generally exhibit a
strong reproductive response in the first fruiting season following grafting (Kulkarni 1988),
as was observed in the present study (see 6.4 .4). In addition, C02 enrichment resulted in a
189% increase in the dry weight (OW) of fruit per tree for trees grown with C02 enrichment
(see 6.4 .4). Similar increases in yield of Valencia Orange with C02 enrichment was observed
by Downton et al. (1987). Therefore this study asks the question: what impact might
developing fruit have on the response of Amax and gs to C02 enrichment given the importance
of sinks for enhanced A of plants grown under COrenriched condition?

The chapter will address two principal questions. First, what is the long-term acclimation
response of M . indica to C02 enrichment? Second, what role does the source/sink ratio play
in the response of acclimation to C02 enrichment? This chapter describes the results of a
series of four experiments in which M . indica were grown in pots or in the ground. M.
indica were grown in pots principally for laboratory based gas exchange measurements and
to investigate the long-term acclimation responses to C02 enrichment through reciprocal
transfer experiments. However, to determine the influence that growth in pots may exert on
the response of M . indica to C02 enridunem, pots of two different volumes and exposed to
C02 enrichment for different periods of time were used. Therefore, the additional question
was asked: what influence does the growth of trees in pots have on the acclimation response,
and can any differences observed be interpreted in te~of source/sink balance?

4.2 Materials and Methods

4.2.1 The influence of growth in pots on A IIUlX and gs in response to C02 enrichment

Trees grown in 15 L pots

The first group of trees grown in pots were randomly selected from the initial batch of trees
prior to planting into the ground (2.2.2). Twenty eight trees (7 per chamber) were
transplanted from 5 to 15 L pots ten weeks after placement into either ambient or- C02enriched chambers in October 1991 (potting mixture described in 2.2 .9). Trees in pots were
watered twice a day to field capacity using drip irrigation (2.2.8). Pots were placed on flat
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plastic trays to avoid water logging and to prevent root contact with the ground. Fertiliser
was applied as described in 2.2.9. Gas exchange measurements were made after
approximately twelve months growth (November 1992) within the chambers using a LI-COR
LI-6200 portable gas analyser (LI-6200) (LI-COR, Inc., Lincoln, USA) (described in 3 .2.1).
lluee trees per chamber and three leaves per tree were selected for gas exchange
measurements . Trees were selected from the centre and ends of each chamber to minimise
possible effects of gradients of microclimate within the chamber. Leaves were fully mature
and selected from the upper canopy such that they were exposed to direct light throughout
the measurement period. Gas exchange measurements from trees grown in pots and trees
growing in the ground were made at approximately the same time and these results were
compared. SLA was measured using the same leaves as used in the measurement of A
(described in 3.2.3). Gas exchange measurements were again made after approximately 16
months growth (February 1993) within the chambers using a laboratory based gas exchange
system, described in 4 .2 .2 .

Trees grown in 25 L pots
Four seedlings of M . indica grown in 25 L pots were each placed into C02-enriched and
control chambers in October 1993 . This set of trees were propagated from a similar root
stock and scion material as the set of trees grown in 15 L pots (2.2.2). Selection of trees.
watering and fertiliser regimes were the same as for trees grown in 15 L pots. Trees were
transplanted from 5 to 25 L pots three weeks after the commencement of the study . Gas
exchange measurements were made using a LI-6200 in April 1994 following 6.5 months
exposure to ambient or COTenriched conditions. Gas exchange measurements from trees
grown in 25 L pots were compared to the gas exchange measurementS from trees planted into
the ground at the same time of year (February-March). However trees grown in 25 L pots
had been in their respective atmospheres for 6.5 months whereas trees grown in the ground
had been in their respective atmospheres for 16 months at the time of measurement. Gas
exchange measurements were again made following field based measurementS using a
laboratory based gas exchange system, described in 4 .2.2.

4.2.2 Laboratory measurement of gas exchange characteristics

Trees grown in 15 L pots
Trees grown in 15 L pots (4.2.1) were moved to the laboratory and leaves placed into the
leaf chamber of a gas exchange system in February 1993 after 16 months under COT
enriched or ambient conditions to determine the response of A and gs to changes in
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photosynthetic photon flux density (PPFD), Ci, leaf temperature (T1ear). and vapour pressure
deficit (VPD). The gas analysis system used is described in Eamus et al. (1995) and included
an ADC 225 Mk III IRGA in differential mode, a Bingham BI-5ED cooled mirror dew-point
hygrometer, Tylan mass flow meters and metal halide 400 W lamps. Three leaf cuvettes
were used, constructed of aluminium with glass tops and hollow floors for temperarure
regulation. T 1ear was measured by adpressed thermocouples . PPFD was measured inside each
cuvette with BPX photodiodes calibrated with a LI-COR quanrum sensor.

Three trees per chamber were transferred to the laboratory in the afternoon of the day before
the commencement of measurements. One parameter was measured each day starting with
PPFD, then VPD, T 1ear and fmally Ci. One leaf from each tree was selected and used for all
measurements. Fully mature and intact leaves were selected from the upper canopy of each
tree. The leaf section within the cuvette was retained after the experiment to determine leaf
area, leaf DW, SLA, chlorophyll concentration and soluble protein concentration, as
described in 3.2.3.

A light response curve for assimilation was determined in which PPFD was varied from 0 to
1300 1-LffiOI m·2 s·1 using neutral density filters (Lee Filters, Hampshire UK). During the
experiment the following conditions were maintained: VPD

< 2 kPa, T 1ear

= 31 °C and C02

concentration = 700 or 350 ).!mol mor 1 for COr enriched or ambient treatments respectively.
Apparent quanrum yield (¢) was calculated as the slope of the relationship between the
assimilation rate and PPFD, for all values of PPFD above the light compensation point (f)
and below 300 ).!mol m- 2 s- 1. The light compensation point was estimated from the light
response curve where A = 0 . Dark respiration

(~)

was determined from the mean of all

values of A where PPFD = 0. The range of values of PPFD for which light was limiting for
A was determined from the light response curves (Figure 4.3a).

The response of A and gs to LAVPD was determined by decreasing LAVPD from 2 to 1.6
kPa then increasing to 4.2 kPa in incremental steps of0.5 kPa, whilst keeping PPFD
)..lmol m·2 s- 1 and T 1ear

= 31

> 1180

°C. After each change in LA VPD an equilibration period of

approximately 15 minutes was allowed before a measurement was recorded. The response of
A and g5 to T 1ear was determined by decreasing T 1ear from 30 to 15 °C then increasing to 42
2

°C in incremental steps of approximately 3 °C, whilst keeping PPFD > 1180 ).!IDOl m· s-

1

and LAVPD < 2 kPa. The response of A and gs to Ci was determined by increasing Ca from
350 to 860 ).!ffiOl mor 1 then decreasing to 60 ).!IDOl mor
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1

in incremental steps of

approximately 30 JllllOl mor1 for trees grown under ambient conditions and increasing Ca
1

from 700 to 931 JllllOl mor then decreasing to 60 J.Lmol mor 1 in incremental steps of 30
JllllOl mor' for trees grown with C02 enrichment. PPFD was kept
temperarure

=

> 11 80 J.Lmol m·2 s·' .

31 °C and LAVPD < 2 kPa. After each incremental change in PPFD,

LA VPD, Trear or C 3 , a period of approximately 15 minutes was allowed before a
measurement was recorded .

Trees grown in 25 L pots
Trees grown in 25 L pots (4.2.1) were transferred to the laboratory in April 1994 following
6.5 months exposure to ambient or COrenriched conditions to determine the response of
Amax and g5 to changes in Ci. The laboratory gas exchange system is described above with the
exception that the system was modified to accommodate a fourth cuvette. Two trees from
each chamber (4 trees per treatment) were transferred to the laboratory in the afternoon prior
to the commencement of measurements . Fully mature leaves were selected from the upper
canopy of each tree . Ca was varied, and constant PPFD, Treaf• and VPD were maintained
according to the regime described above. Leaf sections within the cuvette were retained after
the experiment to determine leaf area, leaf DW, SLA, chlorophyll concentration and soluble
protein concentration as described in 3.2.3.

4. 2.3 The influence offlower arul fruit development on Anuu and gs to C02 enrichment

Trees growing in the ground were used to investigate the influence of developing sink on the
response of Amax and g5 to C02 enrichment. Leaves were selected from a growth flush on a
branch below a terminal flowering panicle and on the last marure growth flush on a branch
without a terminal flowering panicle. In addition, leaves were sampled from trees with no
panicle development. Gas exchange measurements using a LI-6200 (see 3.2.1) were made on
these three set of leaves at three intervals: July 1992, during early panicle development at
flower marurity (Plate 4 .1a); August 1992, when fruit measured between 1 to 3 em in length
(Plate 4.1b) ; November 1992, when fruit were nearing ripeness, approximately one to three
weeks before petiole abscission (Plate 4.1c).

4. 2.4 The influence of manipulated source/sink on Amar and gs to C02 enrichment.
Trees growing in the ground were used to investigate the influence of C02 enrichment on
Amax and g5 of trees with manipulated source/sink ratios in March 1994 following 124 weeks
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Plate 4.1 Gas exchange measurements were made on leaves from trees exposed to ambiem

or C02-enriched conditions for approx imately 11 months. Leaves were selected from mature
growth flushes located immediately below a) flowering panicles (July 1992), b) panicles
supporting set fruit, measuring between 1 to 3 em in length (August 1992), and c) panicles
supporting near mature fru it , approximately one to three weeks before petiole abscission
(November 1992).
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of exposure to ambient or COrenriched conditions. In December 1993 , after 113 weelo of
exposure to either ambient or C02-enriched conditions, three trees per chamber were
selected for harvest. All leaves and all branches above the third growth flush above the
grafting point were removed (see 6.2.2). After ten weeks, Amax and g 5 were measured on
leaves that regrew using a LI-6200. Between three and four growth flushes were produced
between the time of pruning and the measurement of Amax· Therefore leaves produced on the
growth flushes below the terminal growth flush were deemed mature. Three mature leaves
exposed to direct light throughout the measurement period were selected from each tree in
each chamber. Gas exchange was measured between 0900 and 1230 h as described in 3. 2. 1.
Afternoon gas exchange measurements could not be made due to thunderstorms which
caused a decline in PPFD below saturating for A. The influence of C02-enriched air on
growth and dry matter gain on trees following pruning was also investigated (Chapter 6).

4.2.5 Measurement of acclirruuion to C02 enrichment by reciprocal transfer

Trees grown in 15 L pots
Prior to reciprocal transfer, M. indica grown in 15 L pots were exposed to either ambient or
COTenriched conditions for twelve months. In November 1992 two trees were transferred
from each COrenriched chamber to an ambient C02 chamber and two trees were transferred
from each ambient C02 chamber to a COr enriched chamber. In addition, two trees from
each treatment remained in their respective atmospheres as controls. Gas exchange
measurements were made hourly for three days from the time of transfer between 0830 and
1600 h when PPFD was saturating for A using a Ll-6200 (see 3 .2.1). Trees and leaves were
selected as described in 3.2.1.

Trees grown in 25 L pots
Prior to reciprocal transfer, M . indica grown in 25 L pots were exposed to either ambient or
C(h-enriched conditions for 6.5 months . In April 1994, gas exch~ge was measured on four
trees from each treatment for one day prior to transfer using a LI-6200 (see 3.2.1). In the
afternoon of the first day the same trees were transferred between C02 atmospheres. Gas
exchange was measured on the second, ftfth and seventh day after transfer. Trees and leaves
were selected as described in 3.2.1. Gas exchange was measured between 0830 and 1200 h.
Afternoon gas exchange measurements could not be made due to thunderstorms which
caused a decline in PPFD below saturating for A.
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Trees grown in the ground
After 28 months from the commencement of C02 enrichment. trees growing in the ground
were exposed to the opposite C02 atmosphere to which they had been previously exposed by
reversing the supply of C02 between treatment chambers. Thus . ambient C02 chambers
received COrenriched air and vice versa. Transfer occurred in late February 1994 towards
the end of the wet season. Trees and leaves were sampled as for 3.2.1. Am.ax and g5 were
measured hourly between 0830 and 1200 h on the ninth, fourteenth and sixteenth day from
the time of transfer using a LI-6200 (see 3.2.1). Gas exchange could not be measured under
ambient conditions following long-term exposure to COTenriched conditions on day 14 from
the time of reciprocal transfer due to a decline in PPFD below sarurating for A throughout
the day . Afternoon gas exchange measurements could not be made due to thunderstorms
which caused a decline in PPFD below sarurating for A. On the afternoon prior to transfer
and on the afternoon of the final day of gas exchange measurements, leaves were sampled to
determine SLA, chlorophyll concentration and soluble protein concentration, as described in

3.2.3.

4.2.6 Statistical analysis

Data were analysed using Systat version 5.0 (Wilkinson 1990). Apparent quanrum yield was
compared using analysis of co-variance. Prior to the analysis of co-variance, the relationship
between A and PPFD were tested for linearity over the range of values for which the
2

relationship was linear (PPFD 0-300 !-!mol m s·\ Data are presented as slopes ± s.e.,
2
}.

number of data points (n) and squared multiple regression (r

Analysis of co-variance was

then used to determine whether a significant change in slope of the A/PPFD relationship
occurred between C02 treatments by determining the significance of the treatment x PPFD
interaction term.

Comparison of means among and between treatments was performed using a one or two
factor nested analysis of variance. The principal factor was C02 treatment. The additional
factor was the effect of time, either between successive observations or between morning and
afternoon measurements of Amax and g5 • Nested terms were either trees within treatment
chambers or replicate chambers within C02 treatments. Comparison of the Amax/T 1ear and
gsfT 1ear response used Ross combined curve analysis (Ross 1983). Probability (P) of 0.05 was
used in all statistical tests as the level for rejection of the null hypothesis, unless otherwise
stated.
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4.3 Results

4.3.1 The influence of growth in pots on Ama.t and gs in response to C02 enrichmefll
Trees in 15 L pots compared to trees in the ground
Gas exchange measurements from trees grown in 15 L pots and trees growing in the ground
were made after approximately 12 months exposure to either ambient or COrenriched
conditions. Amax and Ci were larger (P<O.OOl) and g5 smaller (P<0 .001) with C02
enrichment compared to controls irrespective of whether trees were growing in the ground or
in 15 L pots (Figure 4 . la to d). Am:ut was 66 % smaller (P <0.001) for trees grown in pots
compared to trees grown in the ground under ambient conditions , and 55 % smaller
(P<O.OO I) for the same comparison with C02 enrictunent (Figure 4.la). However there was
no significant difference the response of A to C02 enrichment when trees growing in 15 L
pots and trees growing in the ground were compared.

Stomatal conductance was 90 % smaller (P < 0. 001) for trees grown in pots compared to trees
grown in the ground under ambient conditions and 79% smaller (P <0.001) for the same
comparison with C02 enrichment (Figure 4. 1b). Thus the influence of C02 enrictunent on g5
was smaller for trees grown in pots (19%) compared to trees grown in the ground (63%)
(Interaction term: C02 x Pots/Ground, P < O.OOl).

The influence of growth in pots resulted in a smaller Ci (P < 0 .001) irrespective of treatment
(Figure 4.1c). The reduction in Ci for trees grown in pots was small compared to the
response of g5 to growth in pots (Figure 4 .1b and c) .

SLA was smaller (P < 0. 001) with C02 enrichment compared to controls for trees grown in
the ground but was not significantly different between treatments for trees grown in 15 L pots
(Figure 4 . ld). SLA was 24 % larger (P <0.001) for trees grown in pots compared to trees
grown in the ground with C02 enrictunent, and 36% (P < 0. 001) larger for trees grown in
pots compared to trees grown in the ground under ambient conditions.

Trees grown in 25 L pots compared to trees grown in the ground
Gas exchange measurements from trees grown in 25 L pots were compared to the gas
exchange measurements from trees planted into the ground during a similar time of year
(February-March). However trees grown in 25 L pots had been in their respective
atmospheres for 6 .5 months whereas trees grown in the ground had been in their respective
107

.......
I

20 .---- - -- - - - - - - - - - - ,
a)
18

600

16

500

c)

14

Vl

7

.......
I

12

0

E
10
0

E

E
0

8

::t
.........

400

[

.........

300

n

"0 6
4:

E

4

200

(b)

2

0

(c)

(d)

~-~~-~~-~~~~~

0

b)

d)

1.0
I

Vl

"'I

0.008

0 .8
I

E

00

0.6

"' E

E
........... 0 .4

(/l

0

<(
_J

o.oo7

r-

0 .006

0>

0.005

0.2

(c)

(a)

(d)

o.ooo
Amb

Enr

Ground

nm
(b)

(o)

(b )
Amb
Enr
Pvts

{

I

l I

Amb

Enr

Ground

(c)

I (c) I {

Amb
Enr
Pots

Figure 4.1 a) Amax, b) g5 , c) Ci and d) SLA were measured on leaves from trees grown in the

ground for 12 months and trees grown in 15 L pots for 12 months with ambient or COr
enriched conditions . Both sets of trees were measured in November. Values are means ±
s. e . Bars with different letters are significantly different (P < 0. 05).
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atmospheres for 16 months at the time of measurement . Amax and C; were larger (P < 0.00 1),
and g5 and SLA were smaller (P=0.017) with C02 enrichment compared to controls
irrespective of whether trees were grown in the ground or in 25 L pots (Figure 4.2a to e) .
There was no significant difference in Amax berween trees grown in pots and trees grown in
the ground under ambient conditions. However, Amax was 27 % larger (P < 0.001) for trees
grown in pots with C02 enrichment compared to trees grown in the ground with C02
enrichment (Figure 4.2a) . Thus C02 enrichment had a larger impact on Amax for trees grown
in pots (35 %) compared to trees grown in the ground (7%) (Interaction term: C02 x

Pots/Ground, P < 0.001).

Stomatal conductance was 50 % smaller (P<O.OOl) for trees grown in pots compared to trees
grown in the ground under ambient conditions (Figure 4 .2b). However, there was no
significant difference in g5 between trees grown in pots with C02 enrichment and trees grown
in the ground with C02 enrichment. Thus the influence of C02 enrichment on g 5 was smaller
for trees grown in pots (52%) compared to trees grown in the ground (68 %) (Interaction
term: C02 x Pots/Ground, P <0.001).

C; was smaller (P = 0 .019) for trees grown in pots compared to trees grown in the ground
irrespective of treatment (Figure 4.2c). SLA was larger (P < 0.001) for trees grown in pots
compared to trees grown in the ground under ambient conditions, but there was no
significant difference berween trees grown in pots and trees grown in the ground with C02
enrichment .

4.3.2 Laboratory measurement of gas exchange characteristics

Trees grown in 15 L pots
The rate of assimilation of leaves from both treatments showed a linear increase as PPFD
increased from 20 to 300 Jlmol m-2 s· 1, and then approached an asymptote (Figure 4 .3a).
2

1

Assimilation became almost independent of PPFD for PPFD > 600 11mol m' s· for both
treatments. The slope of the initial pan of the curve, representing

~.

was 14 % smaller

(P < 0.001) with C02 enrichment compared to controls (Table 4 .1). In addition, Amax was
8.5% smaller (P =0.023) and

~

was 39% smaller (P=0.012) with C02 enrichment

compared to controls (Table 4 .1). The light compensation point was estimated to be 32 % less
with C02 enrichment compared to controls (Table 4 .1).
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Figure 4.2 a) Arnax, b) g 5 , c) Ci and d) SLA were measured for trees grown in the ground for
18 months and trees grown in 25 L pots for 6 .5 months with ambient or COr enriched
conditions. Both sets of trees were measured at similar times of the year (February-March).
Values are means

± s.e.

Bars with different letters are significantly different (P < 0.05).
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Figure 4.3 Changes in leaf a) A, b) g 5 and c) Ci as a function of PPFD for trees grown in 15
L pots for 16 months with ambient (0 ) or COrenriched (• ) conditions. Values are means ±
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Table 4.1 Apparent quanrum yield (including n and r

2

),

Amax• g5 , ~. f and Ci for trees

grown in 15 L pots fo r 16 months with ambient or COrenriched conditions. Values are
means ± s.e. (with the exception of

r

where cp was solved for A = 0). Means or the value

for f followed by a different letter are significantly different (P < 0.05).

cp (mol mor

1
)

n, r2
Amax ().UTlol m·2 s"1)

Ambient C02

Enriched C02

0.0223 ± 0.001

0 .019b ± 0.001

60, 0.94

60,0.96

9.73 ± 0.3

8.9b ± 0 .3

g5 ( mo1 m-2 s-1)

1.60

± 0.06

l. lOb ± 0.05

~ (J..lmOI m"2 s" 1)

1.60 ± 0.16

0.97b ± 0. 16

37.73

25.5b

r

().UTlol m·2 s"1)

Ci ().UTlOl mor

1
)

3

3

241.7 ± 2.7

552.9

± 4 .4

Stomatal conductance increased sharply for values of PPFD between 0 and 200 IJ.mOl m"2 s· 1,
but there was no significant difference between treatments fo r this initial response (Figure
4.3b). Stomatal conductance was 39% smaller (P <O.OOl) with C02 enrictunent compared to
controls for all values of g 5 where PPFD was above saturating for assimilation (PPFD
2

11mol m· s·

1

)

>

600

(Table 4 .1). C; decreased sharply for values of PPFD between 0 and 200 )lmol

2

m· s·•, but there was no significant difference between treatments for this initial response
(Figure 4 .3c). Ci was 129% smaller (P <O.OOl) with C02 enrictunent compared to controls
for all values of Ci where PPFD was above saturating for assimilation (Table 4 . 1).

For all values of LAVPD, Amax was smaller (P=0.003) with C02 enrictunent compared

to

controls (Figure 4.4a). Amax decreased linearly with increasing LAVPD for both treatments.
In addition, the slope of the response of Amax to increasing LAVPD was smaller (P =0.028)
with C02 enrichment compared to controls (Ambient C02: slope = -1.38 ± 0.22, n=S2 ,
l=0.33 , P <O.OOl ; Enriched C02 : slope =-0.88 ± 0.30, n=52 r2 =0. 14, P = 0 .005) . There
was no significant effect of increasing LAVPD on g5 for either treatment . The mean value of
g 5 for all values of LAVPD was 30% smaller (P<O.OOl) with C02 enrichment compared to
controls (Figure 4.4b) . There was no significant effect of LAVPD on Ci for trees grown with
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4. 5

C02 enrictunent. However, there was a linear increase C; with increasing LA VPD
(P<O .OO l ) under ambient conditions (Ambient C02 : slope = l5 .3

± 4.1 , n=l09,

r2 =0. 11 ,

P < 0 .001) (Figure 4.4c).

A max

2

1

increased from 5 to 8.5 ).lll10l m s· between 21 and 29 °C then decreased to 4 1-1mol m2

1

s· between 29 and 41 °C, irrespective of treatment (Figure 4.5a). The response of Arnall to
T 1ear was not significanrly different between treatments. The temperature optimum was 31 °C.
The pattern of change of g5 with T 1ear for trees grown under ambient conditions was similar to
the pattern of change of A max with

T 1 e:~r

(Figure 4 .5b). Trees grown with C02 enrichment had

a similar T 1eaf optimum for g5 as trees grown under ambient conditions. However the results
suggest that the optimum temperature range is narrower for trees grown with C02
enrichment compared to trees grown under ambient conditions. C; increased linearly with
increasing T 1ear for trees grown with C0 2 enrictunent (Enriched C02 : slope = 2. 59 ± 1.0 1,
2

n = 45 , r =0.13, P <0.001), but C; decreased linearly with increasing T1ear for trees grown
2

under ambient conditions (Ambient C02 : slope = -2.53 ± 0 .59, n = lOl, r =0. 15, P =O.OI 4)
(Figure 4.5c).

Amax increased linearly with increasing C; between 60 to 250 1-1mol mor 1 for both treatments
(Figure 4 .6a). CE, defmed by the slope of the change in

A m:u

with increasing C;, was not

significantly different (P =0.098) between treatments (Enriched C02 : CE =0.031 ± 0.004,
Ambient C02: CE=0.039 ± 0.003). Ama.x became essentially independent of C; for C; >
300 1-iiDOl mor 1 . Jmal\ was 8% less (P = 0.006) with C02 enrictunent (Enriched C02: l max =
2

9.03 ± 0 .15 ).lll10l m· s·
m"2 s·\

1
)

compared to controls (Ambient C02:

J max

= 9.81 ± 0.21 1-iiDOl

A large amount of variation typified the response of g5 to C; (Figure 4.6b). There

was no significant difference in the response of g5 to C; between treatments. Overall, g5
decreased with increasing C; for both treatments. In addition, g5 became less responsive to
1

increasing C; for C; > 350 1-iiDOl mor under ambient conditions whereas g5 continued to
decline for C;

> 350 ~-tmol mol" 1 with C02 enrichment.

Chlorophyll Q concentration was 14% less (P=O.Ol) and total chlorophyll concentration 10%
less (P = 0.043) with C02 enrictunent compared with controls (Table 4.2). All other
measured variables including SLA and soluble protein were not significantly different
between treatments.
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Table 4.2 Leaves from trees grown in 15 L pots for 16 months under ambient or COr
enriched conditions were sampled to determine SLA, soluble protein concentration and
chlorophyll concentration expressed per unit of leaf area and leaf OW . Values are means ±
s.e. Means followed by a different letter are significantly different (P < 0.05).

Ambient C02
SLA (x 10-3)

m2g-t

9.4 ± 0.4

Protein

mgg -t

388 ± 15

gm-2

46.6 ± 2.4

Chlorophyll

mgg

-t

3

3

3

Enriched C02
3

8.7 ± 0.2
377~

± 24

3

45.2 ± 2 .5

3

3.32 ± 0.11

3

1.19b ± 0.04

3

4.50b ± 0.15

3

2.82b ± 0.08

3

0.38 ± 0.01

3

0 .14 ± 0 .01

3

0.52 ± 0.02

~

3.60 ± 0.14

mgg -1 -b

1.39 ± 0.06

-t
mg g !

4.99 ± 0 .18

Ratio a:b

2.62 ± 0.08

g m·2 ~

0.39 ± 0.01

gm-z Q

0.15 ± 0 .01

-'
g m-!

0.54 ± 0.02

3

3

3

3

Trees grown in 25 L pots
1

Am:u increased linearly with increasing Ci for Ci between 60 and 300 !-1-mOl mol" fo r trees
1

grown under ambient conditions and for Ci between 60 and 230 J.Lmol mol' for trees grown
with C02 enrichment (Figure 4.7a). CE for trees grown with enriched C02 was 0.032 ±
0 .006 and 0.035 ± 0.004 for controls, but was not significantly different between treatments.
Ama~ was independent of Ci for Ci

> 300 J.LmOI mor t for trees grown under ambient

conditions and for ci > 230 ).lffiOl mort for trees grown with C02 enrichment. Jmax was 34%
2
less (P =0.006) for trees grown with C02 enridunent (6.37 ± 0.25 J.LffiOl m- s-t) compared
with controls (9. 60 ± 0.29 J.LmOl m"2 s' 1) (Figure 4.7a). Stomatal conductance was relatively
unresponsive to increasing Ci for trees grown under ambient conditions. However g 5
decreased linearly with increasing Ci for trees grown with C02 enrichment (Figure 4 .7b).
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SLA was 20% smaller (P <0.001) with C02 enrichment compared to controls (Table 4 .3).
Soluble protein concentration expressed per unit of leaf OW was 29% smaller (P < 0.001)
with C02 enrichment compared to controls. Despite SLA being smaller for trees grown with
C02 enrichment, soluble protein concentration expressed per unit of leaf area was 14%
smaller (P<O.OOl) with C02 enrichment compared to controls. Chlorophyll ~. 2 and total
chlorophyll concentration expressed per unit of leaf OW and leaf area were smaller
(P =0.012) with C02 enrichment compared to controls (Table 4 .3). There was no significant
difference in the ratio of chlorophyll~ to 2 concentration between treatments.

Table 4.3 Leaves from trees grown in 25 L pots for 6 .5 months with ambient or COT
enriched conditions were sampled to determine SLA, soluble protein concentration and
chlorophyll concentration expressed per unit of leaf area and leaf OW . Values are means ±
s.e. Means followed by a different letter are significantly different (P<0.05).

Ambient C02
SLA (x 10"3)

m2 g· I

Protein

mgg

5.9b ± 0.2

3

± 21

496b ± 20

3

±

698

-2

gm
Chlorophyll

7.4 ± 0.2

3

-I

Enriched C02

85.6

1.2

73.6b ± 2.5

± 0.05

2 .33b ± 0.07

mg g" b

1.053 ± 0.02

0.74b ± 0.03

mg g"l!

4 .103 ± 0.07

3.07b ± 0.10

Ratio a:b

2 .922 ± 0.03

3. 18 ± 0.04

g m·2 ~

0.38 ± 0.01

gm-2 2

0.13 ± 0.01

-I

mgg a

3.05

1

-2

3

3

0.35b ± 0.01

3

O.ll b ± 0.01

3

0.51 ± 0 .01

gm !

3

0.46b ± 0.0 1

Soluble protein concentration expressed per unit of leaf OW was 29% smaller (P < 0. 001)
and total chlorophy 11 concentration expressed per of leaf OW was 25% smaller (P = 0. 0 12)
with C0 2 enrichment compared to controls (Table 4 .3). Despite SLA being 20 % smaller
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(P<O.OOI) for trees grown with C02 enrichment compared to controls, soluble protein
concentration expressed per unit of leaf area was 14% smaller (P <O.OOI) and total
chlorophyll concentration expressed per unit of leaf area 10% smaller (P =0.003) with C02
enrichment compared to controls. There was no significant difference in the ratio of
chlorophyll~

to Q concentration between treatments .

4. 3. 3 The influence offlower and fruit development on A max and gs ro C02 enrichment

During the growth experiment some trees flowered within each treatment . Of the trees that
developed flowers , some terminal branches developed flowering panicles while all other
branches terminated in a vegetative flush. Results of gas exchange measurements using
leaves located on branches without terminal flowering panicles but on which flowers were
present on other branches were compared to results using leaves from trees without flowering
panicles. Irrespective of treatment, there was no significant difference in these two data sets.
Therefore, within treatments, data were combined for leaves on branches without flowering
panicles and leaves on branches with flowering panicles.

Art= increased (P=0.019) with C02 enrichment compared to controls irrespective of the
presence or absence of flowers on the terminal branch (Table 4.4). In addition, gs was
smaller (P <O.OO l ) with C02 enrichment compared to controls in November 1992. A large
seasonal response in Amax and g5 was also observed (discussed in 3.4.4). The presence of a
terminal flowering panicle (July 1992) resulted in a reduction (P =0 .028) in AmaJo: and g 5 for
both treatments (Table 4.4). The reduction in Amax due to the presence of a terminal
flowering panicle was larger (P=O.Ol2) with C02 enrichment compared to controls. The
presence of a terminal panicle bearing young fruit (August 1992) resulted in a reduction
(P < 0.001) in Amax and g 5 but only under ambient conditions. Thec-:was no significant

difference in AmaJ( or g5 between leaves from branches with or without terminal panicles
bearing young fruit for trees grown with C02 enrichment. The presence of a terminal panicle
bearing near mature fruit (November 1992) did not significantly influence AmaJo: in either
treatment. However the presence of a terminal panicle bearing near mature fruit resulted in a
reduction in g 5 (P=0.028) under ambient conditions but not for trees grown with C02
enrichment.
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Table 4.4 Amax and g5 were measured on leaves from trees with (+)and without(·) terminating fruiting panicles on trees grown with ambient or COrenriched

conditions. Three observations were made: July 1992, flowers fully developed (Fl) ; August 1992, when fruit (Fr) were between 1 and 3 em in length;
November 1992, when fruit were nearing ripeness, approximately 1 to 3 weeks before petiole abscission (see Plate 4. 1). Values are means ± s.e. Values
followed by a different letter within a measurement period are significantly different (P < 0. 05).

August 1992

July 1992
- Fl

+ Fl

- Fr

November 1992
+ Fr

- Fr

+ Fr

Amax ( J.lmO1rn·2 s-1 )
Ambient C02

3.29 ± .08

2.74 ± . 10

8.65 ± .30

6.56b ± .26

13.32 ± .24

14.153

± .29

Enriched C02

4.99c ± .11

3.77a ± .22

9.99<.: ± .43

J0.4c ± .30

17.45b

18.00b

± .48

Ambient C02

.0283 ± .001

.023 ± .001

. 109 ± .006

.079b ± .004

1.22 ± .067

l .O l b ± .063

Enriched C02

.028~

.021 b ± .001

.091 3 b ± .006

.0943 b ± .005

.424c ± .034

.409c ± .03 1

3

h

3

3

± .49

-

gs (mol m·2 s·1)

± .001

b

3
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4.3. 4 The influence of manipulated source/sink on Anuu and gs to C02 enrichment.
A max was 21 % larger (P < 0. 00 1) and g5 61 % smaller (P < 0. 001) with C02 enrichment
compared to controls for non-pruned trees (Figure 4.8a and b). There was no significant
difference in Amax between non-pruned trees and pruned trees for trees grown under ambient
conditions. However, Arnall was 15 % larger (P <0.001) in pruned trees compared to nonpruned trees with C02 enrichment. In addition, Amax was 31 % larger (P<0.001) for pruned
trees grown with C02 enrichment compared

to

pruned trees grown under ambient conditions.

Stomatal conductance was 62 % smaller (P<O.OOl) for non-pruned trees grown with C02
enrichment compared to non-pruned trees grown under ambient conditions . As a result of
pruning, gs was 33% larger (P < O.OOl) for trees grown under ambient conditions. However,
there was no significance difference in g 5 between pruned and non-pruned trees for trees
grown with C0 2 enrichment.

C; was larger (P<O.OOl) with C02 enrichment compared to controls for both non-pruned
and pruned trees (Figure 4 .8c). C; was not significantly different between pruned trees and
non-pruned trees for either treatment. SLA was smaller (P < O.OO l ) with C02 enrichment
compared to controls for non-pruned trees (Figure 4. 8d). However there was no significant
difference in SLA between treatments for pruned trees . SLA was approximately 62 % larger

(P < O.OOl ) for pruned trees compared to non-pruned trees for both treatments.

Stomatal density was smaller (P<0.001) with C02 enrichment compared to controls for both
pruned and non-pruned trees (Figure 4.8e). Stomatal density was smaller (P = 0.003) for
pruned trees compared to non-pruned trees for trees grown under ambient conditions.
However there was no significant difference in stomatal density between pruned and nonpruned trees for trees grown with C02 enrichrnent.

4.3.5 Measurement of acclimation in response to C02 enrichment by reciprocal transfer

Trees grown in 15 L pots
Figure 4 .9 shows the results for a three day reciprocal transfer experiment undertaken in
November 1992 on M. indica grown for twelve months in 15 L pots under ambient or COr
enriched conditions. One set of trees from each treatment remained in their growth
atmosphere forming a reference control. Trees grown with C02 enrichment exhibited a
larger Arnall and C; and a smaller gs (P < 0.001) than trees grown under ambient conditions ,
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/
/.
2

3

Time ( days)

Figure 4.9 Changes in leaf a) Amax, b) g5 , c) Ci, d) LAVPD and e) T 1ear were measured for
three days on trees grown with ambient (0) or COr enriched (• ) conditions and on trees
transferred from ambient to COrenriched (0 ) conditions or trees transferred from COr
enriched to ambient

<•) conditions.

Trees were grown in 15 L pots for 12 months with

ambient or C02-enriched conditions prior to reciprocal transfer. Values are means ± s.e.
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with the exception of the first day when g5 did not differ between treatments (Figure 4 .9a, b
and c).

Amax• gs and C; were not significantly different between trees transferred from ambient to
COrenriched conditions compared to trees grown and measured with C02 enrichment
(Figure 4.9a to c). Similarly, Amax• g5 and C; were not significantly different between trees
transferred from enriched to ambient conditions compared to trees grown and measured
under ambient conditions.

Amax and gs of trees grown and measured with C02 enrichment and trees transferred from
ambient to COrenriched conditions did not vary significantly over the three measurement
days (Figure 4.9a and b). However, Amax and gs of trees grown and measured under ambient
conditions and trees transferred from COrenriched to ambient conditions increased
(P < 0 .001) over the three measuremem days (Figure 4. 9a and b) . There was no significant
change in C; during the experiment for any treatment. LA VPD and T 1ear decreased
(P < 0. 001) during the experiment for all treatments (Figure 4 .9d and e).

Trees grown in 25 L pots
Figure 4 .10 shows the results for a seven day reciprocal transfer experiment undertaken in
April 1994 on M. indica grown for 6 .5 months in 25 L pots under

C~-enriched

or ambient

conditions. Prior to transfer , A max was larger and gs was smaller (P < 0.00 1) for trees grown
with C02 enrichment compared to controls (Figure 4.10a and b).

Within one day after reciprocal transfer, Amax was 90 % larger (P < 0.001) fo r trees
transferred from ambient to COrenriched conditions compared to trees grown and measured
under ambient conditions (Figure 4 .10a). Amax was 49 % smaller (P <O.OOl ) for trees
transferred from C02-enriched to ambient conditions compared to trees grown and measured
with C02 enrichment. The large initial response of

Ama~

to reciprocal transfer diminished

(P =0. 002) by day five for both treatments. However, there were no significant differences
between measurements of Amax made on days five and seven within either treatments .

Within one day after reciprocal transfer, g5 did nor significantly change from the pre-transfer
values irrespective of treatment (Figure 4 .10b). On days five and seven,

g~

was

approximately 33% smaller (P=O.Ol) for trees transferred from ambient to COrenriched
conditions compared to trees grown and measured under ambient conditions and
approximately 133% larger (P<O.OOl) for trees transferred from COrenriched to ambient
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Figure 4.10 Changes in leaf a) Amax, b) g5 and c) Ci were measured for trees grown in 25 L

pots following 6 .5 months with ambient (0 ) or COrenriched (• ) conditions then at 3
intervals over 6 days following reciprocal transfer on trees transferred from ambient to C02enriched (0) conditions or trees transferred from COr enriched to ambient
Values are means ± s.e.
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C• ) conditions.

8

conditions compared to trees grown and measured with C02 enrichment. The values of g5 on
day five were not significantly different from day seven for trees transferred from ambient to
enriched C02 conditions, but increased (P=0.042) on day seven compared to day five for
trees transferred from C02-enriched to ambient conditions.

Ci measured on the day following reciprocal transfer was 100% larger (P<O.OOl) for trees
transferred from ambient to COrenriched conditions compared to trees grown and measured
under ambient conditions , and 49% smaller (P < 0.001) for trees transferred from COr
enriched to ambient conditions compared to trees grown and measured with C02 enrichment
(Figure 4.10c). In addition, Ci measured on day two was 8% larger (P=0.04) for trees
transferred from ambient to COr enriched conditions compared with trees grown and
measured with C02 enrichment. Although 7% smaller on day two, there was no significant
difference in Ci between trees transferred from C02-enriched to ambient conditions and trees
grown and measured under ambient conditions. There was little change in Ci between the
first and last measurement following transfer for either treatment.

Figure 4 . 11 compares the pre-transfer value of Ama;(, g5 and Ci to the mean post-transfer
values for days five and seven combined.

Amax

was 58% larger (P < 0. 001) for trees

transferred from ambient to COrenriched conditions compared to trees grown and measured
under ambient conditions, and 17 % larger (P<O.OOl) compared to trees grown and
measured with C02 enrichment (Figure 4 .11 a).

Amal(

was not significantly different between

trees transferred from COrenriched to ambient conditions compared to trees grown and
measured under ambient conditions but was 20% smaller (P < 0. 001) compared to trees
grown and measured with C02 enrichment.

Stomatal conductance was 38% smaller (P<O.OOl) for trees transferred from ambient to
COrenriched conditions compared to trees grown and measured under ambient conditions
but was 30% larger (P=0.004) compared to trees grown and measured with C02 enrichment
(Figure 4.11b). There was no significant difference in g5 between trees transferred from COr
enriched to ambient conditions compared to trees grown and measured under ambient
conditions but was 124% larger (P < 0. 001) compared to trees grown and measured with C02
enrichment.

Upon transfer from ambient to enriched C02 conditions, Ci increased (P<O.OOl) compared
to trees grown and measured under ambient conditions, such that Ci was not significantly
different compared to trees grown and measured with C02 enrichment (Figure 4.1lc). Upon
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Figure 4.11 Values for leaf a) Am.u. b) gs and c) Ci were measured for trees grown in 25 L
pots following 6.5 months with ambient or COr enriched conditions then on trees transferred
from ambient to COrenriched conditions or trees transferred from COrenriched to ambient
conditions. Values following reciprocal transfer were determined from the mean of each
measurement period if the values were equilibrated or from values measured on day seven if
not equilibrated (see 4 .2.4). Values are means ± s.e. Bars with different letters are
significantly different (P < 0.05).
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transfer from C02-enriched to ambient conditions, Ci decreased (P < O.OOl) compared to
trees grown and measured with C02 enriclunent but was 11% larger (P=0.033) compared to
trees grown and measured under ambient conditions. Unlike the reciprocal transfer
experiment for trees grown in 15 L pots (described above), there was no significant change
in Tleaf or LAVPD between days where gas exchange was measured (data not shown).

Trees grown in the ground
Figure 4 .12 shows the results for a 16 day reciprocal transfer experiment undertaken in
February 1994 on M. indica grown in the ground for 28 months under C02-enriched or
ambient conditions. Prior to transfer, Amax and Ci were larger and g5 and C/Ca were smaller
(P <0.001) for trees grown with C02 enriclunent compared to controls (Figure 4.12a to d).

Values of Amax• g5 , C/Ca and Ci measured on days 11, 14 and 16 did not differ between each
other for trees measured under ambient conditions but grown for the previous 28 months
under COTenriched conditions (Figure 4.12a to d). Therefore the mean value of these
equilibrated values for all 3 measurements after transfer were compared to the value
measured prior to reciprocal transfer (Figure 4 .13a to d). There was a significant difference
in the values of g5 , C/Ca and Ci between days 11 and 16 for trees measured under ambient
conditions but grown under COTenriched conditions. (Figure 4.12b, c and d). In this case ,
values of g5 , C/Ca and Ci measured on day 16 were compared to values measured before
reciprocal transfer (Figure 4 .13b, c and d) .

Am.ax was 77 % larger (P < 0. 001) for trees measured under C02-enriched conditions but
grown under ambient conditions , compared to measurements obtained on trees grown and
measured with ambient conditions prior to the reciprocal transfer of C02 treatments (here
after written as: 'grown and measured under' either 'ambient conditions' or 'COrenriched
conditions), and 50% larger (P < 0. 001) compared to trees grown and measured with C02
enrichment (Figure 13a). In contrast, Amax was 19% smaller (P <0.001) for trees measured
under ambient conditions but grown under COrenriched conditions, compared to trees
grown and measured with C02 enrichment. Amax was not sigruficantly different for trees
measured under ambient conditions but grown under COTenriched conditions, compared to
trees grown and measured under ambient conditions.

Stomatal conductance was not significantly different between trees measured under C02enriched conditions but grown under ambient conditions, compared to trees grown and
measured under ambient conditions, but was 126 % larger (P < 0. 001) compared to trees
grown and measured with C02 enriclunent (Figure 4 .13b). Stomatal conductance was 294%
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Figure 4.12 Changes in leaf a) Arnv., b) g5 , c) C/ Ca and d) Ci were measured for trees grown
in the ground following 28 months with ambient (0) or COr enriched (• ) conditions, then at
intervals over 16 days fo llowing reciprocal transfer, where C02 treatment<; were reversed so
that trees grown under ambient conditions were exposed to C02-enriched conditions (D) and

visa versa (• ). Values are means ± s.e.
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Figure 4.13 Values for leaf a) A max• b) g5 , c) C/ Ca and d) Ci were measured for trees grown
in the ground following 28 months under ambient or COrenriched conditions, then C02
treannems were reversed so that trees grown under ambient conditions were exposed to COr
enriched conditions and visa versa. Values following reciprocal transfer were determined
from the mean of each measurement period if the values were equilibrated or from values
measured on day 16 if not equilibrated (see 4 .2.4). Values are means ± s.e. Bars with
different letters are significantly different (P < 0. 05).
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larger (P < 0. 001) for trees measured under ambient conditions but grown under COr
enriched conditions, compared to trees grown and measured with C02 enrichment, and 55%
larger (P<0.001) compared to trees grown and measured under ambient conditions.

Prior to reciprocal transfer, C/Ca was 10% smaller (P < O.OO I) for trees grown under COr
enriched conditions compared with controls (Figure 4.13c). C/Ca was not significantly
different between trees measured under COrenriched conditions but grown under ambient
conditions , compared to trees grown and measured under ambient conditions, but was 11%
larger (P < 0. 001) compared to trees grown and measured with C02 enrichment. C/Ca was
20% larger (P < 0. 001) for trees measured under ambient conditions but grown under COr
enriched conditions, compared to trees grown and measured with C02 enrichment, and was
7% larger (P < 0. 001) compared to trees grown and measured under ambient conditions.

Ci was 22% larger (P<0.001) for trees measured under COrenriched conditions but grown
under ambient conditions, compared to trees grown and measured with C02 enriclunent
(Figure 4.13d). Ci was not significantly different between trees measured under ambient
conditions but grown under C02-enriched conditions, compared to trees grown and measured
under ambient conditions.

SLA was 13 % smaller (P < 0. 001) for trees grown and measured under COrenriched
conditions compared to controls (Table 4.5) . SLA was 19 % smaller (P=0.003) for trees
measured under ambient conditions but grown under COrenriched conditions, compared to
trees grown and measured under ambient conditions. As a result there was no significant
different between trees measured under COrenriched conditions but grown under ambient
conditions , compared to trees grown and measured with C02 enrichment. However, trees
measured under ambient conditions but grown under C02-enriched conditions , did not result
in a significant change in SLA compared to trees grown and measured with C02 enrichment.

Soluble protein concentration expressed per unit of leaf DW was 16% smaller (P = 0.003) for
trees grown and measured with C02 enrichment compared to controls (Table 4.5). Soluble
protein concentration for trees measured under ambient conditions but grown under COr
enriched conditions, was not significantly different compared to trees grown and measured
under ambient conditions. However a trend suggests that soluble protein concentration
increases when trees were exposed to ambient conditions following long-term exposure to
C02 enrichment. Similarly, soluble protein concentration for trees measured under COr
enriched conditions but grown under ambient conditions was significantly larger, compared
132

to trees grown and measured with C02 enrichment. This trend suggests that soluble protein
concentration decreases when trees are exposed to C02 enrichment following long-term
exposure to ambient conditions.

Table 4.5 Leaves from trees grown in the ground for 28 months with ambient or C02enriched conditions were sampled in February to determine SLA, soluble protein
concentration expressed per unit of leaf DW and leaf area and chlorophyll concentration
expressed per unit of leaf DW . Leaves were again sampled 15 days after the C02 treatments
were reversed. Values are means ± s.e. Means followed by a different letter within a row
are significantly different (P < 0.05).
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Soluble protein concentration expressed per unit of leaf area was not significantly different
between trees grown and measured under COrenriched conditions compared to controls
(Table 4.5). However, soluble protein concentration was 11 % larger (P=0.05) for trees
measured under COTenriched conditions but grown under ambient conditions , compared to
trees grown and measured under ambient conditions , and was 18 % larger (P =0 .045)
compared to trees grown and measured with C02 enrichment. Soluble protein concentration
was 16% larger (P =0.005) for trees measured under ambient conditions but grown under
COr enriched conditions, compared to trees grown and measured with C02 enrichment.
Chlorophyll

2 concentration

expressed per unit of leaf DW decreased (P =0.04) for trees

grown and measured under COrenriched conditions compared to controls (Table 4.5).
However, total chlorophyll concentration was not significantly different between trees grown
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and measured with C02 enrichment compared to controls. There were no significant changes
in chlorophyll concentration in response to reciprocal transfer. However, a trend suggests
that chlorophyll concentration decreases upon transfer of trees from ambient conditions to
COrenriched conditions, and increases upon transfer of trees from COrenriched conditions
to ambient conditions. Chlorophyll concentration per unit of leaf area and the ratio of
chlorophyll~

to Qconcentration were not significantly different between treannents (data not

shown).

4.4 Discussion

4. 4.1 The influence of sink on A max, g5 and SLA in response to C02 enrichment

Trees grown in pots compared to trees grown in the ground
For trees grown in 15 L pots, measurement of gas exchange undertaken at twelve months
from the conunencement of the C02 enrichment experiment revealed that Amax was larger
with C02 enrichment compared to controls (Figure 4. 1a). An increase in Am3.Jl with C02
enrichment is consistent with the results observed for trees grown in the ground (Figure 4.1a)
and is discussed in 3.4.2. However, under ambient conditions, Am3.Jl was 55% smaller for
trees grown in 15 L pots compared to trees grown in the ground, whereas under C02enriched conditions, Arruu was 66% smaller for trees grown in 15 L pots compared to trees
grown in the ground (Figure 4.1a). Thus the influence of growth in 15 L pots resulted in
down-regulation of Am3.Jl irrespective of treannent, but in addition, down-regulation of Ama.x
was larger for trees grown in 15 L pots under C02-enriched conditions. The influence of
C02 enriclunent and growth in pots is further highlighted when at 16 months from the
conunencement of the C02 enrichment study, Ama.x was 8.5% smaller

and~

14 % smaller for

trees grown in 15 L pots with C02 enrichment compared with trees grown in 15 L pots under
ambient conditions (Figure 4.3a). A reciprocal transfer experiment to further investigate the
influence of pot based experiments on photosynthetic potential is discussed in 4.4.6.

It was generally found that an increase in Amax coincided with a decrease in SLA (Figure
4.1a and d). For example; SLA was smaller and Amax was larger for trees grown in the
ground compared with trees grown in 15 L pots irrespective of treannent, and SLA was
smaller and Amax was larger for trees grown with C02 enrichment compared with controls
for trees grown in the ground. A decrease in SLA has been associated with enhanced A in
response to C02 enrichment through a build-up of carbohydrates, principally starch, although
changes in mesophyll cell size and numbers have also resulted in decreased SLA (6.4.2).
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Cure et a!. ( 1991) found that SLA decreased as the carbon exchange rate increased during
the development of sink leaves following exposure to C02 enrichment. Similarly, Pettersson
and McDonald (1992) found decreased SLA (attributed to an accumulation of starch) and
enhanced A with C02 enrichment. In both srudies, plants were grown for a relatively short
period in large growth containers suggesting no influence of pots on sink. However, fo r trees
grown in 15 L pots in the present srudy, there was no significant difference in SLA between
treannents despite enhanced

Ama~

(Figure 4.la and d) . It is suggested that a smaller response

of SLA to C02 enrichment for trees grown in 15 L pots is due to down-regulation of A,
irrespective of treannent, where assimilate production was limited by a small whole plant
sink. In support of this , Thomas and Strain (1991) found no evidence of starch accumulation
in leaves where A was down-regulated in response to being grown in small pots.

There was no significant difference in SLA between trees grown in 25 L pots and trees
grown in the ground with C02 enrichment, even though Amax was 27% larger for trees
grown in 25 L pots compared to trees grown in the ground with C02 enrichment (Figure
4 .2a and d). As discussed in 6.4.2, accumulated carbon may be initially allocated to sink
tissues when seedlings established under ambient conditions are exposed to C02 enrichment.
In such trees, the initial high rates of A with C02 enrichment result in a rapidly enhanced
source/sink ratio which may result in the promotion of sink tissues rather than canopy
expansion. Strong sink development in seedling trees may limit or prevent the reduction of
SLA when A is enhanced by C02 enrichment. This view is supported by the results of a sink
manipulation experiment, where the promotion of vegetative regrowth following pruning
resulted in a substantial increase in SLA compared to non-pruned trees, irrespective of
treannent (see 4.4.4 , Figure 4 .8d). As a result of pruning , there was no significant difference
in SLA between treannents for pruned trees despite a 3 1 % increase in Amax for pruned trees
grown with C02 enrichment compared to pruned trees grown under ambient conditions
(Figure 4.8a) . From this result it may be concluded that SLA increases where A is enhanced
with C02 enrichment but only when the source/sink ratio is sufficiently small. A small
source/sink ratio, the result of a small source but a large sink, results in the rapid allocation
of assimilates to source tissue , as observed in the pruning experiment (4.4.4). A large
source/sink ratio, the result of restricted sink, such as for trees grown in 15 L pots for 12
months, resulted in the loss of photosynthetic enhancement and a subsequent reduction in the
supply of assimilates . Thus the response of SLA to C02 enrichment not only depends on
photosynthetic enhancement but also on the sink status of the whole tree.
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Stomatal conductance was smaller with C02 enrichment compared with controls for all
measurements of g 5 (Figures 4 . lb, 4.2b and 4.8b). However, g5 was substantially smaller for
trees grown in 15 L pots compared to trees grown in the ground, irrespective of treatment
(Figure 4.1 b). Water stress as a result of growth in small containers may lead to decreased
stomatal aperture (Tschaplinski and Blake 1985). However, Krizek et al. ( 1985) suggests that
root restriction does not alter water relations. Drought avoidance physiology of M . iruiica
(see 5.4.2) and the fact that trees grown in pots were watered to field capacity twice a day
(see 2.2.8) suggest that soil water stress may not have had a large impact on the downregulation of A for trees grown in 15 L pots. Thus a low g5 is likely to be a response to the
low Amax• thereby maintaining C; (Figure 4 .1 c) through the control of the supply and demand
for C02 (Von Caemmerer and Farquhar 1981).

The magnitude of the reduction in g 5 for trees grown in 15 L pots was large (approximately
90%) , irrespective of treatment (Figure 4.1 b). If photosynthetic potential was unaffected by
growth in pots, the large reduction in g5 would have caused a large reduction in C;. However
the change inC; was small within treatments (approximately 9%) (Figure 4.lc) and therefore
the reduction in g5 is most likely the result of reduced photosynthetic potential, thereby
maintaining a relatively constant C;.

AmaJ( and g 5 for trees grown in 15 L pots and trees grown in the ground were measured
during the same season. However, LAVPD was approximately 1.8 kPa for trees grown in
the ground and approximately 2.6 kPa for trees grown in 15 L pots, irrespective of
treatment, because of higher leaf temperature for trees grown in pots (data not shown). The
influence of atmospheric water content on g5 is discussed in 5.4 .1. Although g5 was largely
unaffected by increasing LA VPD , Amax decreased with increasing LA VPD irrespective of
treatment (Figure 4.4a and b). A decrease in Amax was not associated with reduced supply of
C02 to the mesophyll as C; was maintained, irrespective of treatment (Figure 4.4c). Non-

stomatal limitation of A in response to LA VPD has been reported by Lou ( 1991) and Dai et
al. (1992) . Sharkey (1984) and Eamus and Cole (1997) observed a limitation of A in

response to increasing E, independent of changes in gs (Figure 4.4d). Non-stomatal causes of
a decrease in A have been suggested previously (Cowan and Farquhar 1979, Downton eta/.
1988). However, the response of Amax to a change in LAVPD between 1.8 and 2.6 Kpa
(Figure 4.4a) was not likely to significantly contributed to the large difference in Amax
observed between trees grown in pots and trees grown in the ground (Figure 4.1a).
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Amax measured on trees grown in 25 L pots, exposed to ambient or C02-enriched conditions
for 6 months; and trees grown in the ground, exposed to ambient or COrenriched conditions
for 18 months; and measured in a similar season (April 1993 and April 1994 respectively)
were compared (Figure 4.2a to d). Amax was not influenced by growth in 25 L pots under
ambient conditions. However, there was a 35% increase in Amax for trees grown in 25 L pots
with C02 enrichment compared with trees grown in the ground with C02 enriclunent (Figure
4.2a). Thus the inhibition of Amax observed for trees grown in 15 L pots for 12 months
(discussed above) may be avoided by using larger pots and trees grown for a shorter
duration. Despite no difference in Amax for trees grown under ambient conditions, g5 and Ci
were smaller for trees grown in pots compared with trees grown in the ground under ambient
conditions (Figure 4.2b and c). Conversely , despite enhanced Amax for trees grown in 25 L
pots with C02 enrichment, g5 was smaller (non-significant) and Ci was smaller for trees
grown in 25 L pots with C02 enrichment compared with trees grown in the ground with C02
enridunem. This suggests that developmental differences between the two sets of trees ,
whether due to growth conditions (pots vs ground) , or tO the different duration of exposure to
C02 enrichment (acclimation processes), or due to tree age, makes the physiological
comparisons of the two seo of trees difficult. A significantly higher rate of Amax measured in
trees grown in 25 L pots in response to C02 enrichment compared to trees grown in the
ground may be due to a strong sink created by vigorous growth in the seedling trees (see
6 .4.2), and/or by high rates of A found when trees acclimated to ambient conditions are first
exposed to COr enriched conditions (see 4.4 .5).

4.4.2 Changes in foliar soluble protein and chlorophyll in response to C02 enrichment

Foliar soluble protein concentration decreased with C02 enrichment for trees grown in 25 L
pots (Table 4.3) and decreased for the majority of observations for trees grown in the ground
(Table 4 .5, see 3.4.4). A decrease in soluble protein with C02 enrichment has been observed
previously (Poorter et al. 1988, Van Oosten et al. 1992, Berryman et al. 1993). Rubisco is
the major leaf protein of C3 plants, constituting 30-50 % of soluble protein (Bowes 1991).
Therefore a decrease in foliar soluble protein often represents a loss in Rubisco (Pattersson
and McDonald 1994). Under COrenriched conditions, C02 supply to Rubisco is increased.
Therefore RuBP and/or Pi regeneration capacity may become limiting with C02 enrichment.
Consequently a transfer of nitrogen from Rubisco to electron transport capacity and/or
Calvin cycle enzymes may be an optimisation strategy, where optimisation is defmed as
moving resources from a non-limiting to a limiting process (Sage 1994). Sage (1994)
modelled NCi responses to C02 enrichment and showed that acclimation may reduce
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imbalances and eliminate single point limitations. On an A/C; curve, a decrease in CE and an
increase in Jmax may represent an acclimation response to C02 enrichment (Wong 1979,
Downton et al. 1980, Vu et al. 1983). In several studies, a reduction in CE coincided with
decreased Rubisco or soluble protein (Sage et al. 1988, Eamus et al. 1995) in response to
C02 enrichment. However, there was no significant difference in CE for either trees grown

in 15 or 25 L pots with C02 enrichment compared with controls (Figures 4 .6a and 4. ?a). The
maintenance of CE and a loss of Rubisco with C02 enrichment can be accommodated if the
activation state of Rubisco is enhanced, by inhibition of the carbamylated enzyme, or by an
increase in the specific activity of Rubisco (Bowes 1991). In support of this Ceulemans et al.
( 1997) found no evidence of down-regulation of Rubisco activity with C0 2 enrichment in a 1
to 4 month study of poplar seedlings.

Total chlorophyll concentration expressed per unit of leaf DW, decreased with C02
enrichment (Tables 4 .2, 4.3 and see Table 3.5). Total chlorophyll concentration expressed
per unit of leaf area also decreased with C02 enrichment for trees grown in 25 L pots and for
trees grown in the ground , despite decreased SLA (Table 4. 3, see Table 3.5). Leaves
selected for chlorophyll concentration measurement where exposed to PPFD above the level
for saturation of A for most of the day, so light availability was not limiting C0 2 ftxation (see
3.4.4). A decrease in chlorophyll concentration in response to C02 enrichment has been
reported previously (DeLucia er al. 1985, Surano et al. 1986, Wullschleger et al. 1992,
CeuJemans er al. 1997). C02 enrichment increases the efficiency of photon use for two
reasons. First, apparent quantum yield is enhanced with C02 enrichment due to reduced
photorespiration (discussed in 3.4.1). Second, the capacity for light-energy dissipation by
means of photochemical quenching is enhanced when plants are exposed to COrenriched air,
and so photoinhibition is reduced (Wullschleger et al. 1992, see 3.4.4). With enhanced
efficiency of light utilisation, chlorophyll concentration may be present in amounts that allow
a decline in concentration without compromise to the rate of A. Consequently, nitrogen can
be reallocated from chlorophyll to the dark reactions whereby P; and RuBP regeneration may
be enhanced . Photosynthetic capacity of the leaf is highly correlated to nitrogen content of

the leaves because the proteins of the Calvin cycle and thylakoids represent the majority of
leaf nitrogen (Evans 1989). Evans (1989) shows that growth irradiance influence the
partitioning of nitrogen between Rubisco and chlorophyll concentration. Given that soluble
protein decreased (principally Rubisco, discussed above) in response to C02 enrichment, this
suggests that C02 enrichment influenced the partitioning of nitrogen more between the leaf
and plant rather than the partitioning of nitrogen within the leaf. Loss of nitrogen may have
been in response to nitrogen deftciency in the soil, but this is unlikely given that the plants
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were supplied with nitrogen and were well watered during the study (2.2 .8 and 2.2.9). In
addition, the root/shoot ratio increased in response to C02 enrichment suggesting an
enhanced ability to sequester nutrient from the soil (see 6 .4.3) . An alternate view is that
nitrogen-use-efficiency is enhanced with C02 enrichment, and that the surplus nitrogen was
reallocated from the leaf to support enhanced growth. This point is further discussed in
chapter 6.

Arp (1991) found that many plants grown in pots displayed a marked decrease in chlorophyll
concentration with C02 enrichment. Herold and McNeill (1979) also found a decrease in
chlorophyll concentration in pot grown plants. However, in the present study, the trend
showed that total chlorophyll concentration was smaller for trees grown in 25 L pots
compared with trees grown in 15 L pots (Tables 4.2 and 4.3). In addition, in response to C02
enrichment, total chlorophyll concentration was 25 % less for trees grown in 25 L pots
compared to 10% less for trees grown in 15 L pots. It is tentatively suggested that
chlorophyll may act as a reserve for nitrogen such that when assimilation rates are high,
nitrogen is drawn from chlorophyll to support additional growth. Amax was larger for trees
grown in 25 L pots compared to trees grown in 15 L pots, irrespective of treatment as well as
in response to C02 enrichment (4.4.1) . Since A is influenced by sink (4.4.1), there was no
down-regulation of Amax for trees growing in 25 L pots because sink size was not restricted .
Thus for trees grown in 25 L pots, a large sink, enhanced A and enhanced carbon
accumulation (6.4 .2) resulted in a large reduction in chlorophyll concentration. This
suggestion is supported by the observed seasonal variation in chlorophyll concentration in
response to C02 enrichment for trees grown in the ground (see Table 3.5). The decline in
chlorophyll concentration with C02 enrichment was largest in the wet season where growth,
and subsequently sink size, was enhanced, compared to small decline in chlorophyll
concentration in response to C02 enrichment in the dry season, where growth, and
subsequently sink, was least (discussed in 3.3. 7).

4.4.3 The influence offlower and fruit development on sink activity

The presence of developing flowers (compared to the absence of developing flowers) resulted
in a smaller Amax for both treatments, but the reduction in Amax was larger for trees grown
with C02 enrichment than for controls (Table 4.4). Similarly, in a study of Valencia Orange,
the presence of developing fruit resulted in a decline in photosynthesis with C02 enrichment
(Downton et a!. 1987). Developing flowers represent a significant sink for carbon and
nutrients (Chacko and Ananthanarayanan 1982, Chacko 1992). Developing flowers may be
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supported through the translocation of stored carbon and nutrients from the roots and bark as
well as from leaves (Chacko and Ananthanarayanan 1982). Thus leaves may represent a
source of nutrients (particularly nitrogen) and carbon during flower development. Enhanced
A with C02 enrichment, reduced A in the dry season due to high LA VPD , and the loss of

leaf nitrogen during flower development may result in larger declines in AmaJt for trees grown
with C02 enrichment during flower development compared with controls.

In contrast to flower development, Arruu and g5 were smaller due to the presence of
developing fruit for trees grown under ambient conditions but the presence of developing
fruit did not influence Amax or g 5 for trees grown with C02 enrichment (Table 4.4) . The
requirement for water to promote fruit expansion may be larger than the water required for
flower development. The period in which fruit development occurs is characterised by low
atmospheric water content. In the present srudy, seasonal changes in LA VPD were
principally responsible for seasonal variations in A (discussed in 3.4.4 and 5.4.1). An
additional demand for water during fruit expansion may further increase water stress on the
tree, thereby reducing g 5 and further limiting Atnalt. Trees grown with C0 2 enrichment
maintain a higher Ci at a lower g5 and consequently may be less influenced by an increase in
water demand during fruit development (see 3.4.2). Instantaneous-transpiration-efficiency is
generally larger in C02-enriched trees (see 3.4.5) and this too may have contributed to the
lack of impact of developing fruit on Atnalt for COrenriched trees .

Stomatal conductance was smaller due to the presence of near ripe fruit for trees grown
under ambient conditions, but AmaJt was not influenced in either treatment (Table 4.4). In
November (late dry season) VPD was low as revealed by a relatively larger g5 for trees
grown under ambient conditions (Table 4.4). Consequently g5 was less influenced by the
demand for water during fru it development.

4.4.4 The manipulation of the source/sink ratio by pruning

The removal of all leaves presumably results in a large source limitation for growth,
irrespective of treatment. This results in a large decrease in the source/sink ratio, irrespective
of treatment. A small (but non-significant) increase in g 5 in leaves established following
pruning of trees grown with C02 enrichment, resulted in the maintenance of C 1 despite a
15 % increase in Amax (Figure 4 .8a, band c). Similarly, Syversten (1994) found an increase
in A and no change in g5 in basil leaves following shoot removal. Von Caemmerer and
Farquhar (1984) found that partial defoliation resulted in an increased mesophyll capacity for
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photosynthesis,

including increased chlorophyll concentration and Rubisco activity .

However , Will and Ceulemans ( 1997) found no response of A to pruning and attributed this
finding to seasonal influences, having decapitated their poplar shoots in the dormancy period
where unspent carbohydrate reserves negates treatments differences in the source/sink ratio .
The present study was conducted in March towards the end of the high growth season . Trees
grown with C02 enrichment prior to pruning may have been limited by sink rather than by
C02 supply. The provision of a large sink/source ratio is important for the maintenance of
photosynthetic enhancement with C02 enrichment. Increasing the sink/source ratio by
promoting canopy regrowth enhanced photosynthetic capacity of trees grown with C02
enrichment. Increased photosynthetic capacity of trees grown with C02 enrichment may also
result from enhanced nutrient availability to the leaf following pruning, given a large
root/shoot ratio that would exist following pruning . In the review by Sage ( 1994), plants that
maintained enhanced A at all values of C; following acclimation to C02 enrichment were
either field based or were not nutrient limited .

Decreased canopy area and increased root/shoot ratio following pruning (see 6.4.3) may
result in a better plant water status (Tschaplinsk.i and Blake 1989). Trees grown under
ambient conditions may be more advantaged by this than trees grown with C02 enrichment
because C; was limited by gs in these trees. Thus, if increased water status of ambient grown
plants resulted in increased g5 , and hence C; increased, A would be increased. Stomatal
conductance increased by 33% for trees grown under ambient conditions following pruning
resulting in a small (non-significant) increase in C; and a small (non-significant) increase in
Amax

(Figure 4.8a and d) . The small response of

A max

to pruning for trees acclimated to

ambient conditions suggest that under pre-pruned growth conditions, C; and not sink size
limited A . Thus a large increase in the source/sink ratio cannot improve photosynthetic
capacity for trees grown under ambient conditions.

A decrease in stomatal density following pruning for trees grown under ambient conditions
may reflect enhanced water status of these trees (Figure 4.8e, see 3.4.5). An increase in leaf
water status may decrease stomatal density through an increase in the leaf expansion rate, but
this assumes no change in the rate of stomatal initiation. Pruning did not influence stomatal
density for trees grown with C02 enrichment (Figure 4.8e), therefore pruning may not
influence stomatal initiation. Alternatively, the rate of leaf expansion and stomatal initiation
may be in balance, thereby no change in stomatal density will be observed.
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A decrease in SLA can sometimes result from increased carbohydrate storage within the leaf
and this occurs in response C02 enrichment (6.4.2). However , SLA increased by
approximately 64 % in leaves developed following pruning and was not significantly different
between treatments (Figure 4 .8d). Following pruning, assimilates are directed from the
source to the developing canopy. Sink strength (the developing canopy) remained large
relative to source strength (ie. photosynthetic output of the canopy) and so SLA increased
irrespective of treatment.

4.4.5 Shon term acclim.ation of trees transferred from COr enriched to ambient conditions

Jmax was 34% smaller for trees grown in 25 L pots with C02 enrichment compared to trees

grown in 25 L pots under ambient conditions (Figures 4.6a). However, Am:u was enhanced
with C02 enrichment when measured within the chambers one day prior to transferring the
same trees to the laboratory gas exchange system (Enriched C02 : 14.4 J.lmOl m2 s· 1, Ambient
2

C02 : 10.7 J.liDOl m s·

1
,

Figure 4 .10a). In contrast, 1max of trees grown in 15 L pots was only

8% smaller with C02 enrichment compared to trees grown in 15 L pots under ambient

conditions (Figures 4 .7a). In a review by Sage (1994), down-regulation of 1rnax for trees
acclimated to C02 enrichment was correlated with growth in small pots ( < 5 L), whereas 1max
of plants acclimated to C02 enrichment was enhanced in experiments conducted in large pots

( > 10 L) and in field based experiments. When sink demand is reduced, there is a feed-back
on photosynthesis through foliar carbohydrate accumulation (Stitt 1991, Sage 1994, see
3.4.3). The capacity of starch and sucrose synthesis to utilise trios phosphate and
subsequently regenerate Pi for photophosphorylation is reduced when sink is limited . In
addition, a decrease in the rate of starch or sucrose synthesis with C02 enrichment has also
been found (Socias 1993). A feedback mechanism may explain the decrease in A max with
C02 enrichment for trees grown in 15 L pot, but trees grown in 25 L pots were not sink
limited, as evidenced by enhanced Amax measured within the chambers (Figure 4.2a) and
enhanced dry matter accumulation with C02 enrichment (see 6.4.2). The large difference in

Jrnax between the two pot experiments is counter intuitive to the influence of sink, discussed
above. Clearly, a methodological problem associated with the laboratory gas exchange
system is responsible for the rapid decline Amax· The value of Amax measured in the field on
enriched COTacclimated trees grown in 25 L pots was 124% larger than Amax measured on
the same trees using the laboratory gas exchange system at a common Ci (440 J.UllOI mor'.
Figure 4 .7a, Figure 4.10a and c). In contrast, there was no substantial difference in the value
of Amax measured in the field on ambient C02-acclimated trees grown in 25 L pots and Ama.x
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measured on the same trees using the laboratory gas exchange system at a common C; (239
J..LIIlOl mor'). Thus the change in Amax upon transfer to the laboratory gas exchange system
occurred only for COracclimated trees. Trees were transferred to the laboratory from the
field chambers 36 hours prior to the commencement of the A/C; investigation. It is suggested
that when trees acclimated to COTenriched conditions are exposed to ambient conditions in
the laboratory , short-term biochemical acclimation occurred. Consequently, Amax declined
before the measurement of the A/C; relationship in the laboratory. In addition to the exposure
of enriched COr acclimated trees to ambient Ca in the laboratory, the initial lack of response
of g 5 to change in Ca may have resulted in a lower C; than would be encountered had g5
responded to the transfer from COrenriched to ambient conditions (Figure 4 . 1Ob). The
mechanisms for these changes cannot be speculated upon without further investigation. This
result does, however, suggest that the whole tree should be maintained in the atmosphere in
which the plants were acclimated prior to and during A/C; investigations.

4.4.6 Determination of acclimation in response to C02 enrichment by reciprocal transfer

Trees grown in the ground
Anw: of trees measured under COTenriched conditions but grown under ambient conditions
was larger, compared to trees grown and measured with C02 enrichment (Figure 4 .13a)
Such a result is often interpreted as loss of photosynthetic potential (Sage 1994). However,
because g5 of leaves measured with C02 enrichment but acclimated to ambient conditions was
more than double the g 5 of leaves grown and measured with C02 enrichment (Figure 4.13b) ,
C; was therefore significantly larger (Figure 4 .13c) and thus Amax may be expected to be
larger if A was C02 limited. Thus the conclusion that a loss of photosynthetic porential
occurred in trees grown with C02 enrichment may be in error (Eamus 1996b) . This view is
further substantiated by the observation that Amax of leaves measured under ambient
conditions but grown under C02-enriched conditions was not significantly different from

Amax of leaves from trees grown and measured under ambient conditions. Since C; was not
significantly different, it is concluded that no loss of photosynthetic potential occurred. A
similar absence of down-regulation has been observed in several studies of mature trees
(Gunderson et al. 1993, Liu and Teskey 1995 , Teskey 1995 , Ellsworth er al. 1995 , Teskey
1997).

Stomatal conductance of leaves measured under ambient conditions but grown under COT
enriched conditions was larger than g 5 of leaves grown and measured under ambient
conditions (Figure 4.13b). However, C; and Amax were the same for both sets of trees (Figure
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4.13a and d). Lloyd et al. ( 1992) showed that as mesophyll conductance (gm) of evergreen
perermials (such as M. indica) declines, stomatal cavity C02 concentration declines. Thus it is
tentatively suggested that with C02 enrichment, because stomatal density declined (3.4.5) and
SLA declined (Table 4 .5) the average path length for diffusion of C02 from the bulk air to
the furthest chloroplast increased . Consequently mesophyll conductance may have declined,
and hence a larger g5 is required to maintain the same C; and A (as observed).

SLA decreased in trees acclimated to ambient conditions when exposed to C02 enrichment
(Table 4.5). The rapid decrease in SLA (within 16 days) suggests that a decrease in SLA
with C02 enrichment is due to an increase in carbohydrate concentration rather than changes
in leaf ultrastrucrure (see 6.4.2) . However, SLA did not decrease when trees acclimated to
COr enriched conditions were exposed to ambient concentrations, because Amax decreased
under ambient conditions resulting in a decreased photosynthetic output.

Soluble protein concentration expressed per unit of leaf DW was 16% smaller for trees
grown and measured under COrenriched conditions compared to trees grown and measured
under ambient conditions (Table 4.5). Trends apparent in Table 4 .5 suggest soluble protein
concentration decreased for trees grown under ambient conditions but measured under COr
enriched conditions, and increased for trees grown under C02-enriched conditions but
measured under ambient conditions. Only chlorophyll Q concentration expressed per unit of
leaf DW decreased for trees grown and measured under C02-enriched conditions to trees
grown and measured under ambient conditions (Table 4.5). However, the trend suggests that
chlorophyll concentration decreases for trees grown under ambient conditions but measured
under COrenriched conditions, and increases for trees grown under COr enriched conditions
but measured under ambient conditions.

An increase in soluble protein concentration expressed per unit of leaf area for trees grown
under ambient conditions but measured under COrenriched conditions was the result of
decreased SLA. However , an increase in soluble protein concentration for trees grown under
C02-enriched conditions but measured under ambient conditions was the result of increasing
soluble protein concentration and not because of a change in SLA.

Trees grown in the ground: stomatal acclimation
C;!Ca was smaller for trees grown and measured with C02 enrichment compared to trees
grown and measured under ambient condition (Figure 4.13c, see Figure 3. 10b). However,
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Sage (1994), found that C/Ca generally declined in a range of C 3 species in response to C02
enrichment, but only in plants subject to drought or high VPD, otherwise C;IC3 exhjbited no
consistent change in response to C02 enriclunent . The influence of VPD on the response of
C /Ca to C02 enrichment is discussed further in 3.4.4. A decrease in C/Ca in response to
C02 enrichment can be the result of either an increase in A or a decrease in g5 , or both, as
observed (Figure 4.13a, b and c). Long-term exposure tO C02 enrichment can result in
acclimation of processes of photosynthesis (discussed in 4.4.6) . But comparing trees grown
and measured under their respective growth conditions may not separate the stomatal
response to C02 enrichment from the assimilation response to C02 enrichment. Because gs
varies in response to changes in C 3 and A, it is difficult to use measurements of g5 alone to
assess changes in the relationship between stomatal behaviour and photosyntl'tesis resulting
from stomatal acclimation to C02 enrichment (Sage 1994).

A useful index of possible stomatal acclimation to long-term exposure to C02 enrichment is

the C;IC3 ratio, which directly reflects any changes in the relationship between g 5 and the
biochemical capacity of C02 ftx.ation (Ball and Berry 1992). Long-term changes in C/Ca may
indicate stomatal acclimation (Sage 1994). The relative influence of gs or A on C;IC3 can be
determined using a reciprocal transfer experiment, where the long-term influence of C02enrichment can be determined when plants are measured under a common C 3 (4 .1.1). Figure
4.13 shows the results of a reciprocal transfer experiment using trees grown in the ground
following long-term (28 months) exposure to C02-enriched or ambient conditions. Stomatal
conductance was significantly larger for trees acclimated to high C02 but measured under
ambient conditions when compared to trees grown and measured under ambient conditions,
but Amax and Ci were not significantly different. Since A was not significantly different
between treatments when compared at a common Ci, it may be concluded that no down
regulation of A occurred as a result of long-term exposure to C02 enrichment. Since Amax
was not influenced by long-term exposure to C02 enrichment, as revealed when measured
under a common Ci, the increase in C/ Ca is due to g 5 alone. Sage (1994) states that if
stomata independently acclimate to changes in growth C02 , then C/ Ca should change. It is
therefore concluded that the stomata have independently acclimated to C02 enrichment.
Stomatal acclimation in response to C02 enrichment may result from change in stomatal
sensitivity to C02 enrichment (Santrucek and Sage 1996).

Trees grown in 25 L pots
Amax and g5 were larger for trees transferred from ambient to COz-enriched conditions

compared to trees grown and measured with COz enrichment (Figure 4 . l la and b).
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However, the response of Amax and g5 to transfer from ambient to C02-enriched conditions
was not as large compared to the same experiment for trees grown in the ground (Figure
4.12a and b). The smaller response of g5 for trees grown in 25 L pots may account for the
small (non-significant) response of Ci (Figure 4 . ll d). The difference in the response of Amax
and gs between experiments is likely to be the result of seasonal differences in VPD (see
3.4.4). Nevertheless, a small increase inC; may account for the observed difference in AmaxSimilar to trees grown in the ground, the apparent loss of photosynthetic potential in trees
grown in 25 L pots under COr enriched conditions may be in error because of the influence
of C02 enrichment on g5 • Again, as with trees grown in the ground , this view is further
substantiated by the observation that Amax of trees transferred from C02-enriched to ambient
conditions was not significantly different compared to Ama.x of trees grown and measured
under ambient conditions. The small (although not significant) increase in g5 for trees
transferred from COTenriched to ambient conditions compared to trees grown and measured
under ambient conditions may account for the small increase in C;. Thus it is concluded that
no loss of photosynthetic potential occurred . Two further conclusions can be drawn from the
reciprocal transfer response of trees grown in 25 L pots. First, growth conditions, including
pot size and the period of time in which the trees were grown in pots, did not result in downregulation of Amax as a result of exposure to C02 enrichment. Second , the season in which
the experiments were undertaken did not have a large influence on reciprocal transfer results .
Seasonal variation in VPD had a large impact on the absolute value of Amax and g5 when trees
grown in the ground (February) and trees grown in 25 L pots (March) were compared
(Figure 4.2), but seasonal influences had only a small impact on the relative response of Amax
and g 5 to reciprocal transfer. Although, Arp (1991 ) suggests that variation in the balance
between source and sink due to seasonal influences may impact on the acclimation response
to C02 enrichment, this was not necessarily the case in the present study. Although dry
matter accumulation and dry matter panitioning is influenced by season (see 6.4.2), a strong
sink is maintained during all seasons, and sink is a major determinant of the maintenance of
long-term enhancement of A to C02 enrichment .

Trees grown in 15 L pots
Ama.x• g 5 and Ci for trees grown in 15 L pots and measured under ambient conditions
following twelve months exposure to COrenriched conditions were not significant~y different
compared to trees grown and measured under ambient conditions (Figure 4.9a , b and c)
suggesting no loss of photosynthetic potential as a result of acclimation to C02 enrichment.
This result was similar to that found for trees grown in 25 L pots and trees grown in the
ground and is despite an apparent down-regulation of Amax, irrespective of treatment, when
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compared to trees grown in the ground (Figure 4.la). However, unlike trees grown in 25 L
pots and trees grown in the ground,

A maJo

gs and C; for trees transferred from ambient to

COrenriched conditions were not significantly different compared tO trees grown and
measured under ambient conditions (Figure 4.9a, b and c). Thus, trees transferred from
ambient to COrenriched conditions did not capitalise on additional Ci. This suggests an
influence of the smallness of the pot on gs. After twelve months growth in 15 L potS, trees
acclimated to ambient conditions appear not to have additional stomatal capacity that was
observed for trees grown in 25 L potS and trees grown in the ground (Figures 4. 11 b and
4 .13b). Without further investigation, it can only be speculated that the restriction of root
growth in 15 L pots limitS stomatal capacity. Evidence to support this comes from the
laboratory investigation of the A/Ci response. For trees grown in 25 L pots, gs at a C; of 260
J.llllOl mor

1

was larger for trees acclimated to ambient conditions compared to trees

acclimated to COrenriched conditions (Figure 4.7b). However, for trees grown in 15 L pots,
g 5 at a Ci of 260 J.l.mol mor 1 was not significantly different between trees acclimated to
ambient conditions and trees acclimated to COrenriched conditions (Figure 4.6b). It is
concluded that sink restriction due to growth in small pots , although sufficient to influence
the growth response irrespective of treatment (see Chapter 6), was not sufficient to result in a
feedback inhibition of A for trees grown with C02 enrichment. The fact that SLA was not
significantly different between treatments supports the argument that carbohydrate build-up in
the leaf did not result from exposure to C02 enrichment. It is tentatively suggested that since
A= is already considerably down-regulated for both treatments as a result of root
restriction, C02 enrichment has little influence on further down-regulation of A. However,
laboratory gas exchange measurements of Arnax suggest that growth in 15 L pots for 16
months was sufficient to result in considerable down-regulation of A max with C02 enrichment
(4.4.5).

4.6 Conclusions

This study sought to investigate the effect of sink on the response of Arnax and gs to C02
enrichment. Several experimental approaches were used, including the use of trees grown in
pots as well as trees grown directly in the ground. As the influence of restricted root volume
on gas exchange is becoming better recognised , the degree to which growing trees in potS
influences gas exchange is becoming an important question. But in answering this question
other influences, besides or in combination with the influence of pot based growth, became
apparent. For trees grown in 15 L potS, there was considerable down-regulation of

Ama.:u

irrespective of treatment, and this may have masked any feedback inhibition of A in response
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to C02 enrichment. Reciprocal transfer of these trees revealed no loss of photosynthetic
potential following acclimation to C02 enrichment, but the inability of trees acclimated to
ambient conditions to benefit from additional C02 following transfer to C02-enriched
conditions was attributed to the lack of an adequate sink, itself resulting from growth in small
pots. When Amax for trees grown in 15 L pots was measured following 16 months exposure
to C02 enrichment, sink limitation resulted in down-regulation of Amax·

SLA was large for trees grown in 15 L pots compared to trees grown in the ground ,
irrespective of treatment, and there was no influence of C02 enrichment on SLA. SLA
appears only to increase with C02 enrichment when A is sufficiently enhanced and when the
source/sink ratio is sufficiently small. Thus the response of SLA to C02 enrichment nor only
depends on photosynthetic enhancement but also on the sink status of the whole tree . In
conclusion, the use of small pots can result in down-regulation of A and is mediated not
through simple reduction in gs, but rather through the effect on source/sink ratios . The use of
large pots for short experiments may counteract the impact of pots on gas exchange, but
ultimately trees grown in the ground represent the best strategy for experimentation .

Stomatal conductance had little influence on the response of Amax to growth in pots and thus
photosynthetic potential was independent of g5 and Ci. Foliar soluble protein and chlorophyll
concentration decreased with C02 enrichment for trees grown in 25 L pots and for the
majority of measurements of trees grown in the ground, and may represent reallocation of
nitrogen within the leaf to limiting processes of the photosynthetic carbon reduction cycle or
reallocation to support growth. Of the three sets of experiments (trees grown in 15 L pots, 25
L pots and trees grown in the ground) the largest decline in soluble protein and chlorophyll
concentration in response to C02 enrichment and irrespective of treatment, were observed in
trees with the largest Amax and growth response at the time of measurement . Change in
soluble protein and chlorophyll concentration may therefore be linked to carbon sink. Thus
nitrogen may be reallocated from the leaf to support growth when sink strength was sufficient
to support enhanced Amax.

If the presence of developing flowers and fruit represented only a large sink for carbon, then
it may be expected that Amax would be enhanced in response to C02 enrichment. However ,

this was not observed. Flower development had a more negative impact on Amax for trees
grown with C02 enrichment compared with trees grown under ambient conditions, whereas
early fruit development had a negative impact only on trees grown under ambient conditions.
This response may be a combination of developmental and seasonal influences on the
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response of AmaJt and g5 to C02 enrichment. A high demand for nutrients at the height of
flower development may have disadvantaged trees acclimated to C02 enrichment as nutrients
may be more limited where carbon supply is in excess . An increased demand for water
coupled with high LA VPD during early fruit expansion may disadvantage trees acclimated to
ambient conditions where annospheric water stress in the dry season is primarily responsible
for the seasonal decline in Amax· Stomatal conductance was larger under ambient conditions
during the dry season and further declined during early fruit expansion.

The manipulation of the source/sink ratio by pruning demonstrated that trees grown in the
ground with C02 enrichment at the time of the experiment were limited by sink, because
Amu was greatly enhanced following pruning. The small response of Amalt following pruning
for trees acclimated to ambient conditions, suggests that trees were limited by C02 and not
by sink. This result suppons the unified finding that sink is a principal limitation on enhanced
A with C02 enrichment.

The reciprocal transfer experiment for trees grown in the ground contributed to the
understanding of Arruu and &s acclimation in response to C02 enrichment . Although Amu was
larger for trees measured under COrenriched conditions but grown under ambient
conditions, compared to trees grown and measured with C02 enrichment, this response does
not represent photosynthetic down-regulation, as g 5 doubled and C; increased as a result of
transfer from ambient to COr enriched conditions . Further, there was no difference in Amax
or C; between trees measured under COr enriched conditions but grown under ambient
conditions compared to trees grown and measured under ambient conditions. As well as
demonstrating that there was no loss of photosynthetic potential for trees acclimated to C02
enrichment, this result demonstrates that sink is a major determinant of the acclimation
response to C02 enrichment. A decrease in C /Ca in response to C02 enrichment was found
to be due to stomatal acclimation and not due to the influence of water stress on g 5 .

Reciprocal transfer resulted in changes in foliar soluble protein and chlorophyll concentration
consistent with changes observed with C02 enrichment over the long-term. When trees were
transferred from ambient to COrenriched conditions foliar soluble protein and chlorophyll
concentration decreased. When trees were transferred from COr enriched to ambient
conditions foliar soluble protein and chlorophyll concentration increased. This acclimation
response to C02 enrichment demonstrates considerable plasticity in the leaf's ability to adjust
biochemical processes.
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Chapter Five
Water Relations
S.llntroduction

The wet-dry tropics constitute a large fraction of the area of Australia. Within this region
vegetation is a major determinant of regional climate and may have a significant influence on
the global carbon budget (Taylor and Lloyd 1992). Despite the importance of tropical
vegetation to global C budgets and regional weather (see 1.1), and the highly seasonal pattern
of rainfall, there have been few detailed studies of the impact of C02 enrichment upon plant
water status in this region (Eamus et al. 1995).

Changes in soil water availability and aunospheric water content influence stomatal
conductance (gJ and transpiration rate (E) directly (Schulze 1986a, Schulze 1986b, Chaves
1991 , Chaves and Pereira 1992). Therefore , it may be postulated that large daily and

seasonal changes in soil and atmosphere water availability in the study region (see 1.6), may
influence the response of g5 and E, and thus A and growth to C02 enrichment. Most
recently, C02 enrichment has also been shown to reduce whole tree hydraulic conductance
(Lp) of two tropical tree species (Earnus et a/. 1995). A correlation between maximum g5
attained by the leaf and the root to leaf Lp was demonstrated by Meinzer et al. 1988.
Therefore , Eamus er al. (1995) has suggested that, where g5 is reduced by C02 enrichment,
whole tree Lp will also be reduced.

Because the water status of a plant is a dynamic equilibrium between water uptake by roots
and water loss by leaves, and because of the interaction among canopy area, g5 , root mass,
Lp and solute accumulation as determinants of plant water status, it is generally not possible
to unequivocally predict the impact of C02 enrichment upon plant water status. Thus C02
enrichment has been shown to both increase and decrease pre-dawn leaf water potential (predawn '¥ w) or mid-day leaf water potential ('I'w) of a range of species (Miao er al. 1992,
Morison 1993, Tyree and Alexander 1993, Eamus et al. 1995) signifying that no single
simple response characterises the impact of C02 enrichment upon plant water status.

Many species show osmotic adjustment in response to the development of drought,
particularly if the development of drought is sufficiently slow (Turner and Jones 1980,
Morgan 1984). Osmotic adjustment requires, in most instances, the production of organic
solutes. Since C02 enrichment enhances the assimilation rate (A) of Mangifera indica (see
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Chapter 3), it can be postulated that osmotic adjustment may be enhanced by C02 enrictunent
by increased availability of carbon. Osmotic adjustment can be measured using the technique
of pressure-volume analyses (PV analysis, Hellkvist et al. 1974, Earnus et al. 1995) and this
technique was applied in the present study.

Northern Australia is typified by large seasonal variations in rainfall and vapour pressure
deficit (VPD) (see 1.6). The wet season, usually between November and March, is
characterised by high rainfall and relatively low VPD whilst the dry season, between April
and October, is characterised by several months with no rainfall and high VPD. Daytime air
temperatures show little variation between seasons. Many Australian native tree species have
adapted to the dry season by shedding all or some of their leaves (Williams et al. 1997).
However, M. indica is an evergreen tree and is considered drought tolerant, being able to
survive up to 8 months without rain (Sukonthasing et al. 1991). Drought tolerance in mango
is based on active osmotic adjustment to prevent desiccation and to maintain leaf turgor
rather than resistance by the tissue to dehydration damage (see 1.5.1). Although, M. indica is
a drought tolerant species, a principal aim of the study was to investigate gas exchange,
growth and dry matter accumulation in response to C02 enriclunent under non-limiting water
and nutrient conditions. Therefore trees were irrigated at all times of the year, with one
exception (discussed below).

The influence of fruit development (which represents a significant sink for assimilated C) on
A and g5 in response to C02 enriclunent was investigated in Chapter 4. The commercial
management of M. indica requires a period of drought to promote flower initiation (Chacko
1986, Whiley 1986). Therefore a regime of minimal irrigation during the dry season was
used in the present study to promote flower induction (see 2.2.8). Irrigation was increased
following flowering to promote fruit set and fruit growth. This chapter investigates the
influence of low water supply and C02 enriclunent on the water relations of M. indica.

The aims of this chapter are three-fold. First, to investigate the impact of C02 enriclunent on
leaf water status, as revealed by measurements of \}1w. PV analysis and diurnal time course
measurement of leaf relative water content (RWC) . By reducing irrigation in the dry season,
possible influences of C02 enriclunent on plant water relations may become more evident. As
season has a strong influence on soil and atmospheric water availability in the study region,
the second aim was to determine whether any impact of C02 enriclunent upon plant water
status varied between seasons and whether osmotic adjustment was influenced by C02
enriclunent. Finally, if a reduction in irrigation in the dry season influenced leaf water status,
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what impact may this have had on the gas exchange response of M . indica to C02
enriclunent, as determined in chapters 3 and 4.

5.2 Materials and Methods

5.2.1 Irrigation

All water relations experiments and observations described in this chapter were performed on
grafted M. indica planted in the ground in October 1991 (see 2.2.1 for experimental
arrangement and 1.5.2 for description of the experimental material). Irrigation regimes
varied according to season, the number of trees in each chamber and the size of trees in each
chamber (see 2.2.7 and Table 2.2). During the dry season daily watering was reduced in
order to induce flower initiation (1st year 9-8-1992 to 30-9-1992, 30 L per chamber per day ;
2nd year 20-6-1993 to 10-9-1993, nil water). Once flowering panicles were initiated , daily
watering was increased to promote panicle expansion and fruit set (1st year 30-9-1992 to 1-11992 and 2nd year 10-9-1993 to 5-3-1993, 130 L per chamber per day) (Table 2.2).

5.2.2 Stomaiai conductance, E, daily mean 'Pw and pre-dawn 'Pw

In the first study, the diurnal time course of g5 was measured using a leaf diffusion porometer

(AP4 Porometer, Delta-T Devices, UK) on seven occasions during the growth experiment
(August 1992, November 1992, January 1993, early August 1993, late August 1993,
December 1993 and February 1994). These sampling periods represent measurements from
two wet seasons and two dry seasons. Five trees per chamber and three leaves per tree were
sampled hourly between 0900 and 1600 h. In all studies, leaves were selected from fully
hardened growth flushes in the upper canopy, where exposure to the sun was uniform
throughout the day .

In a second study, the diurnal time course of g5 and \f'w was measured during the entire
photoperiod (0630-1830 h) in January 1993 (wet season), August 1993 (dry season) and
December 1993 (early wet season). One leaf from each of five trees per chamber was
sampled each hour. Immediately after measuring g5 , \f'w was measured by placing a plastic
bag over the leaf (with a puff of breath to close the stomata), excising the leaf from the
branch with a sharp razor blade and transferring the leaf to a Scholander-type pressure
chamber (Soil Moisture Equipment Corp. Santa Barbara USA) (Scholander et al. 1965).
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E was calculated using g 5 , leaf temperature (Tre.ar) and RH (Appendix 3). Relative humidity
(RH) within each chamber was calculated from hourly measurements of wet and dry bulb
temperatures using a sling hygrometer (Appendix 4). Leaf to air vapour pressure difference
(LAVPD) was calculated from air temperature (Tair). T 1caf• and RH (Appendix 5). Vapour
pressure deficit was calculated from RH and Tair (Appendix 2).

Lp was calculated according to the method of Meinzer et al. (1988), and this is the inverse of
the slope of the regression between transpiration rate and leaf water potemial (Eamus et al.
1995).

5.2.3 Pressure-volume analysis

PV analysis was undenaken in September 1993 (late dry season) and December 1993 (early
wet season) according to the method of Hellkvist et al. (1974) using a Scholander-type
pressure chamber. Leaves were selected as described in 5.2.2. In the September study , two
trees per chamber and two leaves per tree were sampled. In the December study, four trees
per chamber and two leaves per tree were sampled . All leaves were sampled before 0600 h
on the day of PV analysis . Selected mature terminal growth flushes were cut with secateurs
above the imernode. The stem was immersed in water and then immediately recut under
water. Sterns were left in the water and samples were kept in a dark moist environrnem for
four hours prior to analysis to ensure full hydration. Leaves were cut from the growth fl ush
using a sharp razor, ensuring that petiole lengths were consistent for each leaf. Before
placing in the pressure chamber, the leaf was weighed to determine turgid weight. After the
balance pressure was measured, a 200 fll pipette packed with filter paper (Whatmans N° 1)
was placed over the cut petiole. Pressure was increased by increments of 0.015 to 0.03 MPa.
After three minutes the change in pipette weight was recorded. Once the relationship between
inverse ':1' w versus RWC was determined to be linear, the leaf was removed from the pressure
chamber and dried . Solute potential at full turgor (':1' 5 . max) and solute potential at zero turgor
('l's. 0) were calculated according to Ladiges (1975).

5.2.4 Leaf relative water content

Diurnal changes in leaf RWC were measured in October 1992 (early wet season), April 1993
(late wet season) , August 1993 (dry season) and December 1993 (early wet season). Leaves
were selected as described in 5.2.2. Leaves were sampled hourly between 0700 and 1700 h.
Disks were cut half way along the leaf and between the mid-rib and leaf edge . Leaf disks
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were 102.5 mm2 when sampled in October 1992. Leaf disks were 250 mm2 for all other
measurement periods. One disk per leaf was punched from each of six trees per sampling
period per chamber. Disks were weighed irrunediately to determine fresh weight (FW) . Disks
were then floated on distilled water in the dark for 24 h, then surface dried and weighed to
determine turgid weight (TW) . Disks were then dried at 70 °C for 48 h and weighed to
determine dry weight (OW). Leaf RWC was calculated by (FW-DW/TW-DW)xlOO .

5.2.5 Statistical analysis

Data were analysed using Systat version 5.02 (Wilkinson 1990). Comparison of means
among and between treatments was performed using a one or two factor nested analysis of
variance (ANOV A) . The principal factor was C02 treatment. The additional factor was the
effect of time, either between successive observations or between morning and afternoon
measurements of g5 and E, the parameters used to calculate E (Tair• T1eaf • VPD , LA VPD) ,
pre-dawn \j' w • mean daily \f'w . \f/5 • max•

\f'~. 0

and RWC. Nested terms were either trees within

treatment chambers or replicate chambers within C02 treatments . Post hoc multiple
comparisons were conducted using the Tukey's method (Day and Quinn 1989) when
ANOVA showed significant treaonem effects. Group variances were compared using
Bartlen' s test for homogeneity of group variances .

Lp was compared using analysis of co-variance. Prior to the analysis of co-variance, the
relationship between E and Ifw was tested for linearity . Analysis of co-variance was then
used to determine whether a significant change in slope of the E/\j' w relationship occurred
between C02 treatments by determining the significance of the treatment x E interaction
term.

Comparison of the diurnal change in leaf RWC (5.2.4) used Ross combined curve analysis
(Ross 1983). Probability of 0.05 was used in all statistical tests as the level for rejection of
the null hypothesis, unless otherwise stated.
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5.3 Results

5.3.1 Long-term and seasonal variations in gs with C02 enrichment

In the first study of g5 , mean daily g5 measured between 0900 and 1600 h was 30% less
(P < 0. 001) with C02 enrichment compared with controls for six of the seven measurement
periods (Figure 5.1). Overall g5 was 275% larger (P<0.001) in the wet season compared
with the dry season, irrespective of treatment (Figure 5.1). The difference in g5 between
treatments was larger (P <0.001) in the dry season compared with the wet season. For
example g 5 was 38 % smaller with C02-enrichment compared with controls in the dry season
but was 31% smaller with C02 enrichment compared with controls in the wet season.

5.3.2 Seasonal and morning versus afternoon variation in gs, E, If/...., and pre-dawn cp..., in
response co C02 enrichment

In the second study of g 5 , 'f'w and related parameters, mean g5 measured between 0630 and
1830 h was 17, 32 and 15 % less (P <0.033) in January , August and December 1993 with
C02 enrichment compared with controls (Table 5. 1). There was a significant C02 x season

interaction (P < 0 .001) such that g 5 was 30% smaller with C02 enrichment in the dry season
(August 1993) but 17 and 16% smaller with C02 enrichment in the wet season (January 1993
and December 1993) (Table 5.1 ).

Stomatal conductance measured in the morning (0630-1230 h) was 32 and 31 % less
(P < 0.04) with C02 enrichment in January 1993 and August 1993 respectively compared to
controls (Figure 5.2a). In the afternoon (1230-1830 h) there was no significant difference in
g5 between treatments for any period . Stomatal conductance was larger (P < 0. 001) in the

afternoon compared to the morning in January 1993 and December 1993 (wet season) but
was smaller (P <0.031) in the afternoon compared with the morning in August 1993 (dry
season) for both treatments, with the exception of control trees in January 1993 where there
was no significant change in g5 between the morning and the afternoon. Although there were
significant changes in g 5 between the morning and the afternoon within treatments. C02
enrichment did not influence the response of g5 between the morning and the afternoon for
any measurement period .

Daily mean E measured in the wet season (January 1993 and December 1993) was larger
(P <0. 001 ) than E measured in the dry season (August 1993), irrespective of treatment
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Figure 5.1 Mean daily g 5 for M . indica grown under ambient (0) or C02-enriched (• )
conditions at seven intervals over 28 months. Values are means
significance between data points (P > 0. 05).
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± s .e. N/S indicates non-

Table 5.1 Stomatal conductance, E, daily mean

'-~'w•

pre-dawn '-l'w. VPD , LAVPD ,

T 1c3 r and Tair

were measured on M . indica grown under ambient or COT

enriched conditions measured in January 1993 (wet season), August 1993 (dry season) and December 1993 (early wet season). Values are daily means
between 0630 and 1730 h ± s.e. with the exception of pre-dawn '-l'w which was detennined before 0700 h. Means followed by a different letter within a row
are significantly different (P < 0.05).

January 1993

gs (mol m·2 s·1)
E (mmol m·2 s·1)

August 1993

December 1993

Ambient C02

Enriched C02

Ambient C02

Enriched C02

Ambient C0 2

Enriched C02

0.24" ± 0.02

0.20b ± 0.01

O.lOC ± 0 .0 1

0.07d

± 0.01

0 .38e ± 0.02

0.32' ± 0.02

3.7" ± 0.4

3.7"

± 0.3

3 .0~

± 0 .2

2. 1b±0.2

5.2c

± 0.4

5. 1. ±0.4

\f'w (MPa)

-0.09. ± 0.01

-O.l2b ± 0.01

-0.27c

± 0.01

-0.25c ± O.Ql

-0.13b

± 0.01

-O. IGct ± 0.01

Pre-dawn \f'w (MPa)

-0.04"( ± 0.01

-0 .04"( ± 0 .01

-0.2 1b ± 0.03

-0. 17b ± 0 .03

-0.03'

± 0.01

-0.05c ± 0.01

1.02. ± 0 . 10

1.10" ± 0.06

± 0.1 1

3.40b ± 0. 12

0.79" ± 0.03

0 .83" ± 0.04

LAV PD (kPa)

2.3" ± 0.1

2.2" ± 0.1

3.8b ± 0. 1

4.2c ± 0.1

1.4d ± 0 . 1

1.8. ± 0. 1

T leaf (oC)

33.8" ± 0 .2

33.8" ± 0 .2

34.39" ± 0.30

34.6"b ± 0.3

35.3bc ± 0.2

35.7( ± 0.2

T.;, ( C)

31.3" ± 0.6

31.1 '

32.0"b ± 0.5

31.9"b ± 0.2

33.2b ± 0.4

33. 1b ± 0 .4

VPD (kPa)

± 0.4

3.20b
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Figure 5.2 a) g5 , b) E, c) daily mean '¥ w and d) VPD for M . indica grown under ambient
(clear bar) or COrenriched (hatched bar) conditions, measured in the morning (am , 06301230 h) and in the afternoon (pm, 1230-1830 h) in January 1993 (wet season) , August 1993
(dry season) and December 1993 (early wet season). Values are means
different leners within a season are significantly different (P < 0.05).
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±

s.e. Bars with

(Table 5.1). E was 30% less (P <O.OOl) with C02 enriclunent compared with controls in
August 1993 but did not differ significantly at other measurement periods (Table 5.1).

E was larger (P < 0 .001) in the afternoon (1230- 1830 h) compared to the morning (06301230 h), in January 1993 and December 1993 (wet season), irrespective of treatment (Figure
5 .2b). However, in August 1993 (dry season) . there was no significant difference in E
between the morning and the afternoon for either treatment. There was no significant
difference in E between treatments when measured in the morning or in the afternoon in
January 1993 or December 1993. However. in August 1993. E was 38% less (P< 0.025) in
the morning and 26% less in the afternoon with C02 enriclunent compared with controls
(Figure 5.2b). Although there were significant changes in E between the morning and the
afternoon within treatments, C02 enrictunent did not influence the response of E between the
morning and the afternoon for any measurement period.

Pre-dawn \1'w was higher (P < 0. 001) in the wet season (January 1993 and December 1993)
compared to the dry season (August 1993) irrespective of treatment (Table 5.1). There was
no significant difference in pre-dawn \1'w between treatments when measured in January 1993
or August 1993. In December 1993, pre-dawn \1'w was 67 % lower (P < 0. 044) with C0 2
enrichment compared to controls (Table 5.1). Despite a significant difference in pre-dawn

\1' w between treatments in December 1993 , pre-dawn \1'w for both treatments were close to
zero and this difference is probably physiologically inconsequential.

Daily mean \l'w was higher (P<0.035) in the wet season (January 1993 and December 1993)
than the dry season (August 1993) irrespective of treatment (Table 5. 1). Daily mean \l'w was
lower (P <0.025) with C02 enrichment by 33 % in January 1993 and by 23% in December
1993 compared with controls (Table 5. 1). In August 1993 there was no significant difference
in daily mean \1' w between treatments .

In December 1993, mean \l'w was higher (P< 0.033) in the morning than the afternoon for
both treatments (Figure 5.2c). Mean \l'w was higher (P<0 .024) in the morning than the
afternoon in January 1993 for trees grown under ambient conditions and higher (P < 0 .03) in
the morning than the afternoon in August 1993 for trees grown under C02 enriclunem
(Figure 5.2c). In August 1993, mean \l'w was 26 % higher (P <0.036) with C02 enrictunem
compared with controls when measured in the morning, but mean I.Jlw did not differ
significantly between treatments in the morning or in the afternoon at all other times.
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VPD was smaller (P <0.001) in the wet season (January 1993 and December 1993)
compared to the dry season (August 1993) (Table 5.1). There was no significant difference in
VPD between replicate chambers (data not shown) or between treatment chambers in
January, August or December 1993 (Table 5.1). VPD was higher in the afternoon compared
to the morning irrespective of treatment chambers in January 1993 ( 112 %), August 1993
(80%) and December 1993 (76%) (Figure 5.2d).

LAVPD measured was smaller (P <0.001 ) in December 1993 compared to January 1993
which was in rum smaller (P < 0. 001) then August 1993. irrespective of treatment (Table
5.1). LAVPD was larger (P<0.022) with C02 enrichment compared with controls in August
1993 and December 1993 (Table 5.1). There was no significant difference in LAVPD
between treatments when measured in January 1993.

Mean daily T 1car and Tair were not significantly different between replicate treatment
chambers (data not shown), or between treatments within seasons (Table 5.1). T 1ea r and Tair
were higher (P <0.025) in December 1993 compared with January 1993 (Table 5 .1).

There was a significant linear relationship between E and \fl w for both treatments when
measured in January 1993 (Figure 5 .3a). The slope of the line was smaller (P < 0. 028) with
C~

enrichment compared to controls in January 1993 and thus Lp was lower for COr

enriched trees (Table 5.2). For the relationship between E and \flw determined in August and
December 1993, only E/\fl w was significant for trees grown with C02 enrichment in
December 1993 (Lp=7.7

± 2.4, n = 60, r2 = 0.14 , P = 0 .003), therefore , no comparison of

Lp could be made between treatments during these periods (Figure 5.3b and c).

Table 5.2 Lp measured on M. indica grown under ambient or COrenriched conditions in
January 1993 . Lp was calculated from the relationship between E and 'l'w measured hourly
from 0700 to 1300 h. Values are means ± s.e., sample number (n) and squared multiple r
(r\ Means followed by a different letter are significantly different (P < 0.05).

Ambient C02
Hydraulic conductance (rrunol m·2 s·1 MPa-1)
n, r

2

65.3~

± 13.4

27, 0 .48
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Enriched C02
28.8b ± 7.9
48, 0.22

5.3.3 Pressure-volume analysis

Solute potential at full turgor ('t's. max) and solute potential at zero turgor ('¥5 • 0) were lower
(P < 0 .001) in the dry season (September 1993) than the wet season (December 1993).
irrespective of treatment (Table 5.3). In the dry season '¥5 •

max

(P <0.02) and

\f's. 0

(P<0.049) were lower with C02 enrichment compared to controls. In the wet season there
were no significant differences in 't's. max or 't's. 0 between treatments.

Table 5.3 Solute potential at full turgor ('t's. max), solute potential at zero turgor ('¥5• 0 ) and
percentage relative water content at zero turgor (RWC at \{1 w . 0) for M . indica grown under
ambient or COrenriched conditions measured in September 1993 (dry season) and
December 1993 (wet season). Values are means

±

s.e . Means followed by a different letter

within a row are significantly different (P < 0.05).

September 1993
Ambient C02
3

'¥5. max (MPa)

-2.09 ± 0 .07

't's. o (MPa)

-2.28

RWC at 't's. o

3

± 0.07

3

± 0.5

94 .5

December 1993

Enriched C02
b

± 0.06

-2.29

-2.52b ± 0.08
94 .8"

± 0.4

Ambient C02

Enriched C02

-1.79c ± 0.03

-1 .8l c ± 0.05

-1. 98c

± 0.03

-2.02c

± 0.06

94 .9"

± 0.2

95 .7a

± 0.2

5.3.4 Leaf relative waier content

Leaf RWC measured throughout the day in October 1992 and December 1993 were larger
(P < 0. 035) with C02 enrichment compared with controls (Figure 5 .4a and d). There was no
significant difference in leaf RWC between treatments in April 1993 and August 1993 .
however the minimum leaf RWC value was reached 45 to 60 minutes later with C02
enriclunent compared to controls (Figure 5.4b and c).
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Figure 5.4 Diurnal RWC for M . indica grown under ambient (0) or COr enriched (• )
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5.4 Discussion

5.4.1 Seasonal and Long-tenn variation in daily mean gs and E with C02 enrichment

Mean daily g5 was lower with C02 enrichment compared with controls. In addition to a
short-term reduction in g5 , resulting from a decline in aperture, leaves developed with C02
enrichment also exhibited a reduction in stomatal density (see 3.4.5). The reduction in
stomatal density did not significantly change over the long-term. Thus the decline in stomatal
density cannot account for all of the reduced g5 with C02 enrichment because significant
seasonal and morning versus afternoon variation in g5 was observed within the C02 treatment
(Figure 5.1 and Table 5.2).

A decrease in g5 in response to C02 enrichment is commonly observed in both short-term
studies or studies using seedling trees grown in pots (Ziska et al. 1990, Mousseau and
Saugier 1992, Berryman et al. 1994, see 4 .4.1). Root restriction as a result of growing trees
in pots has been suggested to result in either water stress, thus reducing g5 (Tschaplinski and

Blake 1985) or a feed-back limitation of A due to reduced sink, thereby C; is increased
resulting in reduced g5 (Stitt 1991, Sage 1994, Santrucek and Sage 1996, see 3.4.3).
However, g5 has also been found to be less with C02 enrichment in studies using mature tree
species grown directly into the ground and observed for more than one season (Delucia et al.
1985, Fetcher et al. 1988, Eamus et al. 1995, Wang 1996). Stomatal aperture is responsive
to a nwnber of environmental variables, including PPFD , leaf water status, soil water status,
VPD, temperature, and internal and external C02 concentration (Mansfield et al. 1990). In
the absence of significant environmental influences (such as in the wet season of the present
study , Figure 5 .2) , a large decrease in g5 may be attributed to the influence of increased C;
on the stomata in response to C02 enrichment (see 3.4.5). Recently, however, there have
been a nwnber of studies using mature trees which show no change or a minimal decline in
g5 in response to C02 enrichment (Bunce 1992, Dufrene et al. 1993, Ellsworth et al. 1995).
In a study of 21 year old loblolly pine using a branch bag technique, Liu and Teskey (1995)
found enhanced assimilation with C02 enrichment but no significant change in g5 • Similarly,
Gunderson et al. (1993) in a three year study of two deciduous hardwoods found enhanced
assimilation in response to C02 enrichment, but only a small reduction in g5 relative to other
envirorunental influences on g5 . Of the known studies using evergreen tropical trees species
(Berryman et al. 1994) there have been no reports of complete stomatal insensitivity to C02
enrichment. This may suggest a fundamental difference in the physiology of this group of
plants compared to many temperate tree species. However, the small nwnber of studies
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conducted on evergreen tropical trees species does not warrant further speculation. but to say
that interspecific variation is a probable factor (Earnus and Jarvis 1989).

In addition to the long term maintenance of stomatal sensitivity to C02 enrichment ,

g~

of M .

indica was found to be more sensitive to C02 enrichment in the dry season when VPD was

high compared to the wet season when YPD was low (Figure 5.1). It is believed that this is
the first observation of a seasonal variation in stomatal sensitivity to C02 enrichment. It is
suggested that the rarity of this observation may be the product of few studies of evergreen
tree species that include seasonal variations in gas exchange.

Daily mean gs was less irrespective of treatment in the dry season compared to the wet
season, a result ascribed to increased LA VPD. LAVPD influences g5 through its effect on E.
although the exact mechanism is still cause for much research (Turner er a/. 1984. Grantz
1990. Aphalo and Jarvis 1991, Monteith 1995). Both a feed-forward mechanism , based on
peristomatal transpiration, and a feed-back mechanism based on the development of localised
gradients of 'I'w between epidermal cells (including guard cells) and mesophyll cells , may be
important in linking changes in VPD to changes in gs . Experiments with helox show that E
rather than VPD per se. causes changes in g 5 (Parkhurst and Mott 1991).

The decline in g 5 with C02 enrichment in the dry season (30 %) was significantly larger than
the decline with C02 enrichment in the wet season (16 %) (Table 5.1). In a study of four
grass species (two C 3 and two C4), Morison and Gifford (1983) found that the sensitivity of
g~

to YPD in all four species decreased in response to C02 enrichment. Since mean daily 'fiw

was not significantly different between treatments in the dry season. it is unlikely that 'fi"' can
account for the increased percentage decline in gs in the dry season for C02-enriched trees .
Therefore it may be concluded that C02 enrichment increased the sensitivity of stomata

to

the

increase in LA VPD that occurred in the dry season (Table 5. 1). However, it may be possible
that the slightly larger LA VPD that occurred within C02-enriched chambers contributed to
any differences in stomatal sensitivity to LAYPD , as discussed below.

LAYPD 's of the COrenriched chambers were significantly larger than the ambient C02
chambers and this was presumably due to reduced rates of E per unit of leaf area with C02
enrichment, since T 1ear and Tair did not differ between treatments . This also suggests that
despite an increase in canopy area for COrenriched trees, the total transpirational water flux
into the atmosphere was less for COrenriched trees (Table 5 .1). If gs were halved and
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canopy area doubled with C02 enriclunent, total transpirational output in each chamber
would be the same. The ratio of canopy area (enriched/ambient) in May 1993 (week 80) was
1.33 (P<0.021) (see Figure 6.2). If it is assumed that the canopy area ratio in August 1993
was similar to that in May 1993, then the decrease in g5 (30%) was somewhat larger than the
increase in canopy area. This could cause a net decrease in total chamber E and thus increase
chamber VPD. The ratio of canopy area (enriched/ambient) in December 1993 (week 113)
was 1.02 (P<0.758) (see Figure 6.2). E similarly was not significantly different in
December 1993 (Table 5.1). Chamber VPD in December 1993 as a consequence was also
not significantly different between treatments.

Kawamitsu et al. (1993) have shown that in Oryza sativa, leaves exposed to 35% RH have a
decreased stomatal sensitivity to LAVPD, in comparison to leaves exposed to 85% RH. 1n
contrast, in a second species, (Panicum maximum) no change was observed. The differences
in RH used by Kawamitsu et a/. (1993) correspond to a difference in LAVPD of
approximately 1.6 kPa. In the present study of M. indica, the difference in LAVPD between
treatments was one quarter of this value. Furthermore, leaves in the C02-enriched chambers
were exposed to a slightly larger LA VPD , but were more sensitive, not less sensitive to
LAVPD. Therefore the conclusion that C02 enriclunent enhanced stomatal sensitivity to
LAVPD appears warranted. The mechanism underlying this response remains unknown.

No differences in T 1ear or chamber VPD were apparent for either wet season observations.
Even though LAVPD in December 1993 was significantly higher with C02 enrichment, the
low value of LA VPD was not likely to have influenced gs. The threshold value of LAVPD
above which stomata begin to close is discussed in Chapter 4.

5.4. 2 The influence of C02 enrichment on leaf water status

Values of pre-dawn '¥w• daily mean '¥ w. '¥w. 0 and '¥w, max in the present study were similar
to those found forM. indica by Pongsomboom (1991). In the dry season (August 1993) there
was no significant difference in daily mean '¥w or pre-dawn '¥w between treatments (Table
5 .1). Thus the expectation that pre-dawn '¥w and mean daily '¥w would be higher with C02
enrichment was not observed under conditions of no water stress. However, a number of
studies have shown increased '¥w in response to C02 enrichment. Eamus et al. (1995)
attributed higher '¥w in Maranthes corymbosa with C02 enrichment to lower E. Tolley and
Strain (1985) attributed higher '¥w with C02 enrichment in water stressed loblolly pine trees
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to increased root branching. Sionit et al. (1981) attributed higher 'I'w in wheat under C02
enrichment to a decrease in osmotic potential and the maintenance of higher turgor. Solute
potential measured in the dry season (September 1993) became more negative for trees
grown with C02 enrichment, indicating an increase in solute concentration (Table 5.3).

There was a decrease in 'I'w. 0 and 'I'w,

max

for trees grown with C02 enrichment in the dry

season (September 1993) compared with controls (Table 5 .3). Solute accumulation in mango
during water stress was observed by Pongsomboom (1991). Solute accumulation assists in the
maintenance of a driving force for water uptake and assists in the maintenance of turgor.
Given the higher rates of assimilation in response to C02 enrichment it may be expected that
accumulation of carbohydrates (Wong et al. 1992) could decrease the solute potential and so
maintain turgor during water stress, as observed during a soil drought experiment on M.

indica by Pongsomboom (1991) . In the present study, lower solute potential in the dry season
may have contributed to the trend of higher leaf water potential for trees grown with C02
enrichment. However , despite small seasonal differences in leaf water potential and leaf
solute potential, leaf water potential and leaf solute potential remained essentially high
irrespective of season. Thus there was little evidence of water stress as a result of season.

In contrast to the dry season, mean daily 'I'w was lower for trees grown with C02 enrichment
in the wet season (January 1993 and December 1993) compared with controls (Table 5 .1).
Similarly, pre-dawn 'I'w was lower for trees grown with C02 enrichment in December 1993,
compared with controls (Table 5.1). However, leaf water potential values were essentially
close to zero irrespective of treatment, thus little comment is warranted in regards water
stress, leaf water potential and the influence of C02 enrichment. In support of this view,
there was no significant difference in '¥5• max• '1'5 . 0 or RWC in response to C02 enrichment
when measured in December 1993 (Table 5.3).

A lower leaf 'I'w in response to C02 enrichment was found by Eamus et al. ( 1995) for E.
tetrodonta (but only after midday) who ascribed this to a decrease in the root/shoot ratio for

trees grown under C02 enrichment. The influence of root/shoot ratio may only be speculated
upon in the present study as an estimate of root dry weight could not be made in December
1993. Nevertheless, a trend suggests that root growth will continue to be enhanced with C02
enrichment (see Figure 6.2c), but canopy dry weight in December 1993 was not significantly
different between treatments (see Figure 6.2d). As a result, the root/shoot ratio would be
essentially higher with C02 enrichment compared to controls. Root/shoot ratio is therefore
unlikely to account for lower 'I'w with C02 enrichment.
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essentially higher with C02 enrichment compared to controls. Root/shoot ratio is therefore
unlikely to account for lower 'I' w with C02 enrichment.

Changes in E can contribute to changes in 'I'w (Eamus eL al. 1995). However. despite
reduced g 5 with C02 enrichment in January 1993 and December 1993. there was no
significant reduction in E with C02 enrichment, possibly because LA YPD was higher. and
therefore changes in E did not contribute

to

the lower 'I' w (Table 5.1). Luo and Strain (1992)

have shown that long-term exposure to different LAYPD's can reduce 't'w via an effect on
apoplast water potential. However, despite the diffe rences in LA YPD between treatments. it
appears that any direct impact that this may have had on 'f! w was minimal.

Whole plant Lp was lower for trees grown with C02 enrichment compared to controls when
measured in January 1993 (Table 5.2). Eamus et al. (1995) found a similar reduced Lp with
C02 enrichment in field grown Eucalyptus tetrodonta and attributed this to higher 'I' w with
C0 2 enrichment. However in the present srudy 'I' w was lower with C02 enrichment when
measured in January 1993 (Table 5.1). Meinzer eta/. (1988) showed that the Lp of a tree is
linearly related to the maximum daily g5 of the leaves. The present data conform to this
relationship where mean daily g5 was found to be significantly reduced with C02 enrichment
and Lp was similarly reduced. In addition to a smaller g5 with C02 enrichment, canopy area
was enhanced with C02 enrichment up until May 1993 (see Figure 6.2e). Funher
mechanisms that describe the decline in Lp in response to C02 enrichment included a decline
in mean xylem diameter, and/or a decline in the average length of the xylem vessels
(Meinzer et al. 1988).

Differences in the relationship between E and 'I' w between the wet season and the dry season
(Figure 5.3) may be explained according to seasonal variations in soil and atmospheric water
availability. Water availability in the wet season (January 1993) was high, consequently high
rates of E may have minimal impact on 'I'w (Table 5. 1). This is reflected in the small decline
in RWC measured in the wet season (Figure 5 .4d). In the dry season (August 1993) water
use was greater than water uptake due to both lower soil water availability (no irrigation at
this time) and high YPD , particularly during the early part of the day (Table 5.1) . E did not
significantly change with progressively decreasing 'I'w during the morning (Figure 5.3b). nor
was E different between measurements made in the morning compared with the afternoon
(Figure 5. 2b) . However the increasing 'I'w is reflected in

a larger diurnal decline in RWC

in the dry season compared with wet season (Figure 5.4c). Smaller E in the dry season
168

compared to the wet season resulted in the maintenance of a relatively high mean daily '¥ ....
irrespective of treannent (Table 5.1). However, in the early wet season (December 1993) the
decline in '¥w was similar to the decline in '¥w in the dry season, yet E was higher compared
to the dry season (Figure 5.3b and c). This reflects either increased soil water availability
(trees were watered to field capacity at this time) or a decrease in VPD (Table 5.1 ). or both .

The overall response of '¥w to C02 enrichment is likely to be a combination of changes in
many factors including gs, root/shoot ratio, solute accumulation and changes in cell size
and/or cell elasticity (Earnus et al. 1995). The data obtained in the present study do not allow
further useful speculation on the cause of the observed decline in 't'w in response to C02
enrichment, in the wet season. However, these results may be considered with reference to
fmding from previous studies of water relations in M . indica.

Daily mean '¥w and pre-dawn '¥w were lower when measured in August 1993 compared

to

January 1993 and December 1993, irrespective of treatment, a result attributed to the
seasonally higher VPD and drier soil (Table 5. 1). However, the dry season measurement of
both daily mean '¥w and pre-dawn '¥w were high when it is considered that loss of turgor
occurred at -1.75 MPa and permanent damage first occurred at -3.2 MPa in M. indica cv
Kensington (Schaffer et a/. 1994). These values are not considered especially low with
respect to many other fruit tree species (Fereres et al. 1979, Stephenson er al. 1989,
Pongsomboom 1991 , George and Nissen 1992). However in a study by Schaffer et al.
(1994), the time taken for mango to reach the permanent wilting point was 36 days compared
to 10 days for other tropical tree species. Two possibilities exist for the explanation of the
observed small change in '¥w between seasons. First, given that trees were planted into the
ground, they have unrestricted access to ground water. No rainfall was recorded during this
period, but roots may have had access to moisture deeper in the soil profile. Second , water
stress avoidance characteristics of M . indica (discussed below) are such that 'i'w was
effectively maintained throughout the droughting period . These factors were sufficient to
allow M. indica to avoid water stress under the dry season experimental conditions in the
present study.

A high critical threshold of '¥w and a longer period to reach the wilting point (as discussed
above) indicates that drought tolerance of mango is based on more effective water regulation
to prevent desiccation and to maintain leaf turgor rather than resistance of tissues to
dehydration. M. indica possess lacticifers and so osmotic adjustment is likely to be the result
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of active rather than passive changes, possibly mediated tllrough latex inclusions (Schaffer er
al. 1994). A small osmotic adjustment in response to lower water availability in the dry

season occurred in the present srudy and other studies of mango (Pongsomboom 1991) . The
response of gs to season as well as diurnal changes in gs in response to VPD are anomer
mechanism by which water loss may be avoided (Pongsomboom 1991). Given £hat me
change in mean daily l.f'w between seasons was small and not influenced by C02 enrichment.
but the response of g 5 to seasonal changes in VPD was large and significantly influenced by
C02 enrichment, it is suggested mat me observed changes in leaf gas exchange between
seasons and in response to C02 enrichment is me result of changes in atmospheric and not
soil water availability between seasons.

5.4.3 Leaf relative waLer content

While l.f'w can be of value to describe both plant and soil water status, metabolism may alter
the cellular setting in which l.f'w and its components act (Chaves 1991). Other variables like
RWC or cell volume may be more appropriate indicators of plant water starus. Of the four
measurements of diurnal leaf RWC, only measurements in October 1992 and December
1993 showed significant differences between treatment (Figure 5.4a to d). However me
trends were consistent for all observations, with higher leaf RWC witll C02 enrichment
throughout the day for all observation periods. Daily mean l.f'w in December 1993 was not
significantly different between treatments, yet the corresponding leaf RWC in December
1993 (Figure 5.2d) was significantly higher witll C02 enrichment. ln addition 't'5 .

cnJ~

in

December 1993 was also not different between treatments (Table 5.3). In contrast, pre-dawn
l.f'w was lower in December 1993 with C02 enrichment. The relationship between l.f'w and

leaf RWC is determined by the volumetric elastic modulus (E), a measure of the elasticity of
cell wall. The solute concentration in the cell can also influence the relationship between
and leaf RWC , but the major determinant is

E

lfJ.....,

(Eamus et al. 1995). Consequently if two cells

have different elasticities, it is possible for those two cells to have the same l.f'w. but a
different leaf RWC . Therefore, it is concluded £hat the elasticities of cells of leaves from
trees grown in COr enriched conditions differ from that of control values. In a recent study.
Eamus et al. (1995) showed that C02 enrichment increased
tropical evergreen tree. A possible cause of this increased

E

E

of Maranthes corymbosa , a

was increased cell size and the

effects of drought. However, the generally larger leaf RWC with C02 enrichment in the
present study suggest that

E

may have been smaller than in control trees. In the absence of

direct measurements of E, further speculation is not warranted.
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5.5 Conclusions

This chapter has shown that C0 2 enrichment resulted in a long-term reduction in g 5 • This was
attributed to both a decline in stomatal density and a decline in aperture. The percentage
reduction in gs in response to C02 enrichment was larger in the dry season than the wet
season, indicating an enhanced sensitivity of stomata to LA YPD in COrenriched trees.

In two of three measurement periods, mean daily \!'w was lower in C02 -enriched trees than
control trees. It is possible that the proportional increase in canopy area associated with C02
enriclunent was larger than the proportional decrease in g 5 so that total water use per tree was
increased in C02-enriched conditions. If this increase was not fully supported by increased
root mass, a small decline in leaf \}1 w may occur. Small changes in solute potential indicated
that solute accwnulation in COz-enriched leaves occurred by the end of the dry season, but
this difference disappeared in the following wet season.

Pre-dawn

\}1 w

was lower in one of the three measurement periods with C02 enriclunent.

However during this period, pre-dawn

\}1w

was so high that it is unlikely to have any

physiological influence on leaf gas exchange processes . Indeed, even though \!' w in the dry
season was lower than that in the wet season, for all measurement periods pre-dawn

\}1w

and

mean daily \!'w were high. In comparison to the response of g 5 to seasonal changes in
atmospheric water stress, changes in water relations were not likely to strongly influence leaf
gas exchange. Therefore it is suggested that the observed impact of C02 enriclunent on
diurnal and seasonal changes in gas exchange (see Chapters 3 and 4) was the result of
variations in YPD and not due to changes in soil water availability . For the present srudy, it
has been established that changes in g5 was the main limiting factor in carbon uptake (see
Chapter 3). However, g5 was not influenced by water stress through changes in leaf water
potential.

The lack of response of water relations within the wet season and more importantly the dry
season suggests that either M . indica. through it's physiology avoided water stress and this is
reflected in the direction of the response of osmotic potential, or that tr ees were able to
access water at all times during the study. The small response of leaf water potential,
irrespective of treatment, or in response to C02 enrichment, suggests the morning versus
afternoon and seasonal variations in g 5, and thus assimilation, were in response to changes in
YPD as discussed in chapters 3 and 4.
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Several studies have suggested that reallocation of dry matter from the shoots to the roots
with C02 enriclunent is one mechanism for drought avoidance (Miao eta/. 1993, Tyree and
Alexander 1993, Townend 1995). This study also observed an increase in the root/shoot ratio
(see 6.4 .3) as a result of enhanced assimilation with C02 enriclunent and as a result of
seasonal fluxes in carbon allocation. Changes in root/shoot ratios did not, however. occur as
a result of seasonal soil water stress.

Despite the importance of drought stress on physiological processes in tree species within the
study region, there is a complete absence within the literature of field based. long-term. C0 2
enriclunent and water stress studies on tropical tree species.
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Chapter Six
Growth and Biomass Allocation
6.1 Introduction

Plant primary productivity is dependent on photosynthetic C02 uptake. Determination of the
response of trees to C02 enrichment can include measurements of gas exchange. but total
photosynthate production depends on the amount of photosynthetically active tissue present.
photosynthetic efficiency, and on other aspects of carbon use and allocation (Mousseau and
Saugier 1992, Ceulemans and Mousseau 1994, Eamus 1996a). Korner (1991) states that the
contribution of gas exchange studies towards a better understanding of plant growth is overestimated, a view shared by Cole et al. (1994), who showed an inverse relationship between
AmaJ\ and above ground growth rate in four A. auriculiformis provenances . Predictions of
growth rates based solely upon knowledge of assimilation rates will omit any consideration of
the impact of differences in allocation of biomass (Koch et al. 1986), reproductive effort,
respiration (Bunce and Caulfeild 1991) and phenology (Bazzaz et al. 1990, Reekie and
Bazzaz 1991) in causing variation in growth rate. Many developmental processes have been
under-estimated in the characterisation of growth, including: dry matter allocation (Koch

e£

al. 1986), canopy structure (Poorter 1989), respiration (Bunce and Caulfeild 1991), leaf lifespan (Curtis et al. 1989), reproductive effort and herbivore defence (Mueller-Dombois
1992). These characteristics may mask the prediction of growth based solely on
photosynthetic capacity (Korner 1991). Therefore, the principal aim of this srudy is to
directly investigate changes in patterns of growth and biomass allocation to C02 enrichment.

In comparison to crop species, the response of tree species tO C02 enrichment is poorly
understood. Methodological and cost constraints, given that trees are typically large and
long-lived, result in limitations on the duration of studies and the size or age of trees studied
(Eamus 1996b). Results of studies of less thQ!l one growing season may not represent an
acclimated or long-term response , and may exclude the influence of season and ontology.
Size constraints are often countered by the use of juvenile trees, yet large morphological and
physiological differences often exist between juvenile and mature trees (Mousseau and
Saugier 1992, see 1.2.2). C02 enrichment studies frequently use trees grown in pots yet
questions regarding the influence of growth containers on the growth responses to C02
enrichment have demonstrated a need for experimental conditions that better represent field
conditions (see 1.2.2). The above experimental constraints and limitations will be addressed
in this chapter.
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6.1.1 Growth and biomass allocation

C02 influences several plant physiological processes directly , including assimilation (A) , leaf
conductance (g 5), respiration

CRJ)

and photorespiration (Eamus 1991). As a result of these

primary responses, the supply of additional C02 has been shown to enhance growth and alter
patterns of biomass allocation (Eamus and Jarvis 1989, Poorter 1993 , Ceulemans and
Mousseau 1994, Conroy et al. 1990a) and hence changes in the functional relationship
between plant parts are frequently observed (Norby and 0' Neil 1991). Functional
relationships can be interpreted in terms of changes in source/sink relationships.

A functional balance between source and sink may be transitory m field-based srudies.
Seasonal changes in growth are characteristic of all field-grown plants. Photosynthetic downregulation to C02 enrichment was reported in early field srudies but was linked to seasonal
changes in sink strength and not to a long-term reduction in the growth response to C02
enrichment (Kimball et al. 1986, Radin et al. 1987). Although dry matter allocation is
influenced by seasonal changes in climate, the accumulation of dry matter occurs throughout
the year in many tropical tree species (including Mangifera indica) , but the balance between
source and sink may still change as a function of season. In the wet-dry tropics, significant
changes in VPD and soil water content are likely to be more important than seasonal changes
in temperarure, as determinants of growth. Seasonal variations in growth responses to C02
enrichment are not only important in determining mechanisms underlying these observed
changes, but are also important to better understand the long-term growth response to C02
enrichment. Therefore, this chapter will investigate the long-term growth response to C02
enrichment through observing the influence of season on changes in dry matter allocation.

The manipulation of source and sink strength may help to understand growth responses to
C02 enrichment. The restriction of sink strength by growing trees in pots resulted in
photosynthetic acclimation in this (Chapter 4) and other srudies (Arp 1991 , Gunderson and
Wullschleger 1994, Sage 1994). The reduction in source strength by pruning trees resulted in
enhanced photosynthesis with C02 enrichment (Chapter 4). The response of growth to C02
enrichment and source/sink manipulation through pruning will be investigated in this chapter.

6.1.2 Acclimation

Tree species have frequently been observed to undergo photosynthetic acclimation in
response to C02 enrichment (4.1.1). Down-regulation of A in many studies has been
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attributed to growth in pots (Thomas and Strain 1991, Berntson et al. 1993), where
restriction of root growth has resulted in limitations of water and nutrient uptake (Bazzaz
1990, Hunt et al. 1991, Woodward et al. 1991, Bazzaz and Fajer 1992), as well as resulting
in a limitation of sink strength (Herold 1980, Ehret and Joliffe 1985, McConnaughty et al.
1993, Pettersson and McDonald 1994). Arp (1991) suggests that where plants are not
influenced by root restriction, C02 enrichment will continue to augment plant growth in both
agricultural and natural systems. Idso and Kimball (1991) found no evidence of downward
regulation of photosynthesis or growth with C02 enrichment in a three year study of orange
trees grown in the field. The growth response of trees grown in the ground for two years will
be used to determine the acclimation response of M. indica to C02 enrichment. Trees were
also grown in pots for the purpose of laboratory based and reciprocal transfer gas exchange
studies (Chapter 4). The difference in growth response with C02 enrichment between trees
grown directly into the ground and trees in pots will also be described in this chapter.

6.1.3 Methodological considerations

Few growth studies investigate the impact of C02 enrichment on trees for more than two full
growing seasons (Surano et al. 1986, Conroy et al. 1990b, ldso et al. 1991). Discussion of
long-term exposure has been presented for investigations of Jess than seven months (Koch et
al. 1986, Berryman et at. 1993). Trees established under ambient conditions before exposure

to C02 enrichment (Williams et al. 1986, Downton et al. 1987, Curtis et al. 1989, Overdieck
1989, Bazzaz et al. 1990) may have a period of acclimation, given that such trees may
initially have an excess of source activity (carbon fixation) in relation to sink activity
(standing biomass). An acclimation period may confuse growth responses to C02 enrichment
determined in short-term studies. This study used grafted trees established for seven months
under ambient conditions prior to the commencement of the study. However, trees were
grown for 28 months with C02 enrichment in order to distinguish between an acclimation
response and a long-term growth response.

Tree species are long-Jived and may respond to C02 enrichment according to developmental
stage (Gifford et al. 1977). Enhanced growth with C02 enrichment may represent an
acceleration of development and therefore long-term change in dry matter allocation may
result from this acceleration of development rather than a response to C02 enrichment per se.
The influence of C02 enrichment on allocation in reference to developmental age will be
investigated in this chapter.
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Morphological differences and differences in allocation of dry weight can exist between
juvenile and mature trees (Barthelemy et al. 1989). The patterns of growth and dry matter
allocation vary throughout the life cycle of a tree (Beadle 1993). It carmm be assumed that
patterns of biomass allocation in a seedling will be maintained until the tree has reached
maturity (Idso and Kimball 1992). The majority of C02 enrichment studies use juvenile trees
(Eamus and Jarvis 1989, Ceulemans and Mousseau 1994) because of the constraint of size on
fumigation facilities. In addition, some long-term studies of growth response to C02
enrichment include the germination period within the experimental time (Reekie and Bazzaz
1989, Pettersson and McDonald 1992, Berryman et al. 1993), but speculation of the longterm response of growth to C02 enrichment are often drawn from srudies utilising seedling
trees (Pettersson and McDonald 1992, Berryman ec al. 1993), despite physiological
differences between juvenile and mature trees (Cregg et al. 1989, Donovan and Ehleringer
1991). In the present study, established grafts of M. indica were used for all growth
experiments. Grafted trees possess the reproductive marurity of long established trees and
probably better represent mature trees physiologically (see 1.4.1).

To determine possible variations in the growth response of M. indica resulting from
differences in developmental age , the impact of C02 enrichment over two full growing
seasons were observed. In addition, the influence of developmental age on the patterns of dry
matter allocation with C02 enrichment was observed by comparing allocation before and
after a 27 week period of exposure to C02 enrichment.

6.2 Material and Methods

6.2.1 M. indica grown in the ground

Non-destructive measurements of growth
The principal experimental material comprised 24 grafted M. indica planted into the ground
in October 1991. Main-stem and branch diameter for each tree were measured at
approximately 10 week intervals for 124 weeks. The point of measurement was marked on
each tree and each subsequent measurement was made at that point. Main-stem diameter was
measured at a point 10 em above ground level on root stock wood. Branch diameter was
measured in the centre of the second growth flush above the grafting point.

Tree height was measured from ground level to the crown at approximately 13 week
intervals for 80 weeks. The number of leaves per tree was measured at approximately 19
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week intervals for 113 weeks. The number of growth flushes per tree and the number of
terminal branches per tree were measured at approximately 11 week intervals for 58 weeks.

Ripe fruit were collected daily from each chamber during November and December 1992.
Fruit that had fallen or could be picked by a gentle 118th twist was considered ripe. Fruit
were dried at 70 °C to a constant weight. Only the first reproductive season was considered
due to the poor flower initiation and fruit set in the 1993 season.

Measurement of growth by periodic harvest

Trees were destructively harvested at four intervals (21, 58, 80 and 113 weeks) to determine
dry matter gain and dry matter allocation. Trees were selected within each chamber to
maximise the spacing between trees as well as to sample trees from the chamber front,
middle and back in order to minimise possible effects of gradients of micro-climate within the
chambers. During each harvest trees were selected from the same position within each
chamber.

Four trees per chamber were harvested in March 1992 (week 21). All leaves were sampled
to determine leaf number and canopy area using a leaf area meter (Delta-T Devices,
Cambridge England). Leaves were dried at 70 °C to a constant weight to determine leaf DW.
Specific leaf area (SLA) was measured from a randomly sampled sub-set of 20 mature leaves
per tree. Leaf area was divided by leaf DW to give SLA. Roots were sampled by excavating
3

a 0.027 m soil section centred around the main-stem. Roots larger then 2 mm diameter were
designated coarse roots. All other roots were designated fine roots. Fine roots were
recovered by adding excavated soil to a 5 L beaker of swirling water. While soil precipitated,
roots were suspended and recovered using a 1 nun sieve. Woody tissue including roots,
main-stem and branches were dried at 70 °C to a constant weight.

Six trees per chamber were harvested in December 1992 (week 58). Sampling methods for
leaves , branches and roots were the same as for the week 21 harvest.

Eight trees per chamber were harvested in May 1993 (week 80). Leaves were counted then
sampled to determine leaf DW and SLA as described for the week 21 harvest. SLA was
divided by total canopy DW to give an estimate of total canopy area. Roots were sampled as
described for the week 21 harvest, however, due to the low yield of fine roots in the week 80
harvest, coarse and fme roots were combined. A strip of bark cambium was removed from
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the main-stem and the bark thickness measured at four intervals along the strip using vernier
callipers.

Three trees per chamber were partially harvested in December 1993 (week 113). Only
branches above the third growth flush past the graft point were sampled. Leaves were
sampled to determine the number of leaves, leaf OW and SLA as described for the week 21
harvest. SLA was multiplied by total leaf DW to give an estimate of total canopy area.

Petioles were removed from all sampled leaves. Petioles represent a large proportion of leaf
DW (9.8-12%) compared to total projected leaf area (1.5-5%). In addition, petiole DW
varied significantly within treatments and between treatments (data not shown). Since subsamples of leaves were used to determine SLA and canopy area, a large source of error was
reduced by removing petioles . Petioles were combined with branch DW .

Measurement of growth after pruning
Trees harvested in December 1993 (week 113) formed the basis of a source/sink
manipulation experiment, where the influence of C02 enrichment on the regrowth of
branches and leaves following pruning was investigated. Ten weeks after pruning, regrowth
branches and leaves were again harvested. The number of leaves, leaf DW, SLA, canopy
area and branch DW were measured as described for the week 113 harvest. Regrowth of
leaves and branches from trees grown with C02 enrichment were compared with regrowth
leaves and branches from trees grown under ambient conditions.

6.2.2 Trees grown in pots

Non-destructive measurements of growth
A second group of M. indica comprised seven trees per chamber grown in 15 L pots (4.2.1).
Trees were the same age and were placed into chambers at the same time as trees planted
into the ground (2 .2.2). Main-stem and branch diameter for each tree was measured at
approximately 15 week intervals for 75 weeks as described in 6.2 .1 . Tree height, the number
of growth flushes and the number of terminal branches were measured at approximately 11
week intervals for 45 weeks. Dry matter gain was not measured on these trees .

Measurement of growth by periodic harvest
A third group of M. indica comprised four trees per chamber grown in 25 L pots (4 .2.1).
Before exposure to C02 enrichment, four trees were randomly selected and harvested. Trees
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were placed into each chamber in October 1993 and all trees were harvested after 27 weeks.
ln the initial harvest all leaves were used to determine the number of leaves, leaf DW.
canopy area and SLA, as described for the week 21 harvest (6 .2.1). In the final harvest. the
number of leaves, leaf DW, SLA, and canopy area were measured as described for the week
113 harvest (6.2. 1). Main-stem DW and branch DW were combined . Roots were designated
coarse and fine, and were separated from the soil according to the method described for the
week 21 harvest (6.2. 1). All samples were dried at 70 °C to a constant weight. Dry matter
gain and the difference in dry matter allocation between leaves, branches and roots were
compared between treatments after the 27 weeks. In addition, the difference in dry matter
allocation between the initial and final harvest was compared.

6.2.3 Statistical analyses

All data were analysed using Systat version 5.02 (Wilkinson 1990) incorporating a two-factor
nested analysis of variance (replicate chamber within treatment C02 or tree within chamber).
Where no significant chamber effect was measured , data from replicate chambers were
pooled within treatments. Means were considered significantly different at the 5 % level.
Group variances were compared using Bartlett's test for homogeneity of group variances .
Appropriate transforms such as arcsine transform for percentage data and log transform to
improve normality were used when necessary.

Analysis of variance was used to determine the overall significance of C02 treatment
(ambient/enriched) on parameters relating to tree size (biomass, height, main-stem and
branch diameter, leaf area/component tree DW, and SLA). Post hoc multiple comparisons
used the Tukey's method (Day and Quinn, 1998) when ANOVA showed significant
treatment effects. Relative growth rates (RGRs) of main-stem diameter, branch diameter and
total tree DW were determined using linear regression of log transformed parameters, and
were compared between treatments using ANCOV A.

179

6.3 Results

6.3.1 M . indica grown in the ground

Non-destructive measurements of gro"th
Trees grown with C02 enrichment were shorter (P<O.Oll) until week 45 (Figure 6.la); had
fewer leaves (P < 0. 05) until week 21 (Figure 6.1 b), and fewer growth flushes (P < 0 004)
and terminal branches (P<0.04) until week 17 (Figure 6.1c and d), compared to controls.
However, trees grown with C02 enrichment were taller (P < 0.005) at week 80 (Figure
6.la), had more leaves (P < 0 .05) at weeks 58 and 80 (Figure 6.1b) and more growth t1ushes
(P<0 .006) and terminal branches (P<0.022) after week 45 (Figure 6. 1c and d) . In contrast.
main-stem and branch diameters were, at all times, larger (P < 0.009) with C02 enrichment
compared to controls (Figure 6.1e and f). In addition, RGR of main-stem and branch
diameters was significantly enhanced (P < 0 .045) in response to C02 enrichment when
compared to controls between weeks 21, 58 and 80 (Table 6.1).

Table 6.1 RGR of tree DW, main-stem diameter and branch diameter determiner from
harvests at weeks 21, 58 and 80 for trees planted into the ground in October 1991 under
ambient or COz-enriched conditions. Values are the slopes

± s .e., sample number (n) and r2

Slopes followed by a different letter are significantly different (P < 0.05).

Ambient C02

Enriched C02

Tree DW
Slope

± s .e, (n), r2

l.lla

± 0.09 (35) 0.83

1.07b

± 0.09 (32) 0.82

1.58a

± 0.16 (35) 0.74

1.35b

± 0. 18 (32) 0.65

1.583

± 0.19 (35) 0.68

1.46b

± 0.19 (32) 0.65

Main-stem Diameter
Slope ± s.e, (n), r2
Branch Diameter
Slope

± s .e, (n), r2

Measurement of growth by periodic harvest
Tree DW, wood DW (main-stem + branches) and root DW were larger with C02
eruichment (P<0 .028) in all harvests compared to controls (Figure 6.2a, band c). RGRs of
total tree DW was also enhanced (P<0.037) in response to C02 enrichment (Table 6.1).
Canopy DW and canopy area were not significantly different between treatments when
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Figure 6.1 The growth response of trees planted into the ground in October 1991 and grown
with ambient (0) or COr enriched (• ) conditions was determined for: a) tree height. b) N°
leaves per tree, c) N° growth flushes per tree, d) N° terminal branches per tree, e) main-stem
diameter, and f) branch diameter. Graphs a, e and fare means ± s.e. Graphs b, c and d are
log means. n/s indicates non-significance between data points (P > 0.05). Nominal seasons
are marked by vertical lines and represent the wet season ( lst Oct - 30th Apr) and the dry
season (1st May - 30 Sep).
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Figure 6.2 The growth response of trees planted into the ground in October 1991 and grown
with ambient (0 ) or COr enriched (• ) conditions was determined for: a) tree DW , b) wood
DW (main-stem

+ branch), c) root DW (coarse + fme) , d) canopy DW, and e) canopy area.

Values are means ± s.e. nls indicates non-significance between data points (P > 0.05).
Nominal seasons are marked by vertical lines and represent the wet season (1st October 30th April) and the dry season (1st May- 30 September).
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measured at weeks 21 and 113. However, when measured at weeks 58 and 80, canopy OW
and canopy area were larger (P < 0.021) for trees grown with C02 enrichment compared to
controls (Figure 6.2d and e) .

There was a 3.5 fold increase in fme roots OW measured at week 21 for trees grown with

C02 enrichment (Table 6.2). However, at week 58 there was no significant difference in the
estimate of fme roots between treatments . Mean leaf OW measured at weeks 80 and 113 was
significantly larger for trees grown with C02 enrichment compared tO controls (Table 6.2) .
There was no significant difference in mean leaf area between treatments (Table 6.3).
However, due to the trend for mean leaf OW to be larger and mean leaf area to be smaller
for trees grown with C02 enrichment, SLA was significantly smaller at all times for trees
grown with C02 enrichment compared to controls (Table 6 .2).

There was a significant decline in the ratio of canopy area/tree OW and canopy area/root
DW at weeks 21 and 80 for trees grown with C02 enrichment compared to controls (Table
6.3) . Although canopy area/tree OW and canopy area/root OW increased with C02
enrichment at week 58, the difference between treatments was not significant. There was a
significant decline in the ratio of canopy OW/tree OW at week 21, a significant increase at
week 58, then a decline again at week 80 (but not significant between treatments) for trees
grown with C02 enrichment compared to controls (Table 6.3). Similarly, there was a
significant decline in the ratio of canopy OW /root OW at week 21, an increase at week 58
(although not significant between treatments), then a decline again at week 80 (although not
significant between treatments) for trees grown with C02 enrichment compared to controls
(Table 6.3).

Bark thickness measured at week 80 was thicker (P < 0. 001) for trees grown with C02
enrichment (3.5 ± 0. 1 rnrn) compared to controls (3.0 ± 0 .1 mm).

There was a strong reproductive response in the first year after planting. Of 40 trees growing
in the ground within each treatment during the fruiting period (approximately June to
December 1992), 32 trees grown with C02 enrichment and 26 trees grown under ambient
conditions produced ripe fruit (see Plate 4.1c). Of the trees that produced ripe fruit, the mean
DW of fruit produced per tree was 120 g with C02 enrichment compared to 41.5 g with
ambient C02 , representing a 189% increase (P<0.001) for trees grown with C02 enrichment
compared to controls. This contrasts with a 51% increase in total tree dry weight for trees
grown with C02 enrichment compared to controls measured immediately following the
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Table 6.2 The growth response of trees planted into the ground in October 1991 and grown under ambient or COTenriched conditions was determined for mean leaf

OW, mean leaf area, SLA, coarse root OW and fine root OW during harvests at week 21 (wet season/dry season transition), 58 (wet season), 80 (dry season) and
113 (wet season). Values are means ± s.e. and probability value (P). Coarse and fine roots were combined at week 80.
Week 21 (mid-March 1992)
Arnb C02

Enr C0 2

0.70 ± .04

Mean Leaf DW (g)

0.78

± .04

Week 58 (December 1992)
Amb C0 2
1.08

p = 0.123

Mean Leaf Area (m

2
)

.0057

± .0004

.0053 ± .0002

.0062 ± .0004

.0090 ± .0007

.0059 ± .0003

18.51 ± 1.66
p

Fine Root OW (g)

6.80 ± 0.61

38.865

± 2.08

127.8 ± 9.7

< 0.001
23.9 1 ± 4.63

p = 0.003

Enr C0 2

Amb C0 2

Enr C0 2

I. II ± 0.08

0 .88 ± 0.03

0.97 ± 0.03

0.86 ± 0.03

0.97 ± 10.03

p

.0055 ± .0004

.0066

.0051 ± .0002

± .0002

± 1.48

.0080

±

.0001
p

180.5 ± 13 .9

.0063 ± .0002

11.65 ± 2.31

p = 0.644
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.0069 ± .0001

< 0.001

228.5 ± 18.8
p

p = 0.005

10.36

= 0.030

p = 0327

p = 0.002

p = 0.027

Coarse Root DW (g)

Amb C0 2

p = 0.143

,(){)74 ± .CX)02

Week 113 (December 1993)

Enr C02

p = 0.743

p = 0.373

SLA (m 2 g·')

± 0.08

Week 80 (May 1993)

408.8 ± 31.3

< 0.001

p : 0.0 16
.0062 ± .0002
p

=

.0073 ± .0001
p

0062 ± .0002
0.976
.0064 ± .0001

= 0.00 1

Table 6.3 The growth response of trees planted into the ground in October 1991 and grown with ambient or COrenriched conditions was determined for
canopy area/tree OW, canopy area/root OW, canopy OW/tree OW and canopy OW/root OW during harvests at week 21 (wet season/dry season transition),
58 (wet season) and 80 (dry season). Values are means ± s.e. and probability value (P). Tree DW is the combination of leaves, main-stem, branches and
roots. Root OW is the combination of coarse and fine roots.

Week 21 (March 1992)

Enr C02

Amb C02
2

Canopy Area/Tree OW (m g'

1
)

.0038

±

Week 58 (December 1992)

.0002

.0021

± .0002

.0022

±

p < 0.001
2

Canopy Area/Root OW (m g"

1
)

.0215

±

.0018

.0072

.0009

.0132

p < 0.00 1
Canopy OW/Tree DW

0.380

± 0.036

0.295

2.224

± 0 .299
p

0.998

±

± 0.010

0.319

± 0.083

1.867

< 0.001
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.0001

.0024

± .0001

.0159

p

±

.0011

.0210

0.366

2.218

= 0.150

±

± 0.008

0.320

± 0. 134

2.353

.0001

.0146

±

.0015

0.297

± 0.011

= 0.106

± 0.302
p

±

= 0.055

± .009
p

.0020

= 0.004

.0029

p

= 0.025

± 0.193
p

±

= 0 . 180

± 0.018
p

.0026

Enr C02

Amb C0 2

= 0 .078

.0016

p

p = 0.040
Canopy OW/Root DW

.0002

p

±

Enr C02

Amb C02

Week 80 (May 1993)

2.045

= 0.380

± 0.178

abscission of all fruit (harvest 2, week 58). In the second year after planting less than 6% of
trees produced ripe fruit, irrespective of treatment. Therefore only the reproductive response
to C02 enrichment from the first reproductive season was considered.

Measurement of growth after pruning

Prior to the pruning experiment (week 113), mean leaf DW was significantly larger, mean
leaf area was not significantly different and thus SLA was significantly smaller for trees
grown with C02 enrichment compared to controls (Table 6.4). Despite no significant
treatment difference in canopy DW, canopy area or total number of leaves at week 113, a
smaller SLA resulted in a significantly larger ratio of canopy DW /canopy area for trees
grown with C02 enrichment (Table 6.4). In contrast to week 113, the response of trees to
pruning at week 123 resulted in a significant decrease in the ratio of canopy DW/canopy
area, as a result of a non-significant increase in canopy area (P < 0 .1 04) (contributed to by an
increase in the number of leaves, P<0.08) and smaller, non-significant, increase in canopy
DW for trees grown with C02 enrichment (Table 6.4). Mean leaf DW and SLA were not
significantly different between treatments following pruning and thus canopy DW was not
significantly different between treatments.

There was no significant difference in branch DW between treatments at week 113.
However, there was 2.5 fold increase in branch DW in response to pruning when measured
at week 132 for trees grown with C02 enrichment compared to controls (Table 6.4). This
large increase in branch DW in response to pruning resulted in significant decline in the ratio
of canopy area/branch DW despite an increase in canopy area (P < 0.104) for trees grown
with C02 enrichment (Table 6.4) .

6.3.2 M. indica grown in pots

Non-destructive measurements of growth

Trees grown in pots with C02 enrichment were shorter (P<0.016) up to week 45, and had
fewer (P<0.001) growth flushes up to week 22 compared to controls (Figure 6.3a and b).
When measured at week 45 , trees grown with C02 enrichment had more (P<0 .02) growth
flushes compared to controls (Figure 6.3b and c). There was no significant difference
between treatments in the number of terminal branches up to week 22, after which the
number of terminal branches was larger (P<0.02) for trees grown with C02 enrichment
(Figure 6.3c). Main-stem and branch diameter were larger (P < 0.001) for trees grown with

C02 enrichment from 10 weeks from the start of the experiment In addition, trees grown in
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Table 6.4 The growth response of trees planted into the ground in October 1991 and grown under ambient or COrenriched conditions was detennined for

mean leaf DW, mean leaf area, SLA, canopy DW, canopy area, leaf number, canopy OW/canopy area, branch DW and canopy area/branch DW during a
harvest at week 113, where all branches above the grafting point and all leaves were harvested. All subsequent regrowth of leaves and branches were again
harvested after 10 weeks. Values are means± s.e., ratio ofCOrenriched to ambient parameters (Enr/Amb) and the probability value (P).

Week 113 (December 1993)
Amb

Enr

Week 123 (March 94)

Enr/Amb

p

Amb

Enr

Enr/Amb

p

Mean leaf DW (g)

0.86

± 0.03

0.97

± 0.03

1.13

0.016

0.64

± 0.06

0.64

± 0.04

1.00

0.580

Mean Leaf Area (m 2 x 103)

6.22

± 0.23

6.23

± 0.23

1.00

0.976

6.95

± 0.56

6.59

± 0.30

0.95

0.564

SLA (m2 g·1 x 103)

7.29

± 0.08

6.43

± 0.07

0.88

0.000

11.28

± 0.20

11.06

± 0.34

0.98

0.983

1.694

± 0.364

1.958

± 0.256

1.16

0.725

0.281

11.76

± 2.55

12.02

± 1.41

1.02

0.758

2.58

2704

± 393

1.10

0.793

620

Canopy DW (g x 103)
Canopy Area (m

2

)

± 0.059

0.337

± 0.047

1.20

0.591

± 0.37

3.55

± 0.39

1.37

0. 104

± 78

897±115

1.45

0.080

± 13 .1

93.0

± 5.4

0.88

0.034

0.038

± 0.013

0.096

± 0.012

2.53

0.010

0.076

± 0.002

0.038

± 0.002

0.51

0.000

Leaf Number

2454 ± 482

Canopy DW/Canopy Area (gm-2)

142.5

± 2.36

161.6

± 3.61

1.12

0.003

105 .14

1.319

± 0.358

1.490

± 0.295

1.1 3

0.830

0.010

± 0.001

0.009

± 0.001

0.89

0.480

Branch DW (g x 10

3
)
2

Canopy Area/Branch DW (m g.

1
)
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Figure 6.3 The growth response of trees grown in 15 L pots from October 1991 with
ambient (0) or C02-enriched (• ) conditions was determined for: a) tree height, b) number
of growth flushes per tree, c) number of terminal branches per tree, d) main-stem diameter ,
and e) branch. diameter. Values are means

± s.e. n/s indicates non-significance between

data points (P>0.05). Nominal seasons are marked by vertical lines and represent the wet

season (1st October - 30th April) and the dry season (1st May- 30 September).
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pots were shorter (P <0.03) and the main-stem and branch diameter were smaller (P<0.017)
compared to trees grown in the ground irrespective of treatment (6.3. 1).

Measurement of growth by destructive harvest
The percentage dry matter allocated to the leaves and roots was not significantly different
between an initial harvest and trees grown under ambient conditions for 27 weeks (Table
6.5). However, a trend suggests that for trees grown under ambient conditions, dry matter is
allocated more to the leaves and roots than woody tissue when compared with an initial
harvest. In contrast, for trees grown with C02 enrichment for 27 weeks, the percentage dry
matter allocated to the leaves decreased (P < 0.018), the percentage dry matter allocated to
the roots increased (P <0.047) and the percentage dry matter allocated to woody tissue was
not significantly different when compared with an initial harvest (Table 6.5). Mean tree DW
(n = 4) at the commencement of the 27 week experiment was 27.9 ± 4.7 g (data nor shown).
After 27 weeks, the mean DW of trees grown under ambient conditions was 306 g and the
mean dry weight of trees grown under COrenriched conditions was 487 g (Table 6.6) ,
representing a 11 and 17 fold increase in tree DW respectively.

Table 6.5 An initial harvest and a harvest after 27 weeks exposure to ambient or COr
enriched conditions for trees grown in 25 L potS and placed into chambers in October 1993.
Dry matter allocated to leaves, wood (main-stem

+ branches), coarse roots and fine

roots is

presented as a percentage of total tree DW. Values are means from four replicate trees ±
s.e. Means followed by a different letter within a row are significantly different (P < 0.05).

Initial Harvest

Harvest after 27 weeks
Ambient C02

3

Enriched C02
b

3

26.7 ± 1.4

35.2 ± 0.8

3

38.4 ± 0.7

18. 1 ±0.5

20.23 b ± 1.0

22.8 ± 1.8

8.9a ± 1.0

9.6 ± 0.6

Leaves

33 .8 ± 1.2

34.9 ± 1.7

Wood

39.la±l.5

Coarse Roots
Fine Roots

3

3

3

b

12.0b ± 0.2

After 27 weeks, mean leaf DW and mean leaf area were not significantly different between
treatments. However, due to a proportionally larger mean leaf DW compared to mean leaf
area, SLA was smaller (P<0.005) for trees grown with C02 enrichment compared to
controls (Table 6.6). Despite no significant difference between treatments in canopy DW,
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canopy area or the number of leaves, a smaller SLA resulted in a proportionally larger
canopy OW compared to canopy area for trees grown with C02 enrichment and thus the
ratio of canopy OW/canopy area was larger (P <0.007) for trees grown with C02
enrichment compared to controls (Table 6.6).

Tree OW, wood OW and coarse and fme root OW were larger (P < 0. 011) when measured
at 27 week for trees grown with C02 enrichment compared to controls (Table 6.6). The
increase in root OW and tree OW was larger than the increase in shoot DW or canopy area
for trees grown with C02 enrichment, thus the ratio of shoot OW/root OW, canopy area/tree
DW and canopy area/root OW decreased (P<0.044) for trees grown with C02 enrichment
compared to controls (Table 6.6).

Table 6.6 The growth response of trees grown in 25 L pots for 27 weeks under ambient or
COrenriched conditions was determined for: leaf OW, leaf area, SLA, canopy DW , canopy
area, number of leaves, canopy DW /canopy area, tree DW, wood DW (main-stem

+

branch), coarse root DW, fme root DW, shoot OW/root DW, canopy area/tree DW and
canopy/root DW. Values are the means from four replicate trees ± s.e. Means followed by a
different letter are significantly different (P < 0.05).

Mean Leaf DW (g)
2
3
) X 10"

Ambient C02

Enriched C02

1.03a ± 0.08

1.39 ± 0.16

3

3

8.0a ± 1.6

Mean Leaf Area (m

7.4 ± 0.9

SLA (m2 g"1) x10·3

7.2 ± 0.3

b
5.9 ± 0.6

104a ± 9

126 ± 10

Canopy Area (m2)

0.753 ± .07

0.74 ±.12

Number of Leaves

149a ± 20

151a ± 24

Canopy DW/Canopy Area (g m2 )

139a ± 3

173b ± 8

306a ± 15

487b ± 34

104a ± 4

181b ± 12

Coarse Root DW (g)

59.4a ± 1.1

109.0b ± 13.5

Fine Root DW (g)

28.3a ± 1.8

b
57.9 ± 4.5

Shoot DW!Root DW

2.483 ± 0.14

b
1.97 ± 0.15

Canopy Area/Tree DW (m2 g· 1) x10·3

2.4a ± 0.3

b
1.5 ± 0.3

Canopy Area/Root DW (m2 g· 1) x10·3

8.5a ± 0.2

4.6 ± 1.0

3

Canopy DW (g)

Tree DW (g)
Wood DW (g)
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3

3

b

6.4 Discussion

6. 4.1 Non-destructive measurement of growth

Trees grown in the ground with C02 enrichment during the first 45 weeks were shorter, and
during the first 22 weeks had fewer leaves , growth flushes and terminal branches compared
to controls (Figure 6.1a to d). Canopy area was smaller with C02 enrichment in the initial
period because there were fewer leaves, but mean leaf area was not different between
treatments (Figure 6.1b, Table 6.2). A similar result was found using trees grown in 15 L
pots at the same time (Figure 6.3a, b and c). This smaller response with C02 enrichment
compared to controls was only observed for these three growth parameters. A smaller
response of tree height to C02 enrichment has been previously reported (Mousseau and
Enoch 1989, Bazzaz et al. 1990), but more frequently no change in tree height with C02
enrichment (Reek.ie and Bazzaz 1989, Ceulemans and Mousseau 1994, Duff et al. 1994), or
increased height (Berryman et al. 1993) has been reported . Fewer leaves and a smaller
canopy area (Bazzaz et al. 1990, Ceulemans and Mousseau 1994) and an inhibition of
branching (Duff et al. 1994) with C02 enrichment have also been reported.

Despite the initial rate of growth for tree height and branch and nwnber of leaves being less
with C02 enrichment, all measurements of main-stem and branch diameters were larger for
trees grown with C02 enrichment compared to controls, which suggests an increase in dry
matter accwnulation, at least allocated to the wood (Figures 6 .1 e and f , 6.3d and e). An
increase in main-stem volume and diameter with C02 enrichment were also found by Surano

et al. (1986), ldso et al. (1991), Duff et al. (1994) and Teskey (1995). When trees were first
harvested at 21 weeks all components of tree DW had increased in response to C02
enrichment. In addition, carbon assimilation, measured at week 3 and 39 was larger with
C02 enrichment compared to controls (see 3.4.2). Three conclusions may be drawn from this
result. First, non-destructive measurements of growth can be a poor indicator of dry matter
accwnulation, particularly in the short term. Second, a small response of some growth
parameters to C02 enrichment, such as tree height, branch and number of leaves, does not
take into account possible variations in dry matter allocation (6.4.2). For example , when dry
matter accwnulation in the roots was first measured at week 21 , there was a 3. 5 fold increase
with C02 enrichment compared to controls , whereas canopy dry weight was not significantly
different between treatments (Figure 6.2d). Finally, it is suggested that the initial growth
response of canopy parameters to C02 enrichment is in response to a large source/sink ratio
when trees acclimated to ambient C02 are exposed to C02 enrichment. The initial
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enhancement of A with C02 enrichment results in a source/sink imbalance. Equilibrium is
restored by the allocation of dry mater to sink tissues such as root and wood growth rather
than source tissue such as the canopy.

Tree height, number of leaves, canopy area and the number of growth flushes and terminal
branches were larger for trees grown with C02 enrichment, than trees grown under ambient
conditions, when measured in the second wet season (Figure 6.1). This suggests that in the
second wet season, trees had acclimated to C02 enridunent such that dry matter was being
allocated to both source and sink tissues. I am not aware of any reports in the literature of
changes in the response of the above parameters

to

C02 enrichment over time, although

Garcia et al. (1994) found no growth response to C02 enrichment in the first 11 months of a
15 month study following seedling exposure to C02 enrichment. This may be because C02
enrichment studies of trees are often less than one full growing season (Eamus and Jarvis
1989, Bazzaz et al. 1990, Ceulemans and Mousseau 1994, Duff et al. 1994). This pattern of
acclimation would not be observed in studies where trees are grown from seed as a transition
from ambient to C02 enrichment does not occur. However studies utilising established trees
may need to consider acclimation of growth within the first year (Wong and Dunin 1987) .

A smaller response of canopy parameters with C02 enrichment is likely to have influenced
whole tree growth response in the first year. Decreased VPD in the wet season promotes new
branch formation or growth flushes in M. indica (lssarakraisila et al. 1991). Proleptic
branching is characteristic of M. indica, where a terminal branch gives rise to one or many
new growth flushes. However, enhanced branch formation in response to C02 enrichment
did not occur until the second wet season. The influence of season and C02 enrichment on
canopy structure is discussed in 6.4.3. The benefit of enhanced branching in response to C02
enrichment by promoting light interception was discussed by Downton et al. ( 1990) and
Ceulemans et al. ( 1995a). In the second wet season increased branching indicates that C02
enrichment may enhance the number of proleptic branches as well as the rate at which
growth flushes mature.

6. 4. 2 Patterns of dry matter gain

Acclimation of the growth response with C02 enrichment
Trees grown in 15 L pots and trees grown in the ground were exposed to C02 enrichment at
the same time. This gave an opportunity to compare the influence of C02 enrichment on the
growth response of trees grown in pots with trees grown in the ground. RGR of main stem
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stem and branch diameter increased for trees planted into the ground with C02 enrichment
(Table 6.1). However, RGR of main-stem and branch diameters were not different between
treatments for trees grown in pots (data not shown). In addition, main-stem and branch
diameters were significantly smaller for trees grown in pots compared

to

trees grown in the

ground. For trees grown in 15 L pots, down-regulation of the growth response with C02
enrichment coincided with photosynthetic down-regulation (see 4.4.1). For two EucalyptuS
species grown in 10 L pots dry matter enhancement with C02 enrichment declined over a 32
week period (Duffer al. 1994). For sweet chestnut grown in 12 L pots biomass enhancement
with C02 enrichment was 42 %, 28% and 16% in the first , second and third years
respectively (Mousseau 1992). Down-regulation of the growth response with C02 enrichment
was also found in a 2.5 year study of pine seedlings grown in 4 L pots with C02 enrichment
(Surano et al. 1987) and in other studies where trees were grown in pots (Arp 1991 ,
McConnaughay et al. 1993). In contrast, a 2.5 year study of sour orange trees grown in the
ground resulted in a 300% increase in the cross sectional area of the main-stem for trees
grown with C02 enrichment (ldso er al. 1991). Although most C02 enrichment studies of
trees species grown in the ground do not result in down-regulation of the growth response ,
the majority of studies are less than one full growing season (Berntson et al. 1993) . Clearly,
growth experiments of more than one year are required to adequately determine acclimation
of the growth response .

As well as the influence of C02 enrichment on Amax• seasonal changes in micro-climate also
had a large impact on Amax (see 3.4.4), thus it is likely that acclimation of the growth
response may also be observed. Teskey (1995) suggested that acclimation of the growth
response is a function of the balance between supply of and demand for carbohydrates.
Where the expansion of roots is restricted through the use of small pots, demand for
carbohydrates is likely to be less (see 4 .1.2). Exposure to C02 enrichment enhances A, but
this may not enhance photOsynthetic capacity if sink size is insufficient (Arp 1991). The

influence of the pot on plant responses to C02 enrichment highlight the importance of fieldbased experiments for determining the long-term growth response of tree species to C02
enrichment.

A third set of M. indica were grown in 25 L pots for a duration of 27 weeks. All
measurement of dry matter gain (Table 6.6) were similar to those of trees grown in the
ground of a similar age and harvest date (Tables 6. 1 and 6.2). Restriction of root volume
may be avoided by the use of larger pots and/or limiting the duration of the growth
experiment.
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Effects of C02 enriclunent on dry matter gain and allocation
Dry matter gain for trees grown with C02 emichment was larger compared to controls. An
increase in dry matter in response to C02 enrichment has been observed for a range of tree
species (Koch et al. 1986, Eamus and Jarvis 1989, Ziska et al. 1991, Idso and Kimball 1992,
Mousseau and Saugier 1992, Berryman et al. 1993, Ceulemans et al. 1995b) and is attributed
to enhanced A with C02 enrichment (Chapter 3 and 4).

The increase in dry matter for trees grown with C02 emichment was larger for sink tissues.
including the main-stem, branches, roots and fruit , than source tissue (leaves) (Figure 6.2a to
d). The different response in growth between source and sink tissues represents differential
allocation of resources in response to C02 enrichment. Although the source/sink ratio was
influenced by season (discussed in 6.4.3) a similar pattern of dry matter allocation was
maintained over the long-term (discussed in 6.4.4).

Bark thickness increased with C02 enrichment and contributed to increased main-stem
diameter and main-stem DW. Bark as well as roots are important sink tissues in M . indica
(Chacko and Ananthanarayanan 1982). Therefore the increase in main-stem dry matter
represents an increase in sink tissue.

SLA was smaller in leaves grown with C02 enrichment compared to controls (Table 6.2).
SLA has been found to decrease with C02 enrichment in a range of tree species (Reekie and
Bazzaz 1989, Norby and O'Neil 1991, Wong et al. 1992, Eamus et al. 1993). A decrease in
SLA with C02 enrichment results from either an increase in mesophyll cell size (Radoglou
and Jarvis 1990a), the development of additional mesophyll cell layers (Thomas and Harvey
1983) or by an accumulation of carbohydrates within the leaf (Thomas and Strain 1991 ,
Pettersson and McDonald 1992, Wong et al. 1992, Wullschleger et al. 1992). In the present
study, SLA decreased because mean leaf DW increased with C02 enrichment and not due to
a significant change mean leaf area (Table 6.2). Thus decreased SLA with C02 enrichment
contributed to the observed enhancement of total canopy DW. Leaves are the primary
photosynthetic structures and as such are viewed as source tissues for most of their life.
However, if a decrease in SLA resulted from an increased carbohydrate content, a larger
proportion of the canopy may be acting as sink tissue . Thus an increase in canopy DW may
influence whole plant source/sink ratio, and may reflect either increased source activity. if
total leaf area and carbon gain increases, or may reflect increased sink activity, if
carbohydrate storage is significantly increased, or a combination of both. The long-term
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maintenance of A with C02 enriclunent depends on the maintenance of a large source to sink
ratio (discussed in 6.4.4).

The largest decrease in the ratios of canopy area and canopy DW to tree DW and root DW
for trees grown with C02 enriclunent occurred early in the study (Table 6.3) . The initial
small response of canopy growth (branch number and canopy area) to C02 enriclunent
(6.41) may have been the combined result of enhanced A and a large ratio of source to sink
for trees first exposed C02 enriclunent. Trees were acclimated to ambient C02 for six
months from the time of grafting until to the first exposure to C02 enriclunent (see 2.2 .2). A
balance is attained between resources allocated to source and sink tissues following a period
of acclimation to any set of environmental conditions, such as ambient C02 (Arp 1991 , Sage
1994). When trees were first exposed to C02 enrichment, A was quickly enhanced (see
3 .3.2, 4.4.1). However sink capacity is not so quickly acclimated to an increase in C02
concentration, resulting in a limitation of sink. During the first growing season, dry matter
was allocated to the sinks in response to high rates of A and a large source strength with C02
enrichment. In contrast, in the second growing season, all elements of canopy structure,
including canopy area, were significantly larger in response to C02 enriclunent, which
probably represents the development of a functional balance between allocation of dry matter
to source and sink tissues . The initial change in dry matter allocation between source and
sink tissues was similar forM. indica grown in 25 L pots (Table 6.6). However it was only
in the long-term study of trees planted in the ground that the functional balance between
source and sink could be deterrnined, further highlighting the need for studies of sufficient
duration conducted in the absence of the constraining int1uence of pots.

Growth response to C02 enrichment following pruning
Canopy growth was enhanced following pruning for trees grown with C02 enrichment
compared to controls. Prior to pruning , there was no significam difference in branch DW
between treatments . Following pruning there was a 153 % increase in regrowth branch DW
for trees grown with C02 enriclunent compared to controls (Table 6.4). Similarly, prior to
pruning, there was no significam difference in the number of leaves between treatments.
Following pruning, there was a 44 % increase (P < 0. 08) in the number of regrowth leaves for
trees grown with C02 enriclunent compared to controls. Syvertsen (1994) found that partial
defoliation of Citrus seedlings resulted in the promotion of shoot growth at the expense of
root growth. Enhanced water-use-efficiency (Rom and Ferree 1985, Swietlik 1986),
enhanced A (Blake and Tschaplinski 1986, Kauppi et al. 1990, Syvertsen 1994), and a
decrease in the source/sink ratio (Koch et al. 1986), have been found in response to pruning.
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Shoot removal represents a means of investigating the impact of varying strengths of source
and sink. However the influence of shoot removal on the growth response to C02 enriclunent
is not well represented in the literature (Nijs et al. 1989).

When trees were frrst exposed to C02 enriclunent, high rates of A coupled with a large
source/sink ratio resulted in an expansion of source tissue but a smaller response in the
growth of sink tissue with C02 enrichment compared to controls (6.4.1). However. pruning
generates a decreased source/sink ratio. Thus, to re-establish the balance between source and
sink. canopy growth was strongly promoted. Photosynthetic capacity was promoted by
increasing canopy area, thus canopy DW /canopy area was smaller following pruning for
trees grown with C02 enrichment compared to controls (Table 6.4). However, canopy
area/branch DW was smaller following pruning for trees grown with C02 enrichrnent
compared to controls (Table 6.4). As the mean area of individual leaves was not influenced
by pruning or by C02 enriclunent, the increase in canopy area must have resulted from
increased number of leaves, as observed (Table 6.4). Enhanced branching may be required
to support an increase in canopy area, as observed by Downton et al. ( 1990).

Re-establishment of the canopy required the re-allocation of swred dry matter since all leaves
were removed during pruning. Enhanced canopy re-growth for trees grown with C02
enrichment following pruning suggests that there were larger reserves of carbon in trees
grown with C02 enrichment compared to controls. Prior to pruning, trees grown with C02
emichrnent had an enhanced root mass and bark thickness (6.4.2). Nijs et at. (1989)
observed that dry matter stored in the roots of Lolium perenne grown under C02 enrichment
was allocated to the shoots following leaf removal. Assimilation was enhanced with C02
emichrnent following pruning (see 4.4.2) and this would have aided the growth of the canopy
once leaves were re-established.

There was no difference in SLA between treatments following pruning despite a significant
enhancement of A with C02 emichment compared to controls (see 4.4.2). Prior to pruning ,
SLA was enhanced principally due to an increase in mean leaf DW (Table 6.5). Following
pruning there was no difference in mean leaf DW between treatments. As discussed above, a
decrease in SLA can occur in response to a large source/sink ratio when leaves become
storage sites for carbohydrates. As pruning decreased the source/sink ratio , carbohydrates
were directed towards expanding sinks. As SLA was not different between treatments
following pruning, storage of carbon in the leaves was not occurring at different rates
between treatments .
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6. 4. 3 The influence of season on growth and dry matter allocation with C02 enrichment

Few studies that have compared the responses of A, gs or growth responses to C02
enrichment have included seasonality of climate (ldso and Kimball 1992, Berryman et al.
1993, Earnus et al. 1993). Short-term C02 enrichment experiments are usually undertaken in
the growing season (Koch eta/. 1986, Reekie and Bazzaz 1989, Mousseau and Saugier
1992), and even long-term experiments sometimes only consider growing season processes
(Arp and Drake 1991 , Idso and Kimball 1991, Liu and Teskey 1995). Gunderson et al.
(1993) and Wang eta/. (1995) only exposed trees to C02 enriclunent during the growing
season of a three year study. Eamus (1996a) suggests that C02 enriclunent may still influence
non-growing trees, and influences occurring during dormancy may have an impact on the
following growing season. In temperate regions difference in growth rate between seasons
can be large. The influence of C02 enriclunent on growth is large in the growing season
whereas the response in the dormancy season may be small and difficult to measure. This has
led to the suggestion that photosynthetic acclimation to C02 enrichment occurs late in the
season and is associated with a seasonal decline in sink strength (Kimball et al. 1986, Radin
et al. 1987). In contrast, tropical evergreen species, such as M. indica, are characterised by a
positive carbon balance in all seasons, as well as large differences in the allocation of dry
matter in response to seasonal changes in water availability. Temperature is often the key
environmental variable determining relative growth rates in temperate regions. In the present
tropical study, daytime temperature was relatively stable between seasons. Variations in
atmospheric and soil water content were the key variables determining growth.

Decreases in the ratio of canopy area or canopy DW to tree or root DW with C02
enrichment were measured during a wet to dry season transition (mid-March 1992) and
during the early dry season of the following year (May 1993) (Table 6.3). This result
represents a decrease in the source/sink ratio and was principally due to increased sink with
C02 enriclunent, rather than a change in canopy dimensions (Figure 6.2a to e). Mousseau
and Saugier (1992) argue that an increase in root/shoot ratios with C02 enriclunent (which
can be interpreted as decreased source/sink ratio) , as found by El Kohen et al. (1992), Norby
et al. (1986) and Luxmoore et al. (1986), is the result of growth in poor soils, where the
expansion of roots is able to exploit a larger soil volume. However, in the present study,
trees were well-watered and well-fertilised throughout the year (see 2.2.7 and 2.2.8).
Inhibition of canopy growth in mid-March 1992 may have been in response to increased
VPD and/or due to developing reproductive sinks (Kulkarni 1986).
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In the intervening wet season, the ratio of canopy DW to tree DW increased with C02
enrichment (Table 6.3). A trend suggests that canopy area and canopy OW/root OW also
increased in this season, but difficulties estimating root mass of trees planted into the ground
made this comparison problematic. A decrease in root/shoot ratio with C02 enrichment
(which can be interpreted as increased source/sink ratio) were found in fertilised soils (Tolly
and Strain. 1984, Conroy et at. 1986, Mousseau and Enoch 1986, Hollinger 1987, Duff et
at. 1994). Although Koch et al. (1986) suggested that decreased root/shoot ratio with C02

enrichment represents an acceleration of the normal ontogenetic changes in allometry of
trees, characteristic of woody species, few studies recognise the possibility that decreased
root/shoot ratios with C02 enrichment could be the result of enhanced carbon allocation in
response to seasonal changes in climate. Non-limiting nutrient supply may have contributed
to increased source/sink in the present study , where canopy growth was larger than the
growth of sink tissues with C02 enrichment in the wet season. However. in the wet season
low VPD and the absence of reproductive sinks is also a strong promoter of vegetative
growth.

The influence of season results in dry matter being allocated to the sink tissue in the dry
season and to the canopy in the wet season. Seasonal changes in dry matter allocation is
characteristic of many M. indica cultivars (Whiley et al. 1989). The maintenance of active
sinks at all times of the year through seasonal changes in dry matter allocation may contribute
to a long-term maintenance of enhanced growth with C02 enrichment.

6. 4. 4 Long-term influence of C02 enrichment on growth and dry matter allocation

During three successive harvests at weeks 21, 58 and 80, total tree DW was 33%, 51% and
61 % larger and wood DW was 30%, 39% and 74% larger respectively in response to C02
enrichment compared to controls (Figure 6.2). RGR of tree DW was larger with C02
enrichment compared to controls (Table 6.1). Therefore, enhanced dry matter accumulation
with C02 enrichment was maintained over the long-term. Enhancement of tree DW with C02
enrichment may be a conservative estimate given that root OW was sampled from a 0.027 m

3

soil section which sampled a smaller proportion of total root mass with each successive
harvest. Increases in fine root mass with C02 enricl:unent have been found (Curtis et al.
1990, ldso 1991, ldso and Kimball 1992). Maintenance of enhanced growth with C02
enrichment has been previously reported in seedling orange trees enriched with C02 for 3
years (ldso and Kimball 1992) and in 21 year old Pines enriched with C02 during one
growing season (Teskey 1995).
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In contrast to sink size (indicated by root and wood DW), the response of source size
(canopy DW, number of leaves and canopy area) with C02 enrichment diminished with time.
Canopy OW, the nwnber of leaves and canopy area were nOt significantly different between
treatments when first measured in the study (week 21) (6.4.2). Canopy OW was 74%, 45%
and 16% larger, the nwnber of leaves was 80%, 23% and 10% larger and canopy area was
75%, and 32% larger, then not significantly different between treatments when measured at

weeks 59, 80 and 113 weeks respectively in response to C02 enrichment. Diminishing
canopy parameters compared with increasing sink tissues may represent the natural change in
dry matter allocation in woody species with time (Koch et a/. 1986) in combination with
enhanced dry matter accumulation in response to C02 enrichment.

Long-term enhancement of growth with C02 enrichment may have been the result of the
growth characteristics of M . indica, where carbon sinks were maintained throughout the year
(6.4.3). Positive long-term effects of C02 enrichment may be larger in trees during periods
where sink capacity for carbon utilisation is high (Eamus and Jarvis 1989, Poorter et al.
1988, Ceulemans and Mousseau 1994). Koch et al. (1986) suggest that species showing

seasonal flush type growth, characteristic of M . indica , have periods of strong carbon sink
development and this maybe responsible for the maintenance of a positive long-term C02
response. It was not determined whether developing reproductive sinks (fruit) had a direct
influence on growth with C02 enrichment, although developing fruit had no significant
influence on Amax for trees grown with C02 enrichment (see 4.4 .3). However, the promotion
of a strong sink for assimilated carbon by pruning enhanced the growth response with C02
enrichment (6.4.2). Developing fruit represent such a sink and a 189% increase in OW of
fruit per tree for trees grown with C02 enrichment was observed. Similar increases in yield
of Valencia Orange with C02 enrichment was observed by Downton et al. (1987) .

There was no significant difference in the proportional allocation of dry matter to leaves and
roots between trees grown under ambient conditions for 27 weeks and trees measured at the
commencement of the experiment (Table 6.5) . However, for trees grown with C02
enrichment for 27 weeks, the proportion of dry matter allocated to leaves decreased while the
proportion of dry matter allocated to roots and to woody tissues increased compared to trees
measured at the commencement of the experiment. Further , the pattern of change, where dry
matter is allocated more to roots, comparing trees grown with C02 enrichment and the initial
harvest, was similar to the pattern of change between trees grown with C02 enrichment and
trees grown under ambient condition for 27 weeks. Plants adjust their growth rates in
response to resource availability, and traits such as biomass partitioning are determined by
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changes in growth rate, development or plant size (Coleman and McConnaughay 1995). As
plants grow and develop, their patterns of partitioning to above and below ground organs
also change (Evans 1972). Plants growing at different rates, due to differing resource
availability, such as C02 enrichment, will be different sizes at a corrunon time and can
therefore appear to have different patterns of biomass partitioning. However, if plants follow
a similar developmental trajectory, there may be no difference in dry matter allocation when
trees are compared at equal sizes (Evans 1972). Although trees in this experiment were not
compared at a similar size , separating the influence of C02 enrichment from tree age (and
hence size) and by observing patterns of dry matter allocation, it is suggested that these trees
do not share a similar developmental trajectory. In this experiment, changes in allocation of
dry matter were principally the resulted of C02 enrichment. The 11 fold increase in DW
between the initial and fmal DW of trees grown under ambient conditions did not result in a
change in allocation patterns of DW. Therefore it is unlikely that the 1.6 fold difference in
DW between trees grown under ambient conditions and trees grown under C02-enriched
conditions, measured after 27 weeks growth, could be responsible for the difference in
allocation patterns observed at this time. The influence of tree age on allocation processes in
response to C02 enrichment is an area of research deserving more attention.

Canopy DW, canopy area and the nwnber of leaves were not significantly different between
treatments at week 113. These parameters in previous harvests were significantly larger with
C02 enrichment. Storage compounds , if not utilised in fruit production, generally strengthen
vegetative growth (Chacko and Ananthanarayanan 1982, Downton et al. 1987). However,
poor fruit production in the second season was not followed by strong vegetative growth.
Although only six trees remained in each chamber at the completion of the experiment, a
decline in canopy growth may be attributed a restriction on the canopy by the physical
dimensions of the chamber. Given that trees grown with C02 enrichment were larger
compared to controls, the impact of crowding may be larger in these trees. However, there
was no indication that the proportion of leaves senescing at harvest four had increased (data
not shown), which may have been the case if the amount of light intercepted by the
understorey was insufficient to maintain a positive carbon balance (Beadle 1993).

6.4.5 Assimilation arui the growth response ojM . indica to C0 2 enrichment

Total tree DW at week 80 was 61 % larger in trees grown with C02 enrichment. However,
an estimate of the increase of total fixed carbon over the 28 month study was 15 % (estimated
from the integrated swn of

Ama~

from figure 3.2). This disparity may be accounted for since
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the estimate of carbon fixed during the study period used only rates of Amax· M. indica has a
dense closed canopy, therefore a large fraction of daily carbon gain occurs by self shaded
leaves. Consequently the importance of increase apparent quantum yield (<j>) (typically 2030%) in response to C02 enrichment has not been included in the estimate of total fixed

carbon (Goodfellow et al. 1997). However, a 40 % increase in leaf respiration for trees
grown with C02 enrichment has not been included either. Correlations between A and
growth rates are often poor (Cole ec al. 1994) . Such correlations may improve if factors such
as the carbon content of dry matter and respiration rates of roots and shoots are given more
attention .

6.5 Conclusions

The growth of M. indica, in terms of gain in total tree biomass, was larger with C02
enrichment compared to controls. Enhanced dry matter accumulation was maintained over
the 28 month study . This result was largely attributed to the maintenance of sink strength .
which was maintained for two reasons. First, trees were grown in the ground allowing
unrestricted root growth. Second, the characteristic growth pattern of M. indica, such as a
positive carbon balance throughout the year and seasonal allocation of dry matter between
roots and shoots, allowed enhanced carbon gain to be maintained throughout the year.

Enhanced carbon gain was maintained despite seasonal dormancy in canopy growth. During
the dry season, high VPD and developing reproductive sinks inhibited canopy growth, yet A
remained enhanced during this period. Additional fixed carbon was allocated to sink tissues
in the dry season. In the wet season, canopy growth was significantly enhanced with C02
enrichment. A larger seasonal change in the source/sink ratio of trees grown with C02
enrichment suggests that these trees will benefit from a C02 enriched atmosphere throughout
the year .

Canopy growth was initially slower with C02 enrichment compared

to

controls despite low

VPD and an absence of the influence of reproductive development (which inhibits vegetative
growth). When trees were first exposed to C02 enrichment, high rates of A and an excess of
source strength resulted in an allocation of dry matter to sinks, until a functional balance in
the source/sink ratio was achieved . A study of less than one growing season may have
interpreted such a results as an inhibition of canopy growth in response with C02 eruichment.
Where processes of acclimation and allocation are features of a C02 enrichment study, the
study must be of sufficient duration to determine a long-term response.
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Chapter Seven
General Discussion
7.1 Introduction

This study aimed to detennine the physiological and growth responses of grafted Mangifera

indica cv Irwin to long-tenn exposure to C02 eruictunent. Of particular importance to this
study were that the trees were planted in the ground and not in pots and that trees were
exposed to variations in photosynthetic photon flux density (PPFD), vapour pressure density
(VPD), temperature and soil water content that more closely resemble field conditions than is
usually the case in growth cabinets. This study, in addressing the six questions outlined in

1. 7 .1. has highlighted the importance of field based studies of trees where inclusion of
seasonal variation in climate within the study has helped to better characterise the response of
trees to C02 eruictunent. Further, this study represents one of few that have been conducted
on tropical trees in the tropics. The contribution that this study makes to our understanding of
the response of trees, particularly in the tropics , to elevated atmospheric C02 and possible
implications regarding the global carbon budget will be discussed in this chapter.

Long-term studies of atmospheric C02 indicate that a large proportion of the C02 released
from industrial processes remain~ in the atmosphere (see 1.1.4). Despite uncertainties
regarding the actual amount of anthropogenic C02 released annually into the atmosphere
(Watson et al. 1990, Raich and Schlesinger 1992). there is general agreement that a large
proportion of C02 released is sequestered into terrestrial systems. However, considerable
debate continues regarding the location of the missing atmospheric C02 (Wigley and Raper
1992, Gifford 1994).

The response of plants to C02 eruichment has been extensively characterised for field crops
and aiUluals (1 .2.1). Carbon dioxide eruichment has been shown to enhance assimilation (A)
and dry matter accumulation in the majority of C 3 crop and aiUlual species (Lawlor and
Mitchell 1991). However field crops and aiUluals represent a comparatively insignificant
proportion of the tropospheric carbon stored in terrestrial plants, and such storage is shortterm since it is harvested or dies and rots annually. In contrast, forest systems represent the
largest store of terrestrial tropospheric carbon. A positive response of forest systems to C02
eruichment is likely to significantly impact on the global carbon cycle (Bazzaz 1990,
Kirschbaum and Fischlin 1996, see 1.3).
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Studies of the response of trees to C02 enrichment have revealed that A and dry matter
accwnulation are generally enhanced with C02 enrichment. Gifford (1994) suggests, on the
basis of what is known of the response of trees to C02 enrichment, that trees may indeed be
responsible for the missing atmospheric carbon. However, this view assumes that: 1)
assimilation and growth responses of the average tree to C02 enrichment are positive, 2)
trees can maintain this positive response to C02 enrichment over the long-term, and 3)
tropical trees respond similarly to temperate tree species (Gifford 1994). In regard to these
asswnptions, four principal questions regarding the C02 responsiveness of tropical trees
remain to be adequately addressed in order to accurately include the response of tropical
trees to C02 enrichment into the global carbon cycle. These questions are: 1) can the C02
response of tropical tree species be generalised on the basis of what is known about the
response of temperate trees, 2) and 3) can positive C02 responsiveness be maintained in
mature trees and is this manifested over the long-term, and 4) what is the contribution of field
based studies of C02 enrichment to the above questions? These questions will be discussed in
view of the fmdings of this study.

7. 2 A special case for the study of C02 enrichment and tropical tree species

The greater nwnber of C02 enrichment studies on trees have been conducted on temperate
tree species (see 1.3). However, tropical forests represent approximately 42% of the world 's
forested area and contains 59% of global forest biomass and carbon (FAO 1982, FAO 1983,
Brown et a/. 1993, Dixon et al. 1994). In addition, because of the synergy of high
temperatures and C02 enrichment, it is suggested that tropical forests will show a larger
response to C02 enrichment than temperate ecosystems (Long 1991, Gifford 1994, Eamus et

al. 1995b). These facts give rise to the first question: given large interspecific variations in
C02 responsiveness (Eamus and Jarvis 1989, Ceulemans and Mousseau 1994, Gunderson
and Wullschleger 1994), can generalisations be made regarding the response of tropical tree
species to C02 enrichment on the basis of what is known of temperate tree species?

From the first measurement of gas exchange after three weeks exposure to C02 enrichment,
~

and Amax were significantly enhanced and g 5 was significantly reduced with C02

enrichment (see 3.4.1 and 3.4.2). Over the 28 month study, Amax was enhanced with C02
enrichment by approximately 20%. This figure is at the lower end of the average response of
A to C02 enrichment of 20 to 50% from field based studies of trees (Eamus 1996a).
However the value of 20% in the present study was derived from measurements of A taken
during both the wet and the dry seasons. Although a decrease in atmospheric water content in
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the dry season was primarily responsible for the stomatal limitation of A, M. indica
maintaining a positive carbon balance throughout the year. In addition, where A is normally
inhibited in the dry season compared to the wet season in tropical climates, the relative
enhancement of A with C02 enrichment was largest in the dry season compared to the wet
season, where Ci was maintained at a reduced g5 • Therefore, where tropical evergreen
species maintain a positive balance throughout the year, these species may be expected to
have a higher annual assimilation rate and higher annual productivity compared to temperate
trees. Field based studies that observe only the growing season, may in some instances,
overestimate the long-term growth response to C02 enrichment (such as in temperate tree
species with a dormancy period), or underestimate the long-term growth response to C02
enrichment (such as in tropical evergreen tree species that have a positive carbon balance
throughout the year). Hence, tropical tree species, such as M. indica, may be expected to
contribute more to the sequestration of atmospheric C02 than temperate tree species. It is
concluded that the contribution of tropical trees and tropical forest systems to balancing the
global carbon budget should not be derived from what is known of temperate trees and
temperate forest systems. Tropical trees represent a special case because of the interaction of

C02 and high temperature plus high light, and especially because many tropical trees fix
carbon all year. and because this group of plants remains seriously understudied.

7.3 Juvenile vs mature material and short-tenn vs long-tenn studies

Studies of phenology in response to C02 enrichment are poorly represented in the literature
(Reekie and Bazzaz 1989, Reekie and Bazzaz 1991). This is because of the use of seedlings
or saplings, growth conditions that poorly represent field conditions (see 7.4) and the short
duration of most experiments compared to the life span of trees. Tree are typically long-lived
and can grow to be very large . Therefore the period in which trees are represented in their
juvenile or seedling state is relatively short. Bazzaz (1990) points out that the seedling stage
is important, particularly in natural ecosystems where any benefit of C02 enrichment may
enhance the chances of establishment. However the majority of C02 enrichment studies of
trees utilising seedlings and conducted for periods shorter than one growing season,
extrapolate the results in order to speculate on the long-term response of trees to C02
enrichment (see 3 .4 .1 and 3 .4.6).

It is possible, but difficult, for mature trees to be exposed to increased concentrations of
atmospheric C02 throughout their life. Limitations imposed by fumigation facilities often
limit the size of the experimental material. Strategies to counter this limitation have included
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branch bag chambers and FACE techniques (see 2 .1.2). One further strategy employed in
this study was the use of grafted trees, where small trees can reach reproductive maturity .
The use of grafted trees, where the scion represents mature material, as evidenced by
reproductive maturity, may allow phenological observations with C02 enriclunent m
relatively small trees that include reproductive responses (see 4.4.3 and 6.4.4).

In the present study, trees were exposed to C02 enriclunent for longer than two growing
seasons. Although there were large seasonal variations in A and growth in response to C02
enriclunent. there was no apparent loss of the initial rate of assimilation enhancement with
C02 enriclunent. Reciprocal transfer supported this finding by demonstrating that there was
no loss of photosynthetic potential following long-term exposure to C02 enriclunent (see

4.4.6). In addition, the enhanced relative growth rate of total tree dry weight was maintained
throughout the study, even though there was large seasonal x C02 influences on dry matter
allocation (6.4 .3). Thus it can be concluded that positive C02 responsiveness is maintained in

M. indica and over the long-term.

7. 4 Field based methodological approach to the study of C02 enrichment

Gifford (1988) suggests that experimental error (or methodological differences) may account,
in part, for the wide ranging results of C02 responsiveness of A and growth. The use of
either growth chambers or field based techniques (see 2.1.1 and 2.1.2) are the principal
methodologies in the study of C02 enriclunent and trees . Variations in resource availability,
namely light, nutrients and water have a large impact on the response of A and growth

to

C02 enriclunent. A better understanding of the processes underlying plant responses to C02
enriclunent have resulted from detailed investigations of the interaction of C02 enriclunent
and resource availability.

Growth chamber studies have been important for such

investigations. However, growth chambers restrict the size and/or the duration of C02
enriclunent studies, particularly important in the investigation of trees. In addition, the
growth of plants in pots may be, at least in part, responsible for the observed downregulation of the enhanced response of A and growth to C02 enriclunent (Ziska et al. 1990,
McConnaughay et al. 1993, see 1.2.2 and 4.4.1). Since growth responses are influenced by
changes in temperature, light and water availability, field based studies that incorporate
diurnal and seasonal variations in micro-climate may allow a better estimation of the longterm response of tree growth to C02 enriclunent. Even under sub-optimal conditions of light,
nutrient or water availability, many plants maintain a relatively enhanced growth response to
C02 enriclunent (Gifford 1979, Conroy et al. 1986, Ziska et al. 1990, Kubiske and Pregitzer
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1996). Thus most ecosystems, including woodlands and forests , which have the largest
potential for sequestering aunospheric C02 , are likely to be influenced by the C02 feniliser
effect, irrespective of light, nutrient or water limitations.

A field based experimental approach is panicularly valuable where the aim of the study is to
determine long-term responses as they allow the physical space for long-term growth as well
as allowing environmental variation in climate to be experienced by the plants. Measuring
diurnal and seasonal variation in gas exchange in response to C02 enriclunent was imponant
for three reasons. First, the long-term influence of C02 enriclunent on A can be separated
from the influence of environmental variations in climate. Second, an understanding of
seasonal variations in A will help to characterise the observed variations in growth and dry
matter allocation. Third , seasonal variations in patterns of gas exchange, growth and dry
matter allocation in response to C02 enriclunent may highlight the imponance of source/sink
relations . Trees, as opposed to annuals, represent a special case in plant physiology. Trees
are long-lived and are subject to annual seasonal variations in climate. This study determined
that seasonal variations, and variations in response to C02 enrichment can be linked by
source/sink relations .

7.5 Future directions

This project has demonstrated the imponance of the investigation of responses of A and

growth of tropical trees to C02 enrichment, in the tropics and under field conditions.
Significant deficiencies within the literature have also been highlighted. Therefore, C02
enrichment studies of tropical trees should be a priority of future research. In addition,
emphasis should be placed on studies under field conditions; studies utilising mature trees and
studies of sufficient duration whereby the influence of C02 enriclunent and seasonal
variations in climate on physiology may be included.

Trees are complex and long-lived plants that are characterised by an enormous potential for
acclimation and adaptability. Studies on mature trees, conducted over the long-term will
permit the inclusion of the influence of C02 enrichment on phenology, reproductive biology
and the interactions between C02 enrichment, rate of growth and panitioning. Such
investigations cannot be undenaken in the shon-term using seedlings or saplings.

Two topics of further investigation arising from this project are of panicular interest. It was
observed that SLA decreased with C02 enrichment (see 3.4.3, 4.4.1 and 6.4.2). A decrease
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in SLA may be associated with a diurnal decrease in Amax with C02 enrichment in the present
study, and may be linked to carbohydrate accumulation, whereby RuBP regeneration is
inhibited by sequestration of Pi (see 6.4 .2). Alternatively , a decrease in SLA may be
associated with an increase in leaf thickness (Radaglou and Jarvis 1992). Given that a
doubling of gs following reciprocal transfer from COrenriched to ambient conditions did not
result in a significant change in Amax (see 4.4.6), it may be suggested that the average path
length of C02 diffusion has increased in trees grown under C02-enriched conditions. It
remains to be determined whether a decrease in SLA is represented by an increase in leaf
density or leaf thickness.

It was also observed that soluble protein and chlorophyll concentration decreased with C02
enrichment (see 3.4.4). In addition, there were significant seasonal fluctuations in soluble
protein and chlorophyll concentration with C02 enrichment that may be correlated with
seasonal variations in Amax or canopy growth (see 4.4.2). The partitioning of nitrogen
between the leaf and other plant tissues is strongly influenced by C02 enrichment (Evans
1989). It is suggested that in the present study, nitrogen-use-efficiency was enhanced with
C02 enrichment, and nitrogen thereby released from foliage was reallocated to support
enhanced growth in the wet season. A comparison of the concentration of nitrogen within
plant tissues between seasons , may support this hypothesis and shed further light on the
processes of nitrogen partitioning.

In brief, areas of further investigation pertinent to tropical trees , grown in the field under
C02 enrichment include the influence of C02 enrichment on: phosphate deficiency (Conroy

et al. 1990a), dry matter partitioning in relation to wood density and quality (Conroy et al.
1990b), leaf and root respiration (Amthor 1991), and sink activity as influenced by phloem
loading (Komer eta!. 1995).

7. 6 Conclusions

This study aimed to determine the physiological and growth responses of grafted M. indica to
long-term exposure to C02 enrichment. This study is important because it successfully
examined the physiological responses of a tropical tree to C02 enrichment under field
conditions. It was determined that diurnal and seasonal variations in micro-climate had a
significant impact on the response of trees to C02 enrichment. Seasonal variation in microclimate had a significant impact on source/sink relations . Although large differences in
availability of soil water characterises the study region, the impact of C02 enrichment on leaf
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water status did not contribute significantly to observed seasonal variations in gas exchange.
However, seasonal variations in VPD had a large impact on g5 • As a result of the impact of
VPD on g 5 , the relative enhancement of Amax in trees grown under COTenriched conditions
was largest in the dry season. Enhanced Amax and reduced g 5 , coupled with an enhanced
root/shoot ratio suggests that these trees will have an enhanced water-use-efficiency.
Source/sink relations are an important aspect of plant physiology, linking the response of A
and g 5 to growth and dry matter allocation. In view of the influence of C02 enrichment on
the seasonal change of A and growth, whereby a large sink is maintained throughout the
year, it is concluded that M. indica will maintain enhanced A and growth over the long-term.
This study demonstrates that field based, long-term C02 enrichment studies on trees can be
conducted under tropical conditions. Finally, this study contributes to a better understanding
of the impact of elevated atmospheric C02 on tree physiology as well as the possible impact
of tropical trees on the global carbon budget.
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Appendix
1) Leaf boundary layer conductance (gb)
gb

= Esa,(at TLear)- E53,(at Tair)/Rate of change of paper weight

2) The determination of vapor pressure deficit (VPD)

VPD = EsadEsat x %RH/ 100)
Esat

= 6.13753 X ln(Tair X (18.564- Tai/254.4)/(Tair + 255.57)/10

3) The detennination of transpiration (E)

E

= gs x (snnolfac-molfract)

snnolfrac
molfract

=

0.001 x (T1ear) - 1.2£-05 x (T1e.-/)

+ 8.3£-07 x (T,eah

= %RH x T 1

Where: %RH is relative humidity

4) The detennination of relative humidity (%RH)

Esat

= 6.13753 X ln(Tair X (18.564 - Tai/254.4)/(Tair + 255.57)110

5) The determination of leaf to air vapour pressure difference (LAVPD).
LA VPD = snnolfac - VPD

snnolfac = 0.001

X

(T,ear) - 1.2£-05

X (T,ea/)

(VPD is calculated as for 2)
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+

8.3£-07 X (T,ea/)
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