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ABSTRACT
There is an increasing interest on the effects of age-related changes upon the tree
morphology and physiology. Increases in greenhouse gas emissions and the
phenomenon of global warming has turned the scientific interest towards the
understanding of forest ecosystem processes, such as reforestation, the role of old
forests in carbon sequestration (do old forests behave as carbon sink or source?)
or the way plant growth is affected by environmental factors. Since the decline of
above-ground net primary productivity with stand age is a well established fact.
the understanding of the physiological basis for this age-related decline is very
important for both regeneration capacities of forests and for restoration issues.
Trees seem to slow their growth rates over time and seem unable to grow
beyond a certain height, but the nature of the mechanisms responsible for these
processes is largely unknown. Several hypotheses have been developed in order to
explain them, such as the maturation hypothesis-genetic programming; nutrient
limitation hypothesis; reduced growth due to increased below-ground allocation;
reduced turgor pressure in tall trees and hydraulic limitation hypothesis.
The main objective of the present thesis is to investigate the mechanisms
underlying the age- and size-related decline observed in growth efficiency and in
relative aboveground mass growth rates in both Scots pine and poplar (clonal)
chronosequences. Hence. I compared differently aged Scots pine stands and trees
Growing at the same site, in contrast to most previous studies, isolating leaf- from
stand-level responses. In addition. I used poplar clonal material to compare
growth and morphological parameters of genetically identical cuttings taken from
Young, middle-age and old plants belonging to four clones and I carried out
investigations both in the field on the original donor trees (trees of identical
meristematic ages and different sizes) and on rooted cuttings (identical
meristematic ages and same size).
Scots pine study: My results partially supported the hydraulic limitation
hypothesis, but at the same time suggested that additional factors were also
involved in the decline in growth efficiency with age. Such factors may involve
decreased soil nutrient availability, increased below-ground allocation and
reduced turgor pressure in tall trees.
Poplar study: The observed decline in growth and carbon uptake in poplar
donor trees in the field was related to the increases in tree size, the increased
path length, and possibly the architectural complexity, or in some cases to
decreased nutrient availability in the soil but not to cellular senescence per se.
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Chapter 1: Introduction
1.1

GENERAL BAGROUND

There is an increasing interest on studying the effects of agerelated changes upon tree morphology and physiology. Increases
in greenhouse gas emissions and the phenomenon of global
warming has turned the scientific interest towards the
understanding of forest ecosystem processes, such as
reforestation, the role of old forests in carbon sequestration (do
old forests behave as carbon sinks or sources?) or the effects of
environmental factors on plant growth. Since the decline of
above-ground net primary productivity with stand age is a well
established fact, the understanding of the physiological basis for
this age-related decline is very important for both regeneration
capacities of forests and for restoration issues. Thus, the
understanding of forest ecosystem processes is fundamental to
forest biologists, as the understanding of fundamental principles
of stand's function and requirements are vital to improve its
development and maintain its productivity.
Furthermore, there is a need of determining the role of
forests as sources or sinks in global carbon budgets in order to
construct mechanistic models that predict the response of forests
to climate change. Lastly, foresters need to add to their

knowledge on productivity and growth of even-aged forests in
order to set the rotation age.
Several studies have shown that after canopy closure there
is a decrease in forest productivity as the stand ages (Turner and
Long 1975. Gholz and Fisher 1982. Long and Smith 1992. Ryan
and Waring 1992, Mencuccini and Grace 1996a). It seems clear
that trees have mechanisms that slow their growth as they age
and prevent them from growing beyond a certain height, but the
nature of those mechanisms is largely unknown (Ryan e' al.
1997). Therefore, an understanding of the pattern of forest
growth and the causes of declining above-ground net primary
productivity, after canopy closure in stands, is essential due to
lack of clear evidence of the causes.

1.2

LITERATURE REVIEW

1.2.1 Age-related decline of stand productivity
The reduction in above-ground net primary productivity of forest
ecosystems after canopy closure, when forest stands reach a peak
at the time that maximum leaf area is achieved, is a commonly
accepted pattern in forests across the world. After this peak in
forests production the rate of increase in stands biomass starts to
decline with forest age over the years (Turner and Long 1975.
Waring and Schlesinger 1985, Ryan
Gholz and Fisher 1982.
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1991. Long and Smith 1992, Ryan and Waring 1992. Murty et al.
1996, Mencuccini and Grace 1996a). By net primary productivity
we define the rate of biomass production (i.e.. foliage, branches.
roots. stems. plant reproductive organs) per unit of area and time
after some photosynthates have been lost to plant respiration.
Age-related decline occurs both at the stand as well as at
the tree level. For instance Kaufmann and Ryan (1986) studied
the growth efficiency (i.e., total yearly growth divided by leaf
area) in lodgepole pine, Engelmann spruce and subalpine fir and
they observed that in all species growth efficiency of individuals
declined sharply with age. Comparing growth efficiency. as
opposed to absolute growth. removes the effect of tree size, yet
an age-related trend is still apparent. Ryan and Waring (1992)
found that. in lodgepole pine, aboveground biomass production
per unit of leaf area and aboveground net primary production
declined substantially in the old. tall stands. Yoder et al. (1994)
found also that growth efficiency in old

Pinus ponderosa

individuals was lower compared with adjacent younger trees. In
addition. trends of reduced growth efficiency with tree age were
reported by Kuuluvainen (1991) and Mencuccini and Grace
(1996b) for Scots pine, and by Deizon et al. (2004) for maritime
pine. Ryan et al. (1997) and Ryan et al. (2006) also observed a
decline in individual tree growth with age, resulting from
reduced efficiency.
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Furthermore. Mencuccini ci al. (2005) showed that reduced
,01rowth efficiency with age of trees growing in the field were not
mirrored by the growth of grafted seedlings originating from the
same population, despite the fact that the meristematic age of the
grafts and the donor trees was the same. Mart inez-Vilalta et al.
(2007) found that growth efficiency per unit leaf area of Scots
pine in Scottish Highlands decreased significantly with tree age
in all three plots they studied. Additionally. Vanderklein et al.
(2007) reported that the age-related decline in growth observed
in the field in Scots pine was not caused by meristematic age per
se. Finally, in Meticuccini ci at. (2007) calculation of relative
growth rates across four species showed no significant
differences across rooted cutting ages.
Magnani ci al. (2000) reported that the observed changes
in above-ground stand net primary productivity may derive from
changes in one of the following variables:

I.

(Eq.l.1)

where Pa (kg rn 2 yr 1 ) is above-ground net primary productivity,
A

(kg m 2 yr) is stand assimilation .

R 1 (kg m 2 yr)

maintenance respiration, r g is specific growth respiration and Pb
(kg m 2 yr') is stand below-ground net primary productivity.
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Stand assimilation

(A)

can be calculated using the

following equation (Mc Murtie et al. 1994, cited in Magnani et
al. 2000):

AE 0

I[ 1 -exp(-KoWr)]

(Eq. 1.2)

where, e o (kg MY) is stand gross light utilisation coefficient, I
(Mi m 2 yr') is incoming photosynthetically active radiation, a
(in 2 kg') is specific leaf area,
biomass and

K

W

(in 2 kg') is stand foliage

is a light extinction coefficient for the canopy.

Maintenance respiration of each plant is assumed to be
proportional to its biomass (Thorn ley and Johnson 1990, cited in
Magnani et al. 2000):

Rill=

where, W

1471

Ill
+

fill
.1+

ill

(Eq. 1. 3)

(m 2 kg') is sapwood biomass, Wr (rn 2 kg') is fine root

biomass and

(yr') are the specific respiration rates.

Changes in stand fine root biomass can be assumed to be
negligible compared to fine root mortality due to high turnover
rate (Magnani ci al. 2000).

(Eq. 1.4)

where, 4W1 refers to fine root biomass changes, Tr (kg m 2 yr')
is the root turnover (equal to root mortality) and 'r (yrs) is fine
root longevity.
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Consequently. a joint examination of equations 1.1 to 1.4
reveals that any changes in carbon assimilation, light use
efficiency, xylem allocation, specific growth respiration,
specific leaf area and nutrient availability could result in
changes of the above-ground net primary productivity (P a ).

1.2.2 Carbon cycle and water flux through trees
1.2.2.1 Carbon cycle through trees
Carbon is one of the most abundant elements in the universe, and
is absolutely essential to life on earth. The movement of carbon
through forest ecosystems is described by the carbon cycle. It
begins when plants assimilate carbon dioxide (CO 2 ) through
photosynthesis. During photosynthesis plants absorb carbon
dioxide (CO 2 ) and radiation, resulting in the formation of
glucose (C61-11206) and other sugars. Carbon assimilation takes
place through the stomata.
Carbon cycle in ecosystemsGPP-RE

(Eq. 1.5)

where GGP is gross primary production and RE is ecosystem
respiration.
The rate of photosynthesis depends mostly on the leaf area,
leaf protein content, plant water status and climate. Large
amounts of energy are essential to maintaining existing cells and
to support the growth of new cells and a remarkable part of this

energy is lost to respiration. Only a small portion of the energy
is converted into sugars and biomass (Ryan et a! 1997).
Almost 50% of the absorbed carbon available from
photosynthesis (after photorespiration) in forests is expended in
autotrophic respiration (respiration of foliage, wood production,
roots and associated symbionts). and the remaining carbon
products go into the net primary production: roots, branches,
stemwood, foliage, reproductive organs and fine roots (Ryan
1991) (Plate 1.1).

co

co,
I Respiration

Assimilation

CO

CO2
-

Allocation

StetnWood
(.02

•

•
iK

Ftn,
Rnot•'.

/
••j,
• • 1:'

•
• t.

\'.

;•IS- . .' •,

, ,••c

Plate 1.1: Carbon cycle within a forest
ecosystem.
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On an annual basis, forest ecosystems that are undisturbed,
show only a small net gain in carbon exchange with the
atmosphere. Among species several differences have been
noticed in the pattern of carbon allocation. These differences
may affect competitive relationships between tree species, the
susceptibility of trees to stress and pollutants, as well as the
annual carbon balance of a stand (Waring and Running 1998).

1.2.2.2 Water flux through trees
Higher plants can absorb water over their entire surfaces, but the
most specialised organ they use for absorption is their roots.
Evaporation of water from the foliage of trees provides the
driving force to pull water from the soil, through the roots and
xylem, to the leaves.
Xylem is the main tissue involved in water transport
through plants. Water moves from the soil through roots upward
in xylem by the conducting cells. In gymnosperms the cells
specialised in conducting water are called tracheids. whereas in
angiosperms water movement occurs mainly through vessels.
Since tracheids are shorter and narrower than vessels, they are
less efficient conducting elements than vessels. On the other
hand tracheids have mechanisms that trap air bubbles, which is
very important for the restoration of cavitated xylem elements
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(Waring and Running 1998). Water transport from the roots to
the canopy takes place only through the sapwood. Heartwood
contains cells, which are filled with gas or impermeable
metabolic products.
The movement of water, from the soil to the atmosphere is
governed by rules analogous to those for the flow of electricity.
as Ohm's low describes. According to this analogy the flux of
water through a discrete region from A to B (i.e. from soil to
atmosphere), FAB, is proportional to the product of the hydraulic
conductance (KAB, kg s

MPa 1 ) of that region and the water

potential drop across the structure (TA-TB) (Tyree and Ewers
1991).

'1B =

( Eq. 1.6)

According to this analogy the flow of water from the roots
to the leaves is proportional to the product of the hydraulic
conductance of the plant and the water potential drop across it
(Tyree and Ewers 1991). Hydraulic conductance is the ratio
between hydraulic conductivity and path length. Since the
occurrence of xylem embolism (air bubbles formed into the
xylem) limits the minimum xylem water potential at which plants
can operate safely (Zimmermann 1983), it is reasonable to expect
that taller plants will compensate to some extent for their
increased path length.

Transpiration

A

-5ONl1i
KbOLIndary Ip

K vapur
Kstoniatal

Kstcm

A
1 /' j.

--(L211Pa

Krooi
•

••'

-0.05MPU

Absorption

Plate 1.2: The simplest Ohm's law analogy. Total
conductance is the resultant conductance of the root,
xylem, leaf lamina, stomata, leaf and boundary layer
in series. Water flow is driven by the differences in
water potential between the soil

( IF,,,

and the

atmosphere ([') (Tyree and Ewers 1991).

The energy state of water is usually expressed as the water
potential (v'), with units of pressure (MPa). Water potential in
plants may be separated into four components (Waring and
Running 1998):

EI

¶I'= Ti p + WS+'I'm+g
where. ¶i'

(Eq.l.7)

is the pressure component and is relative to free water

at the sea level and 20° C. with no solutes inside (distilled), the
osmotic component

T1S

represents the contribution of dissolved

osmotically active sugars and salts. the niatric potential P11
results from small negative forces at the surface of solids (i.e.
cell walls) and the gravitational component 'P g increases with
height above ground at 0.01 MPa m*

The water potential W at a particular location in the plant
depends on the water potential in the soil ( ¶I'

) and the effect

of gravity ( IF.). The lower the T,oij , or the greater the W2 , and
the greater the hydraulic resistances (r), between the soil and
the reference point (i.e., z)

in the shoot, the less the water

flowing through the plant (Larcher 1995).

z= V so i +

+

soil i

(Eq. 1. 8)

Thus. the plant is expected to exhibit a steep gradient in
the water potential only when large quantities of water are
flowing through it.

Finally, water flow through plants is controlled primarily
in the vapour phase (between evaporating surface and the bulk
air), the stomata being the principal regulators of water
movement through plants. Any increases in resistance to water

flow, mainly in the soil and the roots, will lead to reductions in
leaf turgor enough to cause stomata closure (Kramer 1983), and
consequently transpiration.

1.2.3 Hypotheses that explain the age-related changes in forest
productivity
Trees have mechanisms that slow their growth as they age and
prevent them from growing beyond a certain height, but the
nature of those mechanisms is still poorly understood (Ryan et
al. 1997. Ryan et al. 2004).
For several decades, it has been thought that decreased
growth was caused by changes in the balance between
photosynthesis

and

respiration,

due

to

increased

sapwood

respiration (Yoda et al. 1965, Kira and Shidei 1967, Kramer and
Kozlowski 1979, Waring and Schlesinger 1985). However, direct
measurements of respiration rates (Ryan and Waring 1992, Ryan
ci al. 2004) have failed to support this hypothesis. Consequently,
a number of new hypotheses have been proposed to explain those
mechanisms. Some of the most widely examined hypotheses are:
nutrient limitation hypothesis (i.e., Miller 1984, Waring and
Schesinger 1985,
Pearson ci al. 1987. Binkley ci al. 1995);
maturation hypothesis-genetic programming (i.e.. Ritchie and
Keeley 1994. Day ci al. 2001): shifts in tree dominance with
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stand development (i.e., Binkley

el

004);a/.2002. Binkley 2004)l

reduced
reduced growth due to increased below ground allocation (i.e.,

Grier et al. 1981. Magnani el al. 2000) reduced turgor pressure
in tall trees (i.e., Woodruff el al. 2004); hydraulic limitation
hypothesis (i.e., Yoder ci al. 1994. Warning and Silvester 1994,
Mencuccini and Grace 1996a, Walcroft et al.

1996, Ryan and

Yoder 1997).
Among those, the hydraulic limitation hypothesis is
currently believed to provide insight into some of the potential
processes at the basis of the limited growth of old-tall tress
(Yoder et al. 1994. Ryan and Yoder 1997).

1.2.3.1 Respiration hypothesis
Respiration provides the essential energy to convert the products
of photosynthesis into the biomechanical constituents of plant
tissues. In this process, photosynthetically-fixed C is lost to the

atmosphere (as G0 2 ) during the maintenance of plant tissues
(Barnes et a! 1998).
For over 20 years it was believed that an increase in the
ratio of sapwood (respiration) to leaf area (assimilation) with
stand age was the cause of the observed decline in growth (Kira
and Shidei 1967). This hypothesis was favoured as the most
likely explanation of forest decline with age, for several decades
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(Yoda et al. 1965. Kramer and Kozlowski 1979, Waring and
Schlesinger 1985).
In contrast, when Ryan and Waring (1992) conducted direct
measurements of respiration rates they found that in a 245-yearold stand of lodgepole pine (Pintis corciata ssp. latifolia) the
respiration effect explained only a small proportion of the
decline in above-ground wood production compared to a 80-yearold stand. As a result their study failed to support the respiration
hypothesis.
In addition. respiration rates for foliage and fine roots in
pine trees were found to be much larger than the rates in woody
tissues (Ryan et al. 1994). Subsequently, Mencuccini and Grace
(1996a) showed that, in 7-60 years old Scots pine
sylveslris

(Pinus

L.) stands, increases in maintenance respiration of

woody tissues alone were unlikely to account for the large
reductions in net primary productivity and growth efficiency.
To conclude, the respiration hypothesis was traditionally
accepted as the explanation for the decline of growth with age,
but it is not supported by recent measurements (Ryan et al.
2004), nor by recent modelling studies (Magnani et al. 2000,
Mäkelä and Valentine 2001).
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1.2.3.2 Nutrient limitation hypothesis
As trees grow and their biomass increases, their nutrient
requirements also increase, but stands may reach a point in
which nutrients become limiting resulting in reductions in tree
leaf area or photosynthetic capacity, and therefore in a decline
in above-ground productivity.
It has been claimed that nutrient supply is linked to net
primary productivity (Miller 1984, Waring and Schesinger 1985).
Pearson et al. (1987), showed that the increase in biomass of
lodgepole pine (Pinus contorta spp. latifolia [Engelm. Ex Wats.]
Critchfield) in all the stands they examined, occurred primarily
in the living vegetation compartment throughout stand
development. According to this study maximum accumulation of
N, Ca, K, Mg and P peaked approximately at the same time of the
peak in stemwood production and then declined (Pearson et al.
1987). Binkley ci at. (1995) in their study on stand leaf area and
production of lodgepole pine concluded that nutrient limitation
partially explained the declining trends on both leaf area and
stand productivity.

Ryan ci al. (1997) reported that any decrease in nutrient
availability with stand age may result in reduced wood
accumulation rates by decreasing either assimilation or reducing
allocation to wood growth.

Si

However, this explanation is very unlikely to apply
universally. According to Sasser and Binkley (1989) and Ryan
and Waring (1992) nutrient availability can be even higher in old
stands than in younger ones or highly fertilized stands would not
show a decline in growth, while they instead do show (Ryan ci
al. 2004).

1.2.3.3 Maturation hypothesis-genetic programming
As trees grow and mature fromjuvenile to adult, changes occur
in their morphology, physiology and biochemistry (Zimnierrnann
et al. 1985, Greenwood 1987). The response of a plant to its

environment is a function of its genetic make - up. During
maturation. plant cells, tissues and organs will differentiate with
age from those when juvenile, due to growth of the
undifferentiated meristernatic tissue (Greenwood and Hutchison
1993).
According to this hypothesis (maturation or senescence
hypothesis) the reduced growth of old trees begins to occur
roughly at the time of onset of sexual reproduction, and is due to
genetically controlled developmental processes, not to size per
Se. Day et al. (2001) proposed that genetically controlled age of

meristerns may be important for exploring the age-related decline
in tree growth.

OR

If changes in DNA methylation and gene expression that
take place during juvenility to sexual maturity continue to occur
after the sexual maturity, then the age-related decline in tree
growth may be explained by the decreased growth potential of
the meristematic buds (Hutchison el al. 1990, Fraga et at. 2002).
Ritchie and Keeley (1994) found that as age of Douglas-fir
scions (grafted to juvenile rootstock) increased, height, diameter
growth and number of branches per unit of stem declined. In this
study the age-related decline of productivity did not contain
size-related effects. In addition, Day et al. (2001) on their study
on the age-related trends in foliar morphology and gas exchange
in a population of Picea ruhens Sarg., ranging from 1-150 years
old, as well as in grafted scions from these trees, found that agerelated trends in foliar morphology (decreasing specific leaf area
and increasing needle width, and projected area) were significant
and inherent in meristems, since both physiological and
morphological characteristics were perpetuated from donor trees
to the grafted plants. Bond ci al. (2007) found that Douglas-fir
scions (differently aged shoot tips grafted onto seedling
rootstock) maintained the characteristics of the donor trees three
years after the grafting. However, morphological and
physiological characteristics of scions from young-mature trees
grafted onto seedling rootstock exhibited the characteristics of
the rootstock (Bond et al. 2007).
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In contrast. Connor and Laiiner (1990) did not find any
significant change in tracheid diameter or in mean radial growth
with age of grafted scions nor any evidence of cambial aging in
the phloem tissue. In addition, plant architecture models (West
ci al. 1999) also support that size, not age. regulates growth.
Furthermore, high growth rates observed on seedlings originated
from scions from old trees grafted onto young rootstock
(Mencuccini ci al. 2005. Martinez-Vilalta

ci al. 2007) give

evidence that the decline in growth is not due to age per se.

1.2.3.4 Stand structure changes
Stands develop gradually from the stand initiation phase to stem
thinning phase, understory reinitiation phase, and finally to old
growth stage (Waring and Running 1998). During these stages,
trees interact with each other for the supply and use of resources
(such as light, water, and nutrients), they compete for resources
and differences in resource use efficiency of trees is evident.
Decline in above-ground net primary productivity may take place
as dominant trees shade smaller trees or competitors and this
gradually causes their death. Shaded trees may become more
inefficient in their use of light, which may result in a decline in
net primary productivity.
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Binkley et al. (2002) concluded that the observed decline
in stand-level growth was caused by changes in stand structure
and specifically by decreased efficiency in resource use in nondominant trees. In this study changes in stand structure allowed
dominant trees to sustain high growth rates by increasing their
acquisition of resources more efficiently than smaller, nondominant trees with lower growth rates, resulting in age-related
decline in forest productivity.
Binkley (2004) proposed that the decline in stand level
growth near canopy closure was driven by increasing dominance
of larger trees, leading to declining efficiency of resource use by
smaller trees. He speculated that with any further stand
development, the ability of large trees to dominate smaller trees
declines as the gaps between trees increase, and large trees enter
a phase where their growth does not follow their increasing
dominance of site resources.
However, Bond (2000) reported that age-related changes at
the leaf level imply that changes in stand structure can not be
the only explanation for the age-related decline in forest growth.

1.2.3.5 Allocation changes
A positive carbon balance can be maintained under unfavourable
conditions

(temperature,

water.

nutrients,

CO 2

supply)

by

changes in the pattern of resource allocation to foliage and to
nonphotosynthetic parts. As it has been suggested, an increase
in, e.g., root temperature increases the demand for root
respiration resulting in tower carbohydrate concentrations in the
whole plant (Lambers et al. 1998).
Similarly, age-related changes in forest productivity could
result from reduced allocation to foliage production, or
increased allocation to fine root production. leading to either
reduced carbon assimilation or to increased respiration.
Grier

et al.

(1981) found that a substantial shift in

productivity from above-ground to below-ground occurred when
they compared 23-year-old and 180-year-old

Abies amabilis

(Dougl.) stands. They concluded that allocation to fine roots
increased as a fraction of net primary production in older stands.
Linder and Troeng (1981) estimated that cone production in
Scots pine stands accounted for 10-15% of the total carbon
allocated to above-ground wood production and wood-tissue
respiration. Gholz et al. (1986) found that much greater energy
investments occur belowground as stands age due to the greater
respiratory requirements of the increased fine root mass.
Moreover, Greene and Johnson (1994) showed that largeseeded species produced more total annual seed crop than smallseeded species, which was compensated by the greater
investment in ancillary reproductive tissue by smaller seeded
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species. In addition, Ryan et al. (1997) concluded that there is a
carbon cost for reproduction. and an increase in seed production
required further carbon consumption which may be the cause of a
decrease in carbon availability for wood production.
Subsequently. Magnani el at. (2000) in a study of 10 Scots
pine stands (ranging from 7 to 59 years) observed that the
reduction in stand net primary productivity appeared to be
accounted for by allornetric changes over the lifetime of the
stand. As plants grew taller, allocation shifted from foliage to
transport tissues, mainly to fine roots. Thus, the observed
decline in above-ground net primary productivity may he caused
by higher root respiration and by higher fine root turnover. In
this study the authors claimed that the increasing length of the
hydraulic pathway in the sterns of ageing trees may result in a
compensatory greater allocation to fine roots (Magnani ci al.
2000).
In synthesis, only few of the studies that have explored the
carbon balance of whole trees or stands, have shown that age- or
size-related declines in growth may occur without an increase in
carbon allocation belowground (i.e.. Ryan ci al. 2004). However,
most often these changes have been limited in magnitude, i.e.,
not large enough to account for the totality of the decline in
aboveground net primary productivity.
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1.2.3.6 Reduced turgor pressure
Turgor pressure is the positive hydrostatic pressure in live
cells (Lambers et al. 1998). The turgor of cells in leaves and
buds is expected to decrease proportionally with the leaf water
potential if the osmotic potential of these cells remains constant.
Gravitational potential adds 0.01 MPa m 1 to the xylem water
potential gradient in trees, which can potentially alter turgor
pressure, affecting cell expansion and division unless plant cells
adjust the osmotic pressure to compensate (Woodruff et al.
2004). Limitations to water flow through trees and hydrostatic
forces may change cell turgidity and influence cell expansion
(Koch el al. 2004, Woodruff et al. 2004).
Woodruff c/

al.

(2004) observed that turgor pressure

decreased with increasing height in Douglas-fir trees during the
time that vegetative buds began to swell, while there was no
osmotic regulation in expanding tissues to account for the
hydrostatic gradient observed in water potential. Vertical trends
in branch elongation, leaf dimensions, and leaf mass per area
were consistent with increasing turgor limitation on shoot
growth in the taller trees.
Ryan ci al. (2006) pointed out that several studies have
shown that size-related increases in tree's specific leaf area are
independent of light environment (i.e., Day
Niinemets 2002, Koch

et al.

2001,

ci al. 2004) suggesting that because
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thicker leaves may result from diminished capacity for cellular
expansion, a lower turgor pressure may be a common condition
for tall trees (Woodruff et cii. 2004).
The reduced turgor pressure hypothesis needs further
consideration, particularly in very tall trees (i.e.. Koch et al.
2004. Ryan et cii. 2006).

1.2.3.7 Hydraulic limits to tree height and growth
According to the hydraulic limitation hypothesis (Yoder et al.
1994. Ryan and Yoder 1997), as atmospheric water demand
increases, the water potential in stems and leaves falls, driven
by the increased transpirational losses. This decline in leaf water
potential can proceed only up to a limit, because water tension in
leaves and stems is limited by the need to avoid xylem
cavitation. If water potential falls below a certain limit air
bubbles will form inside xylem conduits, a phenomenon called
embolism. These air bubbles will interrupt the continuous water
column, resulting in an increase in the hydraulic resistance of
the tree (Zimmerrnann 1983). It is thus reasonable to expect
earlier stornatal closure in taller trees with longer branches, to
limit this decrease in xylem water potential.
Yoder et cii. (1994) studied lodgepole pine and Ponderosa
pine stands, varying in age from 3 to 250 years. They observed
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that for both species net photosynthesis per unit leaf area (of I year-old foliage) in mature stands averaged 14-30% lower than
in younger stands. Because this decline in photosynthetic rate
did not appear to be caused by reductions in maximum
photosynthetic capacity, since foliar nitrogen concentration and
peak photosynthesis rates were similar, they speculated that
lower hydraulic conductance in the xylem of older/taller trees,
caused by increased hydraulic resistance resulting from
increased xylem path length in taller trees with longer branches,
may have lead to greater stomata closure.
The hydraulic limitation hypothesis specifically states that
when a tree ages and grows taller, the pathway for water
transport increases in length, decreasing the hydraulic
conductance of the whole tree, causing earlier stomatal closure
in taller trees with longer branches (Yoder

et at.

1994.

Mencuccini and Grace 1996a, Ryan and Yoder 1997. Ryan et at.
1997, Hubbard ci' al. 1999. Bond and Ryan 2000. Ryan et at.
2000. Schafer et at. 2000, Barnard and Ryan 2003, Phillips ci at.
2003, Delzon ci' at. 2004) and therefore decreased carbon
assimilation.
Several studies (Yoder ci al. 1994. Livingston et at. 1998,
Hubbard ci at. 1999, Ryan et at. 2000. Schafer ci al. 2000,
Irvine ci' al. 2002) have found that stomatal conductance
declined linearly or curvilinearly with tree size. However,
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McDowell el al. (2002) and Barnard and Ryan (2003) did not
observe the same trends in Douglas-fir and in Eucalyptus

saligna. respectively.
In addition. Ryan el al. (2006) reviewed 51 studies which
tested the presence of hydraulic limitations in 16 gymnosperms
and 18 angiosperms species, and concluded that hydraulic
limitations appeared to operate in most studies. However, the
hypothesis failed to account for reductions in net assimilation in
the Eucalyptus study (Barnard and Ryan 2003. Ryan ci al. 2004).
To conclude, as Ryan et al. (2006) indicates, many of the
studies of physiological changes with height and age suggest that
the critical signal seems to be height and its effects on xylem
water potential.

1.3

JUSTIFICATION AND AIM OF STUDY

Trees seem to slow their growth rates over time and seem unable
to grow beyond a certain height, but the nature of the
mechanisms responsible for these processes is largely unknown.
Several hypotheses have been developed in order to explain
them. as discussed earlier on this chapter. but the most important
potential causes seem to be restricted to hydraulic limitation and
maturation (genetic programming) hypotheses.
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In this thesis, I focus on both hypotheses by conducting
two main experiments comprising of several factors and subexperiments. The first study tests the hydraulic limitation
hypothesis and it consists of two parts. The main objective of the
first part is to compare the structural and hydraulic properties of
branches of Scots pine (P. sylvestris L.) trees of different ages
and heights, in order to see whether there is any compensation
mechanism of increasing tree age/height. Several aspects will be
examined, specifically if tree growth declines with tree age/size;
if specific conductivity of the xylem increases with increasing
tree age; if increased resistance to water flow (due to increased
path length) is related to lower stomatal conductance and the
physiological reasons underlying this relationship; if there is
any compensation mechanism of increasing tree age/height at the
branch level. Furthermore, anatomical studies will eventually
provided us with useful information on the hydraulic architecture
of the trees.
The second part of the Scots pine study focuses on treelevel physiological parameters able to limit tree growth. Mainly,
simultaneous measurements of gas exchange, xylem sap flow and
of above-ground total water vapour flux across the Scots pine
chronosequence will be conducted.
The purpose of the second study is to compare four poplar
clonal "chronosequences" growing in the field (in Belgium) by

measuring trees of identical meristematic age but different size
for each individual clone, therefore the clonal "sequence" in the
field differs only in size and not in age, which makes it the only
study explicitly comparing size-related factors in the donor trees
in the field, eliminating the age-related factors. Investigations
will be carried out in the field on the original donor trees (trees
of identical meristematic ages and different sizes) and sampled
branches will be taken back to our lab and will be propagated in
our own experimental gardens by direct rooting, producing this
way cuttings of identical meristematic age and same size.
1 will eventually compare the donor trees of identical
meristernatic age and different sizes in the field against the
rooted cLittings coming from the same ortets of varying sizes. In
this way I will explore whether it is age or size that is related to
any changes I may observe in forest growth.

1.4 STUDY SPECIFICATIONS
1.4.1 Study species
1.4.1.1 Scots pine
Scots pine (P. sylvestris L.) belongs to Pinaceae family. It is a
large evergreen species and the only native British Pine. This
species can reach up to 40 m in height under favourable
environment and typically grows up to 150 years, but even 300
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may be possible. It is one of the most widely distributed tree
species on earth, spanning a vast climatic gradient from eastern
Siberia to southern Spain. Scots pine has been the object of
several physiological and morphological studies, thus there is
much information available.

1.4.1.2 Poplar clones
Four Poplar clones are selected to carry out the clonal
experiment because in general, they suffer very little stress
during the propagation phase, due to their accumulated sugar
reserves and easy rooting:
P. trichocarpa x P. delloides, a controlled cross of Populus
ba/s arnifera L. ssp. trichocarpa (Torr. & Gray ex Hook.)
Brayshaw and Populus deltoides Bartr. ex Marsh]; referred
as "Helix" or PH
o (P. trichocarpa x P. deltoides) x P. deltoides, a controlled
cross of (P. trichocarpa x P. deltoides) S.910-2 (=cv.
Beaupré) x P. deltoides (S.333-44, Michigan x S.336-16,
Connecticut/3 1) S.910= P. trichocarpa V.23 5 Washington
("Fritzi Pauley") x P. dc/to/des S.1-173 S. lV.5. Iowa x
V.9, Missouri; referred as "Anonymous" or PA
cP. deltoides x (P. trichocarpa x P. deltoides), a controlled
cross of

P. deltoides

(S.333-44, Michigan x S.336-16.
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Connecticut) x S.910-1 (=cv "Unal")S.910

P. trichocarpa

V.235 Washington (Fritzi Pauley'). x P. deltoides S. 1-173
S.1 = V.5, Iowa x V.9. Missouri; referred as "Grimmigne"
or PG
P. trichocarpa x P. trichocarpa, a controlled cross of P.
trichocarpa

V.235 Washington (Fritzi Pauley') x

P.

trichocarpa V.24 Oregon (Columbia river'); referred as
"Trichobel" or PT
Helix and Trichobel clones seem to be more vigorous than
Grin-imigne and Anonymous, though generally they looked alike
during their initiation phase in the field.

1.4.2 Study sites

1.4.2.1

SeIm Muir-Scotland

The Scots pine (Pinus sylvestris L.) study will be conducted in
differently-aged stands located at SeIm Muir (Plate 1.3), SW of
Edinburgh, Scotland (55 0 5 1'54" N, 30 27'49" W). The four study
stands, aged 18, 25, 50 and 80 years, are located within 200 iii of
each other (Plate 1.4) and within each of four stands age is
h o ni o g e n e o u s.

The soil is a Podzolic Brown Earth, with clay texture, rich
in organic matter ([C] = 135.61 t ha'), and poor in nutrients
([N]totai = 5 t ha

C:N ratio = 23.36).
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Age class I (18-year-old trees) corresponds to a naturally
regenerating stand in an opening, while age classes 2, 3 and 4
(25, 50 and 80-year old trees respectively) correspond to evenaged managed plantations of Scots pine. Average Scots pine
density is 708 trees ha', with an average basal area of 2.97 m 2
ha' (Table 1.1).

Table 1.1: Structural characteristics of Scots pine stands, in Se/in Muir,
Edinburgh. (± standard error in parenthesis)

Age class Age (çrs)

1
2

18

a

'

25

3

49

4

80

1

Basal Area

Tree Density

(m 2 ha')

(Trees ha -1)

10

0.05

298.38

6

1.94

547.02

6

2.70

1541.61

6

7.19

447.57

n

measured from tree cores
information provided by the Forestry Commission

1.4.2.2

Poplar site-Belgium

Poplar clones will be obtained from a poplar clonal bank from
the Institute for Forestry and Game Management in Belgium.
Despite the fact that they do not normally grow in Britain, they
are selected because complete clonal chronosequences are easily
traced. Poplar trees ranged from age 1 to age 33 for PH; from I
to 24 for PA and PG and I to 45 for PT.
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Poplar plantations are located at various sites in Belgium,
although frequently the youngest and the oldest trees are within
maximum 5km to each other, thereby minimising site differences
(Table 1.2, Plate 1.5).

Table 1.2: Sample size per poplar clone specified for growth
analyses
No of

No of
Age
sampled
(years,

Sampling

Age

site

(years)

trees
Clone:

Sampling

sampled

PH

site

trees
Clone:

PG

1

3

Nursery

2

6

Nursery

2

3

Nursery

3

5

Nursery

6

17

Huis Union

5

6

Kerrnt

9

16

Heverlee

9

6

Heverlee

10

9

Zandbergen

15

6

Freux

26

12

Van Riet

20

6

Brüly

27

9

Holsbeek Perceel

24

1

Van Riet

33

1

Helix

Clone:

PA

Clone:

PT

2

6

Nursery

2

6

Nursery

3

5

Nursery

3

5

Nursery

5

5

Lommel

5

6

Kermt

9

3

Heverlee

9

6

Borsbeke

15

6

Freux

26

1

Van Riet

20

6

BrUly

41

1

Grimminge

24

1

Van Riet

45

1

Marcq
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Map of studied Poplar clone plantations across Belgium

(source: earth.google.com ).

1.4.3 Propagation technique
Poplar material is clonal, thus the comparison of the "age"
sequence in the field refers to the number of years since
planting, whereas the real meristematic age of all trees is
identical across the sequence (i.e. equal to the age of the
original cross) (Plate 1.6).
Poplar ortets (donor trees from which twigs or scions are
sampled for vegetative propagation by direct rooting) of
identical meristernatic age and different sizes in the field will be
compared with rooted cuttings coming from the same ortets of
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varying sizes. Poplars will be propagated from seven to eight
different tree "ages" of original ortets (depending on clone
availability), where each age sequence belongs to one specific
clone only in order to avoid genetic differences.

19711

200

uu

1999

Plate 1.6: Schematic example of poplar"Helix" clone used to compare
different plant characteristics of the same meristematic age, avoiding any
genetic differences. This is feasible since ortets have been propagated from
a singe tree, the original cross, and planted out in different time periods.

Poplar canopy-top shoots will be sampled, transferred to
Edinburgh and propagated by direct rooting, using 20-cm-long
segments, into pots. Ideally, each segment will approximately
have five healthy buds and during planting the maintenance of
two of them aboveground and the other three belowground will
be attempted to increase shoot growth and rooting success (Agate
2001). Cuttings will remain in our greenhouse during the
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measurements so that a favourable environment will be
maintained (Plate 1.7).

('late 1.7: Rooted cuttings produced from branches sampled from the
ortets in Belgium. Cuttings of the same size were planted in pots, which
were kept in greenhouse to maintain a controlled environment.

This approach decouples age-related from size-related
factors, as propagated plants are all of a similar small size and
are growing under identical conditions, while their tissues
maintain the putative ages of the apical meristems from the
ortets. All segments will be planted in 5-litre pots filled with
peat, sand and vermiculite (mixed 2:1:1).

35

References

Agate E.. 2001. Tree Planting and Aftercare. British Trust for
Conservation Volunteers.
Barnard H.R.. Ryan M.G., 2003. A test of the hydraulic
limitation hypothesis in fast-growing

Eucalyptus

saligna. Plant Cell and Environment 26. 1235-1245.

Barnes B.V., Zak D.R.. Denton S.R.. Spurr S.H., 1998. Forest
Ecology. Library of Congress Cataloging
Binkley D., 2004. A hypothesis about the interaction of tree
dominance

and

stand

production

through

stand

development. Forest Ecology and Management 190, 265271.
Binkley D., Smith F.W., Son Y.. 1995. Nutrient supply and
declines in leaf-area and production in lodgepole pine.
Canadian Journal of Forest Research 25, 621-628.
Binkley D., Stape J.L., Ryan M.G., Barnard H.R., Fownes J.,
2002. Age-related Decline in Forest Ecosystem Growth:
A ii

I n d i v I d u a 1 - Tr ee,

Stand - Structure

Hypothesis.

Ecosystems 5, 58-67.
Bond B.J.. 2000. Age-related changes in photosynthesis of
woody plants. Trends in Plant Science 5, 349-353.
Bond

B.J., Czarnomski N. M., Cooper C., Day M. E.,

36

Greenwood M.S., 2007. Developmental decline in height
growth in Douglas-fir. Tree Physiology 27, 441-453.
Bond B. J., Ryan MG., 2000. Comment on 'Hydraulic
limitation of tree height: a critique' by Becker. Meinzer
and Wullschleger. Functional Ecology 14. 135-140.
Connor K.F., Lanner R.M., 1990. Effects of tree age on
secondary xylem and phloem anatomy in stems of Great
Basin bristlecone pine

(Pinris iongaeva).

American

Journal of Botany 77, 1070-1077.
Day M.E., Greenwood M.S., White AS., 2001. Age-related
changes in foliar morphology and physiology in red
spruce and their influence on declining photosynthetic
rates and productivity with tree age. Tree Physiology
21, 1195-1204.
Delzon S., Sartore M., Burlett R., Dewar R., Loustau D.,
2004. Hydraulic responses to height growth in maritime
pine trees. Plant, Cell and Environment 27, 1077-1087.
Fraga M.F., Rodriguez R., Canal M.J., 2002. Genomic DNA
methylation-demethylation

during

ageing

and

reinvigoration in Pinus radiata. Tree Physiology 22,
813-816.
Gholz H.L., Fisher R.F., 1982. Organic matter production and
distribution in slash pine (Pinus elliott/i) plantations.

37

Ecology 63. 1827-1839.
Gholz H.L.. Hendry L.C., Cropper W.P., 1986. Organic matter
dynamics of fine roots in plantations of slash pine
(P/ntis elliot/i) in north Florida. Canadian Journal of
Forest Research 16, 529-538.
Greene D.F., Johnson E.A., 1994. Estimating the mean annual
seed production of trees. Ecology 75. 642-647.
Greenwood M.S., 1987. Rejuvenation of forest trees. Plant
Growth Regulation 6, 1-12.
Greenwood M.S., Hutchison K.W., 1993. Maturation as a
Developmental Process. In: Clonal forestry I: Genetics
and Biotechnology (Ed. By Ahuja M.R. and Libby W.J.).
pp. 14-33. Springer-Verlag, Berlin.
Grier CC., Vogt K.A., Keyes MR., Edmonds R.L., 1981.
Biomass distribution and above- and below-ground
production in young and mature Abies arnabilis zone
ecosystems of the Washington Cascades. Canadian
Journal of Forest Research 11, 155-167.
Hubbard R.M., Bond B.J., Ryan M.G., 1999. Evidence that
hydraulic conductance limits photosynthesis in old
Pinus ponderosa trees. Tree Physiology 19, 165-172.
Hutchison K.W., Sherman C.D., Weber J., Smith S.S., Singer

38

PB.. Greenwood MS., 1990. Maturation in larch II:
Effects of age on photosynthesis and gene expression in
developing foliage. Plant Physiology 94, 1300-1315.
Irvine J.. Law B.E., Anthoni P.M., Meinzer F.C.. 2002. Water
limitations to carbon exchange in old-growth and young
ponderosa pine stands. Tree Physiology 22, 189-196.
Kaufmann MR., Ryan M.G., 1986. Physiographic. stand, and
environmental effects on individual tree growth and
growth efficiency in subalpine forests. Tree Physiology
2, 47-59.
Kira T., Shidei T., 1967. Primary production and turnover of
organic matter in different forest ecosystems of the
Western Pacific. Japanese Journal of Ecology 17, 70-87.
Koch G.W., Sillett S.C., Jennings G.M., Davis S.D., 2004.
The limits to tree height. Nature 428, 851-854.
Kramer P.J., 1983. Water Relations of Plants. Academic
Press, Florida.
Kramer P.J., Kozlowski T.T., 1979. Physiology of woody
plants. Academic press, New York, USA.
Kuuluvainen T., 1991. Long-term development of needle
mass, radiation interception and stemwood production
in naturally regenerated

Pinus sylvestris

stands on

39

Enipeirum- Vcjecinium site type in the northern boreal
zone in Finland: an analysis based on an empirical study
and simulation. Forest Ecology and Management 46,
103-122.
Lambers

H.,

Chapin

III

F. S.,

Pons T.L.,

1998.

Plant

physiological ecology. Springer New York.
Larcher W., 1995. Physiological Plant Ecology. SpringerVerlag, Berlin. Germany.
Linder S., Troeng E., 1981. The seasonal course of
respiration and photosynthesis in strobili of Scots pine.
Forest Science 27, 267-276.
Livingston N.J.. Whitehead D., Kelliher F.M., Wang Y.P.,
Grace J.C., Walcroft A.S., Byers J.N., McSeveny T.M.,
Millard P., 1998. Nitrogen allocation and carbon
isotope fractionation in relation to intercepted radiation
and position in a young Pinus radiata D. Don tree.
Plant. Cell and Environment 21, 795-803.
Long J.N.. Smith F.W., 1992. Volume increment in Pinus
var.

contorta

latifolia:

the influence of stand

development and crown dynamics. Forest Ecology and
Management 54, 53- 64.
Magnani

F.,

decline

Mencuccini
in

stand

M.. Grace

J.,

productivity: the

2000.
role

Age-related
of structural

40

acclimation under hydraulic constrains. Plant, Cell and
Environment 23, 251-263.
Mäkelä, A., Valentine H.T., 2001. The ratio of NPP to GPP:
evidence of change over the course of stand
development. Tree Physiology 21, 1015-1030.
Martmnez-Vilalta J.. Vanderklein D., Lee S.. Mencuccini M.,
2007. Tree height and the age-related decline in growth
in Scots pine (Pinus sylvestris L.). Oecologia, 150, 529544.
McDowell N.G., Phillips N.. Lunch C., Bond B.J., Ryan M.J.,
2002. An investigation of hydraulic limitation and
compensation in large, old Douglas-fir trees. Tree
Physiology 22, 763-774.
McMurtrie RE., Gholz H.L., Linder S., Gower S.T., 1994.
Climatic factors controlling the productivity of pine
stands: a model-based analysis. Ecological Bulletins 43,
173-188.
Mencuccini M.. Grace J., 1996a. Developmental patterns of
above-ground hydraulic conductance in a Scots pine
(Pinus syivestris

L) age sequence. Plant, Cell and

Environment 19, 939-948.
Mencuccini M., Grace J., 1996b. Hydraulic conductance, light
interception and needle nutrient concentration in Scots

pine stands and their relations with net primary
productivity. Tree Physiology 16, 459-468.
Mencuccini M.. Martinez-Vilalta J., Harnid H.A., Korakaki
E., Vanderklein D., Lee S., Michiels B.. 2005. Size. not
cellular senescence, explains reduced vigour in tall
trees. Ecology Letters 8, 1183-1190.
Mencuccini M., Martinez-Vilalta J., Hamid H.A.. Korakaki
E., Vanderklein D., 2007. Evidence for age-mediated
and size-mediated controls of tree growth in grafting
studies. Tree Physiology 27, 463-473.
Miller H.G., 1984. Dynamics of Nutrient Cycling Plantation
Ecosystems, In: Nutrition of Plantation Forests (ed.
Bowen G.B. and Nambiar E.K.S.), Academic Press, New
York, 53-78.
Murty D., McMurtrie R.E., Ryan M.G., 1996. Declining forest
productivity in ageing forest stands a modeling analysis
of alternative hypotheses. Tree Physiology 16, 187-200.
Niinemets U.. 2002. Stomatal conductance alone does not
explain the decline in foliar photosynthetic rates with
increasing tree age and size in Picea ahies and Pinus
sylve.s'tris. Tree Physiology 22, 515-535.
Pearson J.A., Knight D.H., Fahey T.J., 1987. Biomass and
nutrient accumulation during stand development in

42

Wyoming lodgepole pine forests. Ecology 68. 1966( 1

I ';/ I.).

Phillips N.G., Bond B.J., McDowell N.G., Ryan M.G.,
Schauer A., 2003. Leaf area compounds height-related
hydraulic costs of water transport in Oregon White Oak
trees. Functional Ecology 17,832-840.
Ritchie G.A., Keeley J.W., 1994. Maturation in Douglas-fir:
I. Changes in stem, branch and foliage characteristics
associated with ontogenetic aging. Tree Physiology 14,
[WMJ
Ryan M.G., 1991. A simple method for estimating gross
carbon budgets for vegetation in forest ecosystems.
Tree Physiology 9, 255-266.
Ryan M.G., Binkley D., Fownes J.H., 1997. Age-related
decline in forest productivity: patterns and process.
Advances in Ecological Research 27, 213-262.
Ryan M.G., Binkley D., Fownes J.H., Giardina C.P., Senock
R.S., 2004. An experimental test of the causes of forest
growth decline with stand age. Ecological Monographs
74, 393-414.
Ryan M.G., Bond B.J., Law B.E., Hubbard R.M., Woodruff
D., Cienciala E., Kucera J., 2000. Transpiration and
whole-tree conductance in ponderosa pine trees of

43

different heights. Oeco!ogia 124. 553-560.
Ryan M.G.. Phillips N., Bond B.J.. 2006. The hydraulic
limitation

hypothesis

revisited.

Plant,

Cell

and

Environment 29, 367-381.
Ryan M.G., Waring R.H., 1992. Maintenance respiration and
stand development in a subalpine lodgepole pine forest.
Ecology 73, 2100-2108.
Ryan M.G., Yoder B.J., 1997. Hydraulic limits to tree height
and tree growth. Bioscience 47, 235-242.
Ryan, M.G., Linder S., Vose J.M., Hubbard R.M., 1994. Dark
respiration in pines. Ecological Bulletin 43, 50-63.
Sasser C.L., Binkley D., 1989. Nitrogen mineralization in
high-elevation forests of the Appalachians, II. Patterns
with stand development. Biochemistry 7, 147-156.
Schafer K.V.R., Oren R., Tenhunen J.D., 2000. The effect of
tree height on crown level stomatal conductance. Plant,
Cell and Environment 23, 365-375.
Thornley J.H.M., Johnson 1. R.,

1990.

Plant and Crop

Modelling. Clarendon Press, Oxford.
Turner J., Long J.N., 1975. Accumulation of organic matter in
a series of Douglas-fir stands. Canadian Journal of
Forest Research 5, 681-690.

44

Tyree MT.. Ewers F.W., 1991. The hydraulic architecture of
trees and other woody plants. New Phytologist 119,
345-360.

Vanderklein D.. Martinez-Vilalta J., Lee S., Mencuccini M.,
2007. Effects of age and leaf area on gas exchange and
growth of grafted Scots pine seedlings. Tree Physiology
27, 71-79.
Walcroft A.S., Silvester W.B., Grace J.C., Carson S.D.,
Waring R.H., 1996. Effects of branch length on carbon
isotope

discrimination

in

Pinus

radiata.

Tree

Physiology 16, 281-286.
Waring R.H., Running SW., 1998. Forest Ecosystems:
Analysis at multiple scales. Academic press, San Diego,
California.
Waring R.H., Schesinger W.H., 1985. Forest Ecosystems:
Concepts and Management. Academic Press, Orlando,
FL.
Waring R.H.. Silvester W.B., 1994. Variation in foliar

3C

values within the crowns of Pinus radiata trees. Tree
Physiology 14, 1203-1213.
West G., Brown J., Enquist B., 1999. A general model for the

45

structure and allometry of plant vascular systems.
Nature 400, 664-667.

Woodruff D.R., Bond B.J., Meinzer F.C.. 2004. Does turgor
limit growth in tall trees? Plant. Cell and Environment
27, 229-23 6.

Yoda K., Shinozaki K., Ogawa H., Hozumi K., Kira T., 1965.
Estimation of the total amount of respiration in woody
organs of trees and forest communities. Journal of
Osaka City University 16, 15-26.

Yoder B.J., Ryan MG., Waring R.H., Schoettle A.W.,
Kaufmann

M. R.,

1994.

Evidence

of

reduced

photosynthetic rates in old trees. Forest Science 40,
513-527.

Zimmermann M.H., 1983. Xylem Structure and the Ascent of
Sap. Springer-Verlag, Berlin, Germany.

Zimmermann R.H, Hackett W.P., Pharis R.P., 1985. Hormonal
aspects of phase change and precocious flowering. In:
Encyclopedia of Plant Physiology, (vol.11, eds Pharis
R.P. and Reid D.M), pp. 79-1 15, Springer-Verlag, New
York.

46

Chapter 2: Structural and hydraulic properties of
Scots pines (Pinus sylvestris L.) of different age and
size.

2.1

INTRODUCTION

Decline of above-ground net primary productivity with stand age
is a well established fact. Several studies have shown that after
canopy closure there is a decrease in forest productivity as the
stand ages (Turner and Long 1975, Gholz and Fisher 1982, Long
and Smith 1992, Ryan and Waring 1992, Mencuccini and Grace
1996). It seems clear that trees have mechanisms that slow their
growth as they age and prevent them from growing beyond a
certain height, but the nature of those mechanisms is largely
unknown (Ryan et al. 1997).
For several decades it was believed that the decrease in net
primary productivity after canopy closure was caused by changes
in the balance between photosynthesis and respiration, due to
increased sapwood respiration (Yoda et al. 1965, Kramer and
Kozlowski 1979, Waring and Schlesinger 1985). However, direct
measurements of respiration rates (Ryan and Waring 1992, Ryan
et al.

2004) failed to support this hypothesis. As a result, a

number of new hypotheses were proposed to explain those
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mechanisms. Such hypotheses are: maturation hypothesis-genetic
programming (Ritchie and Keeley 1994. Day

et al.

2000):

nutrient limitation hypothesis (Miller 1984, Waring and
Schesinger 1985. Pearson et al. 1987, Binkley et al. 1995),
995):reduced growth due to increased below-ground allocation (Grier
reduced
ci al. 1981. Magnani ci al. 2000): reduced turgor pressure in tall
trees (Woodruff c/ al. 2004) and hydraulic limitation hypothesis
(Yoder ci al. 1994, Mencuccini and Grace 1996, Warning and
Silvester 1994, Walcroft c/ al. 1996). But none of those is
completely satisfactory. Recent studies have been unsupportive
for some of the hypotheses listed above. For example, Ryan ci
al.

(2004) while monitoring a Eucalyptus stand for

approximately seven years found that the stand's growth
declined (when trees reached 25m in height), even though the
site was fertilised and below-ground allocation did not increase.
Mencuccini (2005) and colleagues studied four tree
chronosequences and showed that the reduced growth observed in
the field could be reversed when scions were grafted onto young
rootstock or when rooted cutting were planted, contradicting
genetic programming. According to MartInez-Vilalta's et al.
(2007) study on old Scots pine trees, decreased growth was
reverted to that of coexisting young trees when the old stand was
thinned.
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The hydraulic limitation hypothesis is currently believed to
provide insight into some of the potential weaknesses of the
basis of the limited growth of old-tall tress (Yoder et al. 1994.
Ryan & Yoder 1997). The present study examines this hypothesis
which supports that taller trees offer higher resistance to water
flow. Ryan and colleagues (2006) reviewed 51 studies while
reported the presence of hydraulic limitations in trees and
concluded that hydraulic limitations appeared to operate in most
studies, but that failed to account for reductions in net
assimilation at least in the Eucalyptus study (Barnard and Ryan
2003, Ryan et al. 2004). Since tree height increases with age, it
has been suggested that increased hydraulic resistance would
cause lower stornatal conductance in old trees and, therefore,
decreased assimilation and growth.
When a tree ages and grows taller, the pathway for water
transport increases in length, decreasing the hydraulic
conductance of the whole tree. According to Ohm's-law analogy
for plant water transport, the flow of water from the roots to the
leaves is proportional to the product of the hydraulic
conductance of the plant and the water potential drop across it
(zlF=WL-WR) (Tyree and Ewers 1991). Hydraulic conductance is

the ratio between hydraulic conductivity and path length. Since
the occurrence of xylem embolism limits the minimum xylem
water potential at which plants can operate safely (Zimmermann

Me

1983), it is reasonable to expect that taller plants will
compensate to some extent for their increased path length. The
hydraulic limitation hypothesis specifically predicts earlier
stomatal closure in taller trees with longer branches (Yoder et
al. 1994. Mencuccini and Grace 1996. Ryan

et al.

1997).

Stomatal closure in tall trees will decrease the amount of carbon
dioxide (CO 2 ) that can enter the leaves through stomata,
reducing carbon assimilation and growth.
The main objective of this paper is to compare the
structural and hydraulic properties of branches of Scots pine
trees of different ages and heights, in order to see whether there
is any compensation mechanism of increasing tree age/height.
Specifically, it will be examined if: (a) tree growth declines with
tree age/size, (b) specific conductivity of the xylem

(Ks)

increases with increasing tree age, (c) increased resistance to
water flow (due to increased path length) is related to lower
stomatal conductance and the physiological reasons underlying
this relationship, and (d) there is any compensation mechanism
of increasing tree age/height at the branch level. Potentially, the
properties that the tree could modify in order to compensate for
the effect of the increased height are leaf to sapwood area ratio
(A 1 /A 5 ), specific conductivity of the xylem

(K5), soil -to-leaf

water potential difference (4 W=Y's-W L ) and water use efficiency
(WUE).
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2.2

MATERIAL AND METHODS

2.2.1 Site description
The study was conducted in four stands of Scots Pine (Pinus
sylvestris L.) located at SeIrn Muir, SW of Edinburgh, Scotland
(55 ° 5 1 '54" N, 3° 27'49" W). The soil is a Podzolic Brown Earth,
with clay texture, rich in organic matter ([C] = 135.61 t ha'),
and poor in nutrients ([N]total = 5 t ha'; C:N ratio = 23.36). All
stands were within 200 in of each other, thereby minimising site
differences. Within each of four stands age was homogeneous,
ranging from 18 years old (size class 1) to 80 years old (size
class 4) (Table 2.1).

Table 2.1: Structural characteristics of Scots pine stands, in Se/rn Muir,
Edinburgh. (± standard error in parenthesis)

Age

Age

class

(yrs)

1

18 a

2
3
4

D B H (cm)

25

,b

49fl

80

n
10

1

height (in)

Basal

Tree

Area

Density

(m 2 ha')

(Trees lul')

317

(0.2)

3.43

(0.5)

0.05

298.38

6

14.43

(2.8)

9.54

(1.3)

1.94

547.02

6

25.81

(2.3)

16.33

(1.5)

2.70

1541.61

6

41.81

(3.1)

19.98

(2.4)

7.19

447.57

measured from tree cores
information provided by the Forestry Commission

Size class I corresponds to a naturally regenerating stand
in an opening, while size classes 2, 3 and 4 correspond to even-
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aged managed plantations of Scots pine. Average Scots pine
density is 708 trees ha -1 (ranging from 298 to 1541 trees ha'),
with an average basal area of 2.97 m 2 ha -1 (ranging from 0.05 to
7.19 m 2 ha') (Table 2.1).

2.2.2 Tree diameter, height and age
Diameter was measured on ten individuals of Scots pine from
size class I and six from each of the other three size classes.
Height was measured on the same trees using a Suunto
clinometer (Suunto Oy, Vantaa, Finland) and a height reference
stick (Table 2.1).
Three whole cross-sectional discs were sampled (-30 cm
above the ground) from the first age class, one complete core
was also collected from each individual in the second age class
(six samples) and two cores from each individual of the third and
fourth age classes (12 samples from each age class). Cores were
collected at breast height and on the North-West aspect of the
trees. Annual rings were counted under a dissecting scope and
their number used to corroborate the age of the trees provided by
Forestry Commission (Table 2.1).
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2.2.3 Specific leaf area (SLA), leaf area (AL), tree leaf to
sapwood area ratio (AL/As)
Leaf area was estimated as in Martinez-V ilalta el al. (2007). The
sampling took place on 17/07/2003 and 13/09/2003, when the
needles of Scots pine were completely developed and prior to
needle fall. Three individuals were sampled from the first age
class and four from each of the other three age classes. Diameter
and whorl number was recorded on all living branches of each
individual tree (a climber was hired for this purpose).
Additionally three branches were harvested from each tree,
throughout the height profile of the crown. These branches were
immediately sealed in black plastic bags with a humid towel
inside and carried to the lab. Then, needles were peeled off the
branches and a needle sub-sample was taken from each branch.
Projected leaf area of each sub-sample was measured separately
for each cohort using a Li-3100 Area Meter (LiCor, Lincoln,
Nebraska, USA). The sub-samples were then dried for 48h at
70 0 C and weighted to establish the specific leaf area (SLA, m 2
kg') of each cohort. The rest of the samples were also dried and
weighted. Total projected leaf area (AL, M

2)

of each sampled

branch was estimated from its dry needle weight and SLA.
The total number of branches was 45 and data derived from
these measurements were used to build a predictive model of
branch leaf area using stepwise multiple regression. Originally

53

the variables used in the analysis were whorl number, relative
whorl number (rwn) (whorl number divided by the total number
of tree's whorls), branch diameter (D) and tree age. Of those
variables only squared relative whorl number. logarithm of
branch diameter and tree age were retained, the latter introduced
as a dummy variable. The final model was:

log(A1 ) = CO +C1 (rwn) +C, log(D)

(Eq. 2. 1)

and explained 96.3% of the variance in branch leaf area. The
total projected leaf area of each tree was calculated as the sum
of the leaf area of all its branches.
Sapwood area (Asw, cm 2) was measured on the same discs
and cores used for tree age estimation, after immersion of the
wood pieces in a toluidine solution (Sham

1967). The solution

was prepared by liquefying 5g o-toluidine in 15.1 ml of
concentrated hydrochloric acid and 970 ml of distilled water.
This solution was diazotised prior to use by mixing it with an
equal volume of a 10% (w/v) solution of sodium nitrite, and used
within 15 minutes after its preparation (Sham

1967).

The average AL/ASW values for each age class were used to
calculate total leaf area from sapwood area in those trees that
were not sampled.
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2.2.4 Tree biomass, tree growth efficiency, relative mass growth
rate

Growth efficiency

(E g

AI,

kg m 2 year - ) is defined as the

aboveground increment in biomass per unit of foliage (Waring et
at. 1980). In this study growth efficiency was calculated as the
ratio between annual aboveground biornass increment and total
leaf area.

Aboveground tree biomass (B aig ) for the age classes 2, 3
and 4 was estimated using the following equation (MartInezVilalta et at. 2007):

0.0629 -DBH 2,5401

(Eq. 2. 2)

with Bag in kg and DBH in cm. The equation was derived using
generalised allometric equations (cf. Zianis and Mencuccini
2003) for Scots pine, combining five different datasets (Brkke
1986, Oleksyn et at. 1999, Ovington 1957, Vanninen et at. 1996,
Xiao et al. 2003).

Bav g was estimated for the young trees from Ovington's
(1957) equation, built from his dataset for Scots pine trees with
diameters at the breast height ranging from 0.5-22.7 cm, which
was more appropriate for young trees with narrow stems
(2.5<DBH<3.5 cm).
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B(7 = 0.5 162

(Eq. 2.3)

with Ba v g in kg and DBH in cm

The widths of the last five growth rings (using the
collected discs and cores) were subtracted from current DBH to
estimate tree DBH in 1998. Tree biomass growth was estimated
as the difference between tree biomass in 2003 and 1998 divided
by five.

Growth efficiency was then calculated by dividing the tree
biomass growth by the total projected leaf area (Egiii). This was
done on a 5 year basis (average growth in the last 5 years
divided by the estimated average leaf area for that period). Leafto-sapwood area ratios were assumed to be constant over the
period 1998-2003.

Relative mass growth rate (RGR III a SS ) was also computed as:

LnJ472 - LnJ4
RGR,fl(IS,

where

LnW 1 and

LT

(Eq. 2. 4)

LnW 2 are the natural logarithms of total

successive tree weights at two successive times, and AT is the
time difference.
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2.2.5 Hydraulic measurements
25th of May in 2003 ten individuals of Scots pine
On the 24th and
were sampled from age class 1 and six from each of the other
three age classes. From each tree in age class 1 a single branch
was collected from the ten individuals, whereas two branches
were collected from six individuals in each of the other age
classes. The total number of samples adds to (lOxi) + (6x3x2) =
46. All leaf-level measurements were completed within this
sample of branches.

In all cases branches were sampled from the top of the
canopy, and approximately at the same distance from the apex (a
climber was hired for this purpose). Branches were immediately
sealed in black plastic bags with a humid towel inside, carried to
the lab and stored in a cold room until measurements took place.
This procedure was adopted to minimise the development of gas
bubbles in the xylem caused by cutting the branches.

2.2.5.1

Water potential

Twig water potential (l'tvig) was measured, during the sampling
campaign on 17/07/2003, on two small shoots per individual
using a Scholander-type pressure chamber (SKMP 1400, Skye
Instruments, Llandrindod Wells, Powys, UK). Due to time

57

constrains, only some of the twigs (10 out of 46) were measured
in the field, whereas the rest were stored in airtight zip bags
with humid towels and measured in the lab.

Midday twig water potential corresponded approximately to
midday values ( I 100- 1 400h, solar time). Twigs were sampled
during sunny weather with intermittent cloud spells.

2.2.5.2

Hydraulic conductivity

Hydraulic conductivity was measured following the method
proposed by Sperry el at. (1988) using a hydraulic manifold
(Figure 2.1). This method allows the estimation of native
embolism as a percentage of the maximum hydraulic conductivity
obtained after the removal of embolism. Hydraulic conductivity
was calculated as the rate of water flow through a branch
segment, divided by the pressure gradient across it.

From the centre of each branch one segment was cut under
distilled water and attached to the tubing manifold for measuring
the initial hydraulic conductivity (K11 ). The distance between the
basal cut in the branch and the proximal end of the segment was
always large enough (>20 cm) so that no tracheid opened by the
initial cut extended into the measured segment. The thin bark
around both ends (1-2 cm) of each segment was also removed to
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improve the connection to the tubes and avoid leaks; clamps
were also used to prevent leaks (Plate 2.1).

als

Figure 2.1: Hydraulic

manifold

conductivity following Sperry

used
et al.

to

measure

hydraulic

(1988). Our manifold

allowed the simultaneous measurements of 10 segments (source
Vilalta and Piñol 2004).

Plate 2.1: Two Scots
pine segments attached to
our hydraulic manifold.
Bark was peeled off
around both ends of each
segment to avoid leaks.
Segments were kept
underwater to minimise
evaporative water loss.
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The manifold consisted of a tubing system connecting a
reservoir to the proximal end of the measured segment (Figure
2.1) and their distal end to an electronic balance (Sartorious
B 1205) attached to a PC. Software developed by M. Tyree was
used to calculate steady-state K h from flow rates. Filtered (ø
0.22 him) and ultrasonically degassed water was used throughout
the measurements. Water temperature was measured and used to
correct for viscosity effects on the flow (Kj normalised to 25 ° C).
The segments were kept underwater during the
measurements to avoid evaporation from their surface. Pressure
difference was achieved by raising the water reservoir 80 cm
(equivalent to approximately 8 KPa). The manifold was also
connected to an air source that was used to pressurise the water
flowing through the segments. This was used to remove all
embolism prior to the measurements of maximum hydraulic
conductivity. All measurements were completed within 5 days of
field collection.
Hydraulic conductivity

(K h )

was calculated using the

following equation:

K11 = F1 VP = T71 AP

(Eq. 2. 5)

where K1 is in m 4 s 1 MPa, F is the volume flow rate (m 3 s), 1
is the length of the segment (m), VP is the pressure gradient

(MPa rn 1 ) and AP is the pressure difference between the two
ends of the segment (MPa).

2.2.5.3 Leaf to sapwood area ratio at the branch level
Sapwood cross-sectional area

(A s )

and leaf area

(AL)

were

estimated for each branch. In order to estimate ASW, the diameter
in the upper and the lower end of each segment was measured
twice with a calliper and the geometrical mean was calculated
as:

=

x d11 I '2 +(d x d1 )l2J/2

where, dn,ean is the average diameter in m, d

(Eq. 2. 6)
is the diameter of

the upper end of the segment in m and d, is the diameter of the
lower end in in.
To estimate the leaf area (A L ), all the foliage distal to each
segment was removed and separated into age classes, from oneto-three years old. Leaf area for each segment and age class was
measured using a leaf area meter (Li—cor Model 3100 area
meter).

2.2.5.4 Specific conductivity of the xylem

Specific conductivity of the xylem (K s ) is defined as the volume
of water transported per unit of time under a given pressure

difference through a segment per unit length and cross section
(Zimmermann 1983).

Ks can be expressed as:

K1
Kç =A,

(Eq. 2. 7)

where K 5 is in rn 2 s 1 MPa' , Asw is the sapwood cross-sectional
area (in'), and Kh,,ax is the maximum hydraulic conductivity (m 4
S -1 MPa).

2.2.5.5 Leaf specific conductivity

Leaf specific conductivity (K1 ) expresses conductivity per unit of
distal leaf area and is defined, similarly to K, as (Zirnrnermann
1983):

K11
(Eq. 2. 8)
z1/

where K1 is in m 2 s MPa, AL is the leaf area in m 2 and Kh,,,ax is
the maximum hydraulic conductivity (m 4 s MPa').
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2.2.5.6 Native xylem embolism
Once the initial hydraulic conductivity was measured all air
present in the segment's xylem was removed by flushing for 45
rnin water pressurised to 90 KPa. After flushing (maximum)
hydraulic conductivity (Kii,,zax) was measured as described in the
previous section.
Preliminary measurements showed that resin exudation
caused a decrease in the flow after flushing the segments for lh.
To avoid this artifact both ends of the segments were re-cut
underwater with fresh razor blades to eliminate xylem clogging
due to resin emissions. This procedure was successful in
restoring flow rates and maintaining them for several hours.
Xylem embolism was defined as the percent loss in
hydraulic conductivity due to gas bubbles blocking the tracheids.
Native xylem embolism (or the amount of embolism present in
the sampled branches under field conditions) was calculated as:

.PLC =100

In this equation,

(K,1.

K,I )

Jci,.,

(Eq.2.9)

PLC is the percentage loss of hydraulic

conductivity, K,1 is the initial hydraulic conductivity and Kh,rnax
is the maximum hydraulic conductivity (m 4 s MPa').
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2.2.6 Xylem anatomy
Tracheid diameters were measured on ten Scots pine stems from
age class 1. and 12 (two branches were collected from six
individuals) from each of the other three age classes. Transverse
sections were cut from segments collected for hydraulic
measurements using a microtome. The sections were immersed
first in toluidine blue (0.1%) or safranin (0.5%) (depending on
the sample) and then sequentially into the different ethanol
solutions starting from the 10% to pure ethanol, to improve
contrast. Then, stained sections were mounted in glycerol, and
viewed with a microscope (Leitz Ortholux II).
Four representative regions from the outermost first few
rows of each earlywood ring, situated 45 degrees apart, were
chosen to avoid effects of reduction on tracheid diameters with
position inside the ring, and photographed with a digital camera
(Nikon CoolPix 4500, Nikon). The images were transferred to a
computer and analyzed with WinCell (v. Pro for Windows,
Regent Instruments Inc.). Within each image tracheids with a
diameter larger than 5 im were sampled. For each selected
conduit the program determined the total area and perimeter. At
least 70 tracheids were measured per sample.
The variables we used to characterise the xylem anatomy
were tracheid density

(ptr,

number of conduits per cross-

sectional area of xylem's last growth ring), average area of the
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tracheids in the xylem. total % area of tracheid walls in the
xylem (We,), average tracheid lumen hydraulic diameters (d,,, jim)
and percentage of area occupied by tracheid lumen. Tracheids
were approximately rectangular in shape. The WinCell software
automatically measured the two axes of each tracheid, i.e.,
maximum width and the length of the segment perpendicular to
the axis of maximum width, representing the short and long sides
of the rectangle, and radial d1, was calculated excluding the cell
walls.
Tracheid hydraulic diameter, d,1 , of a given conduit is
defined as the diameter of the conduit of circular cross section
having the same flow rate under the same pressure and it is
calculated to approximate flow through xylem conduits (Lewis
1992). For rectangles, hydraulic diameter equals:

2ah
dl? =

( Eq. 2. 10)

a+

where, a and b are the lengths of the two sides.
Weighted averages of hydraulic diameters for each section were
calculated using the formula (Sperry et al. 1994):

-

d

(Eq. 2. 11)

which weights hydraulic diameters of single tracheids according
to their hydraulic conductance, proportional to tracheids
diameter raised to the fourth power (d 17 4 ).
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The theoretical specific hydraulic conductivity of each disk
was calculated according to the equation for perfect capillaries
(Mencuccini et al. 1997):
17

(Eq. 2. 12)

128
where k'

°'

is theoretical specific conductivity of the xylem

(m 2 ), d,,, are the hydraulic diameters of single tracheids and the
summation is over the number of tracheids, ii, per unit crosssectional area.

2.2.7 Carbon isotopes

Carbon isotope discrimination in leaves was used as a measure of
integrated water-use efficiency (WUE) (Ehleringer and Osmond
1989). Since all studied Scots pine stands were very close
(within 200rn), differences in WUE due to microclimatic effects
were

minimised

samples

were

(Marshall and
taken

from

the

Zhang
top

1994). Furthermore all
of

the

canopy,

thereby

eliminating shading effects.
The needles were ground using a freezer mill (SPEX
CertiPrep, 6750 mill). Ten needles sampled from each tree were
placed in vials, which were inserted in the mill one by one. After
grinding, the samples were sent to Cornell-Boyce Thompson

Stable Isotope Laboratory (C0BSIL) in Ithaca, New York (USA)
for carbon isotope analysis. This procedure was used to
determine the leaf carbon and nitrogen content per unit mass and
the ratio of carbon isotopes (ó' 3 C values).

'3

C values were

measured against a PDD standard.

2.2.8

Average leaf age

Average leaf age was calculated using the foliage distal to the
segments used for hydraulic measurements. Average leaf age was
estimated by the following equation:

A1, 'age1
Average LC' /g

=

(Eq. 2. 13)

3
A1

where A 1 , 1 is the leaf area in cohort i. Average leaf age was used
as a proxy for leaf longevity.

2.2.9

Stomata! density

Stomatal density of Scots pine needles was estimated using a
binocular dissecting scope. A scale and a grid were placed in the
eyepieces to measure needle widths and count stoinata.Based on
preliminary

data

it

was found

that

average

needle

age was

different between tree age-classes, therefore, it was decided to
estimate

stomatal

density

separately

for

the

three

leaf

age
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classes. Two 1-year-old needles were measured per tree. From
the

2uid

and 3

r

needle age classes a total of 16 and nine needles

(all from different trees) were measured, respectively. Sampled
trees were selected at random from those trees containing
needles from all of the corresponding age classes.

Needle widths and the number of stomata were determined
by placing each needle on its axis, perpendicular to the angle of
view (Hultine and Marshall 2001) (Figure 2.2).

27r.r/3

Abaxial
Surface

Figure 2.2: Abaxial and adaxial surface widths of pine needles.

Abaxial and adaxial widths were calculated using the
formula given by Hultine and Marshall (2001) for
and

Pinus taeda

Pinus ponderosa:

Current needles had not developed during the first sampling, so the number 3 refers to 1, 2 and 3
years old needles.
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W9

h1 4f) =

2I1,/3

(Eq. 2. 14)

2r
ITX IV
r -d

(Eq. 2. 15)

where, WAB and WAD are the abaxial and adaxial widths of a
needle respectively, W is the measured width of each needle, and
r the radius of the fascicle (Figure 2.2). The equations 2.14 and
2.15 can be simplified to I .2O9xW and 1.1 55xW, respectively.

The length

(L)

of measured area within a needle was

constant (=10mm). All stomata within the area of lOxW (mm)
were counted. Stomatal density was then calculated by using the
following equations:

=

x L)

(Eq. 2. 16)

D AD =

x I)

(Eq. 2. 17)

'1B

where, DAB and

DAD are abaxial and adaxial stomatal density,

respectively, and C is the total number of stomata counted.

2.3

STATISTICAL ANALYSES

All statistical tests were performed with SPSS (v.12, SPSS Inc.,
Chicago, IL, USA) and SigmaPlot (v.9.0, Systat Software Inc.,

2004). All needle- and branch-level measurements were averaged
per tree prior to analysis. All variables where transformed when
not normally distributed, in order to meet the assumptions of
normality and homogeneity of variance. Differences between age
classes were evaluated with one-way Analysis of variance
(ANOVA), plus the Tukey HSD post-hoc test. A t-test (paired
two samples for means) was used in order to detect differences
between DAB, and DAD in Scots pine needles. The non-parametric,
Kruskal-Wallis test was used for average needle age and scion
distance from the apex, because the values could not be
normalised. Differences for all statistical tests were evaluated at
ct=0.05.

2.4 RESULTS

2.4.1

Growth Characteristics

Both relative mass growth rate (RGR,J , aSS , kg kg' yr 1 ) and tree
growth efficiency (E g 41, kg m 2 year - ') per unit sapwood area
followed a highly significant age-related decline.
varied from average values about 0.28 kg kg

yr

RGR,QSS ,
for young

plants to 0.022 kg kg- 'yrH for older ones (Figure 2.3a, df3,
F! 10.44, P<0.001). EgAI decreased from average values around
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1 19 koj -2 year' to much lower values (0.29 kg m 2 year') for
the 80 years old trees (Figure 2.3b, df=3, F47.92, P<0.001).
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Figure 2.3: (a) Relationship between relative mass growth rate
(RGR,nav -) and tree age for 21 Scots pine trees, sampled from Seim
Muir, Scotland and (b) Variation of E,, -Al (average measurements in
tree annual biomass per unit of leaf area) with tree age for 15 Scots
pine trees. ** *P < 0.001.
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Since tree height increased with age, EgA/ and RGR n, QSS
were also negatively to linked tree height (Figure 2.4).
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Figure 2.4: Relationship between (a) relative
(RGR,na

1 v

)

mass growth rate

and (b) tree growth efficiency (E gA I, (growth rate per unit

leaf area averaged over 5 years) negatively linked to tree height. Data
were fitted with linear and power functions respectively. ***P <
0.001.
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Comparing total leaf to sapwood area ratios AL/ASW among
tree age classes resulted only in significant differences between
age class 3 and 4 (Figure 2.5, P=0.016, Tukey HSD post-hoc
test). However, AL/A SV remained approximately constant when it
was plotted against tree height (n=14, P0.953).
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Figure 2.5: Variation of total leaf to sapwood area ratio (A L /A.cv) with
tree age for 14 trees.

2.4.2 Hydraulic properties
Midday

I'twig was not significantly different across tree ages

(Table 2.2, df=3, P0.587). Measured levels of native embolism
were relatively low (PLC<30% in all branches) and they were not
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different across the tree ages (Table 2.2, Pr=0.582). Specific
conductivity of the xylem of branch segments (K 5 ) was not
statistically different among the different tree age classes (Table
2.2, P=0.843). Leaf to sapwood area ratio at the branch level
(AL/AS branch) was significantly lower in young trees compared to
old trees (Table 2.2, R 2 =O.32, P=0.02). Leaf specific
conductivity

(K,)

of branch segments followed the inverse

pattern from AL/AS, but without overall significant differences
among age classes (Figure 2.6, Table 2.2, P=O. 116).

R-=0.7129
P<O.001
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Figure 2.6: Relationship between leaf to sapwood area ratio (m 2 cm 2 )
at the branch level and leaf specific conductivity (rn 2 MPa - 's -1 ). Data
were fitted using a power function.
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Table 2.2: Hydraulic properties of Scots pine seins in four age classes (±standard error in
parenthesis) /

Age

PCL

Ks

(yrs)

%

18

AL/ASwb r:nc /,

K,

!I'iwig

m2 s 1 MPa

m2 CM -2

m2 s MPa'

MPa

5.82E-04 (3.8E-05) A

1.59E-02 (2.7E-03) A

6.27E-04 (1.IE-04) A

1.64E-02 (2.4E-03)

)A

6.50E-04 (7.3E-05) A

2.48E-02 (2.6E-03)

A

5.70E-04 (6.7E-05) A

2.64E-02 (3.1 E-03) B

10.96 (3.3)

A

5.80 (36)A
25

50

80

15.74(5.3

11.54 (6.1)

1.06E-06 (1.8E-07)

A

-0.91 (0.12) A

AB

1.1 1E-06 (2.8E-07)

A

-0.83 (0.08) A

AB

6.84E-07 (8.9E-08)

A

-0.76 (0.12) A

5.68E-07 (7.2E-07)

A

-0.87 (0.14) A

An individual from the first age class (SPI -2) was not considered in these measurements

Carbon isotopic composition (ó' 3 C) of current-year needles
increased with tree age and height (Figure 2.7a,b, P<0.01). The
changes of Ô 13 C seemed to be inversely related to changes in K 1
(linear function, R 2 =0. 19, P=0.045). Foliar nitrogen content per
unit of leaf mass N, estimated for current-year needles, was
unrelated to tree age or height (Figure 2.7c.d, P>0.1), although it
tended to be slightly lower in the younger trees. Considering the
needles from all the age classes resulted to similar patterns for
ÔHC and N (P<0.001 and P=0.274, respectively, data not shown).
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Figure 2.7: Relationships between carbon isotope composition 6 13 C for
current-year needles and tree age (a) and height (b). Foliar nitrogen
content per unit mass estimated for current-year needles was unrelated to
tree age (c) and height (d). Letters A, B indicate significant differences.
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2.4.3 Anatomical Properties
Tracheid density

(Prr.

number of conduits per cross-sectional

area of xylem's last growth ring), tracheid lumen hydraulic
diameters (d17 , tm), weighted averages of hydraulic diameters for
each section and total percent of wall area (W 1 ,

%)

did not differ

among tree ages (Table 2.3, df=3. P=0.855, P=0.435, P0.435,
P=O. 173, respectively).

Table 2.3:

Anatomical properties of Scots pine sterns in four age classes

Tree age
class

N

Tracheid
density

Unweighted Weighted
hydraulic Total percent
hydraulic
of wall area
diameter
diameter
(%)
(ELM)
(tm)

18

10

97.691

9.823

12.279

79.305

25

12

100.208

9.759

12.199

77.998

50

11

107.053

9.822

12.278

75.075

80

12

102.638

9.169

11.461

79.511

Theoretical wood specific conductivity of each disk

its

(m 2 ) decreased consistently with tree age, from about 2.4x 102
to I .9x 10-

(Figure 2.8, df=3, R 2 0. 1136, P0.02).

Measured values of

Ks

(m 2 MPas 1 ) were significantly

related to the calculated theoretical values k 5

t01

(m 2 ) although

with a wide range around the regression line (Figure 2.9,
R 2 =0.18, P<0.01).
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In all cases branches (illuminated branches) for hydraulic
and for xylem anatomy analyses were sampled from the top of
the canopy at approximately the same distance from the apex,
which did not differ among tree cambial ages (non parametric
test, n=28, df3, Chi-Square= 1.71, P0.63).

Distance of segments from the tree apex D0 (m) increased
linearly with K

(Figure 2.9a, N=28, P=0.045), and decreased Wa

(Figure 2.9b, N=28, P=0.035), whereas a significant relationship
was not established for k,t'1e0r (not shown, P0.812).
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2.4.4

Average leafage and stomata density

Scots pine needle longevity showed a highly significant increase
with tree age (Figure 2.1 1, n=22, df=3, Chi-Squarel 5.713.
P0.001). The older the individual was, the longer the needles
remained on it.
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Figure 2.11: Age-related increase of average needle age in
Scots pine individuals, sampled in Seim Muir, Scotland.

Abaxial needle stomata density (DAB) and adaxial needle
stomata density (DAD) in each needle were not different (not
shown, paired t-test, P=0.1137), therefore we pulled together
their values into a single

D value. The variation of stomata

density (D) across needle age classes was marginally significant
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only when current-year needles were taken into account (Figure
2.12. N=28, F=2.638, P=0.073).
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Figure 2.12: Variance of averaged abaxial and adaxial stomata
density of Scots pine current year needles across four tree ages (18,
25, 49 and 80 years old).

2.5

DISCUSSION

2.5.1 Growth efficiency
My results showed a clear decrease in growth efficiency with
tree age and height (Figures 2.3b and 2.4b). Growth efficiency at
an age of 80 years was about 83% lower than that of young trees.
This result is consistent with a series of studies in the literature
comparing the growth of trees of different ages. Many of these
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studies include conifers: Lodgepole pine (Pinus contorta var.
Lati/olia Engelm.), Engelmann spruce (Picea engelmannii Parry
ex Engeim.) and subalpine fir (Abies lasiocarpa (Hook.) Nutt)
(Kaufmann and Ryan 1986) and Scots pine (Pinus sylvestris L.)
(Kuuluvainen 1991, Mencuccini and Grace 1996, MartInezVilalta ci at. 2007). Kaufmann and Ryan (1986) found that in
spruce and fir growth efficiency was reduced to the half in old
trees, compared to young. Additionally, Ryan et at. (1997) and
Ryan c/ at. (2006) also observed a decline in absolute tree
growth with age, resulting from reduced efficiency.
Moreover, Martinez-V ilalta et at. (2007) found that growth
efficiency per unit leaf area of Scots pine at Scottish Highlands
decreased significantly with tree age in all three plots they
studied, from average values around 0.25 kg m 2 y

for young

plants to much lower values (0.1 kg m 2 y) for trees over 200
years old.
In addition, I estimated relative aboveground mass growth
rates (RGR,flQSS ), not absolute growth, to normalise growth for
different tree sizes, since big trees may grow more in absolute
terms than small ones (Mencuccini et at. 2005). According to
Mencuccini et at. (2007) small initial tree size differences can
potentially become very large in absolute terms, even in the
presence of identical growth potentials during subsequent years.
Therefore, the use of RGR,,,,SS can provide useful indications as
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to whether inherent differences in growth potentials exist or
whether the differences in absolute growth are carry-over effects
due to size variability. In our case RGR,UaSS declined sharply both
with age and height (Figures 2.3a and 2.4a). RGRflHJSS decreased
from average values around 0.28 kg kg yr' for young plants to
much lower values around 0.022 kg kg' yrH for 80 year old
trees, suggesting that decline in growth is consistent.

2.5.2 Hydraulic properties

Vapour-phase water flux (transpiration) can be calculated by
using the following equation (Sperry et al. 2002):
if

Eg

ALVJ'I)K A

(Eq.2.18)

L

H

where, E is vapour-phase water flux (in m 3 s 1 ), gs is stornatal
conductance (in 3 s m 2 ), AL is projected leaf area (in 2 ), VPD is
vapour pressure deficit (mol moF'), K 5 is specific conductivity
of the xylem (m 2 s' MPa), As is sapwood area (m 2 ), WL - 'SAP
is soil-to-leaf water potential difference (MPa), and H is tree
height (m).

According to this equation (Eq. 2.18) several variables
could potentially compensate for the increased hydraulic
resistance as trees grow taller. My measurements showed no
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differences among tree age classes in maximum water transport
capacity of branches (Ks. Table 2.2), their levels of xylem
embolism

(PCL, Table 2.2), or their water potentials (Ptw,g.

Table 2.2).

AL/ASWbra,ich

increased significantly with age,

whereas it did not change among tree age classes at the tree
level. This kind of homogeneity in the hydraulic capacity in
pines has been previously reported in the literature (i.e., Jackson
el al. 1995, MartInez-Vilalta and Piñol 2002), and in our case
suggests that decreased g is the only compensatory response of
older trees for their increase in path length.

Constant water potentials will require tall trees to maintain
lower stomatal conductance, which results in decreased
evapotranspiration and therefore assimilation. In order for trees
to prevent the occurrence of embolism in their xylem conduits,
earlier stomata] closure takes place (Yoder et al. 1994), which
limits the amount of carbon dioxide (CO 2 ) that can enter the
leaves through stomata, reducing carbon assimilation. Eventually
less new wood is built.

In a recent review, McDowell et al. (2002) showed that
AL/As

frequently tends to decrease with tree age, a trend also

shown by Scots pine at another site (Mencuccini and Grace
1996b). In my study AL/ASW branch estimates showed a significant
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(P=0.02) increase with tree age (Table 2.2), which was caused by
an accumulation of needles from older cohorts in old trees.

Increased leaf longevity with tree age has been found in
previous studies (Schoettle 1994). It has been indicated that a
large leaf area tends to develop higher water deficits, which will
affect transpiration (Sutcliffe 1979), resulting to earlier stomata
closure and as a consequence assimilation will decrease.
Therefore tree growth will be affected.

Longevity of evergreen needles is related to both carbon
and nutrient balances (Aerts 1995). It has been indicated that
accumulated needle mass of different annual cohorts could help
preserve considerable amounts of mobile nutrients in Scots pine
(Pintis syivestris L.) (Mälkönen 1974). Long-lived leaves tend to
be more nutrient-use efficient (Chabot and Hicks 1982).
Therefore, in this study the significant increase in leaf life span
across tree age classes (Fig. 2.11) could probably be caused by a
limitation in nutrient availability in tall trees.

However, the fact that in my case [N] did not vary across
tree cambial ages and height (Fig.2.7c,d) is not consistent with
that explanation. This result is however consistent with the
Mencuccini and Grace (1996b) study on Scots pine in Thetford,
where no significant differences in nitrogen concentration was
found across the chronosequence. In contrast, Martinez-Vilalta et
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al. (2007) found that nitrogen concentration in current Scots
pine needles declined significantly with tree age at a site, and
that [N] were positively correlated with growth efficiency.

2.5.3 Xylem anatomy

The analysis of xylem anatomy provided us with useful
information on the hydraulic architecture of the trees. According
to West et al. (1999) model full compensation for growing height
in trees would occur if the conduit tapering parameter (a) is
above or equal to 1/6. This limit of optimized vascular network
(a = 1/6) cannot easily be compared for assessing the tapering in
real trees due to the variation of xylem tapering when plants
grow taller occurs continuously, thus Anfodillo ci al. (2006)
suggested three different cases to be considered:

If empirical

a > 1/6 that suggests that the vascular network is

optimized.
Empirical

a z 1/6 means that the vascular network structure is

beginning to move from optimality towards conditions very close
to optimality (suboptimal conditions).
Empirical a < 1/6 means that the vascular network is not
optimized and that the upper parts of the tree should experience
water-stress conditions.
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Very tall trees should have non-optimal (d<1/6) conduit tapering
to be consistent with lower stomatal conductance and
assimilation rate at the top of the canopy (Koch et al. 2004,
Anfodillo et al. 2006). Conduit hydraulic resistance increase
with tree height, meaning that, the tree cannot fully compensate
for the increased path length (Anfodillo et al. 2006), in contrast
to my predictions on the linear increase of wood hydraulic
conductivity

(K s )

with the distance of segments from the apex D,

(m) (Figure 2.10a).

In contrast to James ci al. (2003), Mencuccini and Magnani
(2000), and Mencuccini (2002) branch average conduit lumen
diameter did not change when plotted against cambial age.
Moreover, total percent of conduit wall area (W0 ,

%)

did not

differ among cambial ages. Therefore, the decreasing trends of
KI0r (2)

with tree age (Fig. 2.8), suggests that this decline in

branch conductivity in the 80-yr-old trees may also impact on
the tree's performance. Therefore, any tree-level decline in gas
exchange with tree age may be due to the combined effects of
increased height as well as additional changes occurring at the
top of the canopy. It remains to be tested whether these
additional effects are due to changes in leaf turgor at the top of
the canopy.
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2.5.4 Hydraulic limitation hypothesis

The hydraulic limitation hypothesis (Ryan & Yoder, 1997) states
that reductions in growth efficiency result from decreased net
photosynthesis, caused by reductions in stomatal conductance.
My results support that interpretation. Needle
significantly less negative

iii

ó' 3 C

was

older or taller Scots pine

individuals (Figures 2.7a,b). Since the needles were collected
from exposed branches in the upper canopy, complications due to
needle acclimation to the canopy light environment and reduced
aerodynamic conductance have been avoided. Foliar nitrogen
concentration did not change significantly among tree ages or
sizes (Figures 2.7c,d), regardless of whether it was expressed per
unit mass or per unit leaf area (data not shown), which suggests
that photosynthetic capacity does not change with tree age in our
study, in contrast with Kull and Koppel (1987), who showed that
maximum photosynthetic capacity of Scots pine was reduced as
trees aged. Similar studies in Scots pine, lodgepole pine and
ponderosa pine showed that foliar nitrogen concentration
remained constant among different tree age classes (Schoettle
Mencuccini and Grace 1996), although
1994, Yoder et al. 1994,
at a very poor site in the Scottish Highlands, [N] declined in old
trees (Martinez-Vilalta et al. 2007).
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The observed differences in ó' 3 C at the foliage level were
very similar to the differences when only current leaves were
considered, indicating that the pattern was not caused by the
difference in leaf longevity among age-classes (Figure 2.7a).
Since foliar [N] did not change with tree age in our study,
differences in carbon isotope discrimination suggest lower
stomatal conductance in old trees.

If a needle had more stomata per unit area, assimilation
would be likely to increase and as a result tree growth might also
increase. My results showed no change in abaxial or adaxial
stomatal density

(DAB

and DAD, respectively) across the tree age-

classes. In contrast Franich et al. (1977) showed that distinct
differences occur in the cuticle topography between needles of
the same age growing on Pinus radiata trees of different ages.
As it has been reported these changes observed due to the
scattering of light from the rougher surface of the mature-tree
needles or possibly due to different cuticular wax composition,
or a combination of both factors (Franich et al. 1977).

Important information was extracted from my study on the
effects of stem hydraulic on tree growth. My results partially
support the hydraulic limitation hypothesis, but at the same time
suggest that additional factors are also involved in the decline in
growth efficiency with age. Such factors may involve decreased

89

soil nutrient availability that could result from increased
accumulation in the canopies of older-larger trees. In my study
the increase in leaf life span could have been a compensatory
mechanism developed to use more efficiently the available
nutrients. Though in my case the patterns in nitrogen
concentration both across tree ages and across needle age classes
were not consistent with that explanation. Finally, the
anatomical changes seen at the top of the canopy are consistent
with turgor limitations limiting cell growth (Woodruff et al.
2004).

Since non-significant changes were observed in segment
hydraulic conductivity at the branch level another potential
compensation mechanism for the increased whole-tree path
length could involve changes in pit characteristics (i.e., pit
density, pit size, size of the pit aperture, porosity of the margo)
as Domec ci al. (2006) has showed that torus and bordered pit
membrane diameters, margo pore diameter and single pit
resistance of Pseudotsuga rnenziesii changed significantly with
tree height. Further research should be directed towards the
investigation of the changes in pit characteristics, and the
relationships between nutrient-use, photosynthetic capacity and
leaf longevity, as well as whole-tree respiration.
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Chapter 3: Tree level measurements on Scots pine (Pinus
sylvestris L.) chronosequence.

3.1 INTRODUCTION
There is an increasing interest on studying age-related trends upon
tree morphology and physiology. Increases in greenhouse gas
emissions and general global warming has turned the scientific
interest towards forest-related issues such as reforestation, the role
of old forests in carbon sequestration (do old forests behave as
carbon sinks or sources?), the effects of environmental factors on
plant growth. Since decline of above-ground net primary
productivity with stand age is a well established fact (Turner and
Long 1975; Gholz and Fisher 1982; Long and Smith 1992; Ryan and
Waring 1992; Mencuccini and Grace 1996a) the understanding of
the physiological basis for this age-related decline is very
important for both regeneration capacities of forests and for
restoration issues.

The growth rates of trees slow down over time and a
contribution of one or more limiting factors prevent them from
growing beyond a certain height, but the nature of those
mechanisms is largely unknown (Ryan

et al.

1997). Several

no

hypotheses have been developed in order to explain those
mechanisms (see Chapter 1). However, among those the hydraulic
limitation hypothesis is currently believed to provide insight into
sonic of the potential causes of the limited growth of old-tall tress
(Yoder et al. 1994, Ryan & Yoder 1997).

According to this hypothesis, as atmospheric water demand
increases the water potential in stems and leaves falls in proportion
with the increased transpirational losses. This decline in leaf water
potential can proceed only up to a limit, because water tension in
leaves and stems is limited by the need to avoid xylem cavitation.
Thus, as trees grow taller, a constant transpiration rate will result
in lower leaf water potentials because of the longer functional
losses caused by the longer path length. Alternatively, a constant
leaf water potential will require trees (due to their vulnerability to
embolism) to decrease stomatal conductance, which results in
decreased evapotranspiration and therefore assimilation. If water
potential falls below this limit then air bubbles will form inside
xylem conduits; a phenomenon called embolism. These air bubbles
will interrupt the continuous water column, resulting in an increase
in the hydraulic resistance of the tree (Zimmermann 1983). It is
thus reasonable to expect earlier stomatal closure in taller trees
with longer branches.
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The hydraulic limitation hypothesis specifically predicts
earlier stomatal closure in taller trees with longer branches (Yoder
et at. 1994, Mencuccini and Grace 1996a, Ryan ci at. 1997) to
prevent cavitation in xylem (Yoder et at. 1994). Subsequently,
stoniatal closure in tall trees will limit the amount of carbon
dioxide (CO 2 ) that can enter the leaves through stomata, reducing
carbon assimilation and therefore growth.
As a result, water transport in plants has lately received
considerable attention since it has been regarded as one of the
ecophysiological traits that must be considered in the description
of a plant response to environmental and endogenous stimuli
(Mencuccini 2003).
The movement of water, from the soil to the atmosphere,
takes place inside xylem conduits (either vessels or tracheids) and
is governed by rules analogous to those for the flow of electricity,
as Ohm's law describes. According to this analogy, the flux of
water through a discrete region from A to B (i.e., from soil to
atmosphere), FAB, is proportional to the product of the hydraulic
MPa') of that region and the water

conductance (KAB, kg

potential drop across the structure

(!['A- !PB)

(Tyree and Ewers

1991).

Ji

= K8('I'4 - B)

(Eq. 3. 1)
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Despite the fact that this equation assumes steady-state
conditions, it has proved useful in exploring the inter-relationships
among stornatal conductance, soil and leaf water potential and plant
hydraulic conductance reported in several studies (i.e. Meinzer et
cii. 1995, Meinzer et at. 1997, Meinzer et al. 1999; Meinzer and
Grantz 1990; Sperry and Pockrnan 1993; Mencuccini and Comstock
1999; Comstock 2000). Since the steady-state condition is not
easily achieved because transpirational changes during the day are
influenced by environmental conditions and water storage varies
inside the plant, it is necessary to estimate whole plant hydraulic
conductance measuring sap flow density during different times of
the day.
Several methods for measuring sap flow have been
introduced, such as, the heat pulse velocity (Edwards and Booker
1984, Hatton and Vertessy 1990), the stern heat balance (ermák et
al.

1973, S a k u r a t a n i 1984), and the heat dissipation method

(Gran ier 1987, Oren et al. 1999). In this study the improved heat
dissipation method (Granier 1987) of the constant-heat flow was
applied to measure sap flow density for large trees.
The main objective of the present study was to investigate the
mechanisms underlying the age- and size-related decline observed
in growth efficiency and in relative aboveground mass growth

tgZ

rates, reported in Chapter 2, and to test the hydraulic limitation
hypothesis by mainly conducting simultaneous measurements of gas
exchange, xylem sap flow and of above-ground total water vapour
flux across a Scots pine chronosequence.

3.2

MATERIAL AND METHODS

3.2.1 Study site and sampling design

The study was conducted in four stands of Scots Pine (Pinus
syivestris L.) located at SeIm Muir, SW of Edinburgh, Scotland
(55 ° 5 1 '54" N, 3° 27'49" W). The four study stands, aged 18 (age
class 1), 25 (age class 2), 50 (age class 3) and 80 years (age class
4), were located within 200 m of each other and, within each of the
four stands, age was homogeneous. Age class I corresponds to a
naturally regenerating stand in an opening, while age classes 2, 3
and 4 correspond to even-aged managed plantations of Scots pine.
Measurements were conducted during the summers 2004 and 2005
on a set of sample trees partially overlapping with those used
during the summer 2003. Therefore, diameter and height were
measured on six new sample trees at each stand using a measuring
tape and a Suunto clinometer (Suunto Oy, Vantaa, Finland)
respectively (Table 3.1).
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Table 3. 1: Main characteristics of Scots pine measured trees in Se/in Muir
Tree ID

Age

Height

DBH

(yrs)

(m)

(cm)

Tree ID

Age

Height

DBH

(yrs)

(m)

(cm)

Age class 3

Age class 1
SPI-3
SPI-4
SPI-5
SPI-o
SPI-7
SPI-8
Age class 2

18
18
18
18
18
18

2.5
3.9
3.1
3.3
3.5
4.0

3.0
4.1
3.3
4.1
4.4
4.6

SP3-1
SP3-2
SP3-4
SP3-5
SP3-7
SP3-8
Age class 4

50
50
50
50
50
50

17.0
18.3
17.2
17.0
14.4
14.4

30.2
22.5
25.5
28.8
25.3
27.2

SP2-1
SP2-2
SP2-3
SP2-4
SP2-5
SP2-6

25
25
25
25
25
25

8.5
10.5
7.0
8.5
5.0
10.5

18.3
21.4
21.9
23.0
20.2
22.3

SP4-1
SP4-2
SP4-3
SP4-4
SP4-5
SP4-6

80
80
80
80
80
80

18.0
16.0
20.7
18.0
16.0
17.0

50.5
38.8
38.6
36.0
30.7
49.2

3.2.2 Total projected leaf area (AL), tree leaf to sapwood area
ratio (A L/Asjj')

Sapwood area (A5w, cm 2 ) was measured on the three whole crosssectional discs sampled from the first age class (during the summer
2003), on the complete cores extracted (spanning from the north to
the south side of the tree) from each individual in the second age
class (six samples) and on the two cores collected (one from the
North side and the other one from the South side of the tree) from
each individual of the third and fourth age classes (12 samples from
each age class), after staining the cores with o-toluidine, as
described in Sham (1967). Cores from trees of the age classes 2, 3
and 4 were extracted during the summer 2005 campaign.
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Projected leaf area (A1,) was estimated from a model (Eq. 3.2)
built using A1, and sapwood area (A) estimated during the summer
2003 (details in Chapter 2).

A1 = 0.1167 Aç U

7

(Eq. 3.2)

3.2.3 Field gas exchange

Field gas exchange measurements were carried out on four sampling
dates (1 1

th

and from 15' to 17

Ih

August) in summer 2005, with

measurements taken between 1030 and 1500 GMT. An open gas
exchange system was used (LCPro portable Photosynthesis System,
ADC, UK), equipped with a conifer cuvette (volume 175 cm3 ). The
cuvette irradiance was set at 1,000 }imol photons m 2 s' 1 (saturating
irradiance), based on trial measurements, using an external light
unit with Red/Blue LED array. Cuvette CO2 concentration,
temperature and relative humidity were set at 360ppm, 25 ° C and
40%, respectively and kept constant during the measurements.
Two branches (one from the top of the canopy and one from
the bottom) from six trees, from age classes 2, 3 and 4, were cut
and two twigs per branch were measured within five minutes of
cutting the branches. Regarding age class I, two branches were also
cut but from the top third of the canopy from six trees, and the

107

same number of twigs were measured. Preliminary measurements on
this age class showed no difference between gas exchange
measurements in-situ and on detached twigs within this time frame.
Trees in the 25- and 80-year old stands could be accessed with
scaffolding towers and the remaining were accessed either by direct
climbing or using a pole pruner.

The measured twigs were cut after the gas exchange
measurements, stored in airtight zip bags with humid towels to
avoid evaporation and transported to the lab for leaf water potential
13
(

C isotope ratio, fo liar nitrogen concentration (Nm ) and

foliar phosphorous concentration

(P,)

estimation.

Wmi c/hiy

was

measured within two hours from twig collection.

3.2.4 6 13 C, nitrogen and phosphorous content

Twenty needles sampled from each twig used for gas
exchange measurements were placed in vials and were ground using
a freezer mill (SPEX CertiPrep, 6750 mill) filled with liquid
nitrogen. After grinding, the samples were placed in eppendorfs and
sent to Cornell-Boyce Thompson Stable Isotope Laboratory
(CoBSIL) in Ithaca, New York (USA). This procedure was used to
determine the leaf carbon and nitrogen content per unit mass (N m )
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and the ratio of carbon isotopes ( 13 C values). 6 13 C values were
measured against a PDB standard.

Ground subsamples from each twig were analysed in our
Chemistry Laboratory (Edinburgh University, Institute of
Atmospheric and Environmental Sciences, UK) to determine foliar
phosphorous content (F171 ). In addition, P, was measured for ground
needles (one and two needle age classes, Chapter 2) sampled during
the summer 2003 and analysed in the same Chemistry Laboratory.

3.2.5 Microrneteorological data

Meteorological variables such as rainfall, air temperature,
radiation, relative humidity, wind speed, soil temperature and soil
moisture content were measured using the relevant instruments and
sensors. For that purpose, a rain gauge and a 2-m high mast with
standard meteorological sensors (Campbell Scientific Inc., Logan,
UT, USA) was installed on the top of a scaffolding tower, which
was located within 200 in of all measured trees in the age class 2
stand. In each study site two thermocouples were buried into the
soil (depth of 10 cm) to monitor soil temperature and two water
content probes with 30 cm-long rods (Campbell CS6I 5 and CS616)
were also buried in each stand at 30 cm of depth. Measurements

were taken every 10 seconds and the averages stored every 15
minutes in a datalogger. In addition, vapour pressure deficit (D)
was calculated based on air temperature and relative humidity data.

3.2.6 Xylem diameter variations

Variations in xylem diameter were monitored in eight Scots
pine trees, though eventually only seven of them were included in
the analysis (tree SP3-5 was excluded), using dendrometers
consisting of a linear displacement transducer (LVDT; DG/2.5 dc
spring return LVDT, Solartron Metrology, West Sussex, UK) to
estimate diurnal changes in stem water potential (details in
Martinez-Vilalta et

al (2007b) parallel study). The procedure I

followed has been described in Marti nez-Vilalta et al (2007b) as
follows:

LVDTs

were mounted on a metal frame with the LVDT

measuring tip attached to the frame. On the opposite side of the
frame a bolt was attached in contact with the stem. Prior to the
LVDT installation bark, phloem and cambium were removed at these
two points (tip and bolt) to measure xylem diameter variations.
LVDTs were installed at breast heights, measurements were taken
every 10 s and averages were stored every 15 inin in the

dataloggers. In addition, thermocouples were placed in contact with
the frame and in the xylem at a depth of

3-4

mm, and the

temperature readings were used to correct for the thermal expansion
of the frame and the wood using linear expansion coefficients
(Irvine and Grace 1997, Sevanto et al. 2005).

In order to estimate diurnal changes in stem water potential
the

maximum stem diameter within a day was assu III ed to

correspond to equilibrium conditions where stem water potential
equals soil water potential. The water pressure difference between
the stem and the soil was estimated by dividing the within-day
variation in stern diameter by the sapwood diameter of the stem and
multiplying this ratio by the elastic modulus of elasticity (at 0.75
GPa) in the radial direction (Irvine and Grace 1997).

3.2.7 Radial profile patterns

Prior to the sap flow measurements, a multi-point heat field
deformation (HFD) sensor (Dendronet, Brno, Czech Republic) was
installed in the north-facing side of four trees to identify any radial
profile patterns based on data of measured tree distributed between
sites (age classes 2 and 4, a subsample of the trees used to monitor
sap flow). The multi-point HFD sensor consists of six measuring

points with 8 mm spacing between them and it was inserted in the
trees at breast height, on the same side as the Granier probes at a
distance of approximately 10 cm apart. Data was recorded every 10
seconds and stored every 15 minutes in dataloggers. The first point
was located 3 mm inward from cambium, thereafter sap flow was
estimated at 5, 13, 21, 29, 37, and 45 mm inside the sapwood. Sap
flow per selected point (q mm 3 rnrn s) was calculated as
described in Nadezhdina et al. (2006) using the equation:

-_ L)

))•

/
(Eq. 3. 3)

is symmetrical temperature difference (°C),

where

asymmetrical temperature difference (°C),

K

is

is the value of

difference between dT./V ,fl and dT(l./ym under conditions of zero-flow,
Z, is axial distance between the symmetrical pair of thermocouples

(30 mm), Z,

is tangential distance between the heater and the upper

end of the asymmetrical pair of thermocouples (50 mm), and
thermal diffusivity of fresh wood (min 2
value of 2.25 x

10-

1),

is

assumed to have a

mm 2 s*

Young trees in the first age class had no heartwood and
therefore it was assumed that sap flux density was constant and
equal to the value measured in the outer (0-1.1 cm depth) sapwood.
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3.2.8 Sap flow measurements
Five trees from the first age class and six trees from age classes 2,
3 and 4 were selected in the field to monitor xylem sap flux. The
sap flow measurements were conducted between August and midOctober 2004 and between August and December 2005 (for a total
of 56 and 84 days respectively) using 2-cm-long cylindrical
Granier-type probes (sensors) (Granier 1985). In the 18-year-old
trees 1.1-cm-long cylindrical Granier-type probes were used due to
their small radial size, after a preliminary test was conducted.
A pair of probes (one heated probe with a constantan resistor
and one unheated probe) was inserted into outer sapwood of the
north-facing side of the stem of each selected tree at breast height
with the vertical separation of these probes being approximately 12
cm. All sensors (N=23) were connected to dataloggers and heating
boxes for heating purposes, powered with 12 V batteries. The
temperature difference between the probes was recorded every 10
seconds and stored every 15 minutes in on-site dataloggers (Model
21X, CR10 and CR] OX, Campbell Scientific Inc., Utah, U.S) and
multiplexers (Model AM4 16, Campbell Scientific Inc., Utah, U.S),
and was used to obtain sap flux density by means of the equation
derived empirically by Granier (1985). The daily maximum
temperature difference was used as an estimate of the temperature
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difference under zero flow conditions. From the pair of probes
inserted into the sapwood of the stem, for xylem sap flux density,
the upper probe was heated with a constant energy (200 mWatt DC),
and the lower probe was left unheated to monitor the ambient
temperature of sapwood. Both thermocouples were connected at the
constantan end and thus give an output representing the temperature
difference between the two probes (1°C = 40 jxVolt for copperconstantan at 20°C).
Natural temperature gradients were accounted for since it is
well known that they can influence sap flow estimates made using
Granier probes (Do and Rocheteau 2002). To account for this
effect, the heating was disconnected in all sensors before the study
period for a total period of 10-15 days. The natural temperature
gradients thus measured were modelled using meteorological
variables by means of principal components regression

(PCR)

(Graham 2003). In order to minimize natural temperature gradients
sensors and stems were covered with insulation sheeting around the
tree stem, which additionally protected them from rainfall and
convective heat losses.
A principal components analysis

(PCA)

was performed

including all measured meteorological variables (plus lags) and the
scores of the first eight factors of the

PCA

were used as
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explanatory variables in a standard multiple regression analysis. A
different model was applied to each individual probe. Additional
details can be found in Martinez-V ilalta et al. (2007a).
The sap flow density (u, m s) was calculated from the
following equation (Granier 1987):

119. 10"K""'

(Eq.3.4)

where I 99x10 6 and 1.231 are empirical calibration constants, and
K is sap flow index related to the temperature difference between
the two probes (zIT), calculated as follows:

K

= (A - AT)

(Eq. 3. 5)

Al'

where 4T m is the temperature difference at zero flow (u = 0).
Total tree sap flow (m 3 day - ') was estimated from the equation:

SA

(Eq.3.6)

where SA is the cross-sectional area of sapwood at the point of
insertion of tile heated probe.
For each tree, sap flow per unit leaf area (Qi., kg m 2 day - ')
was calculated as the total sap flux (u, m s 1 ) divided by the total
leaf area.

3.2.9 Leaf water potentials
Predawn and midday leaf water potentials

('predawn

and

'm i c /d a y,

respectively) were measured with a pressure chamber (SKMP 1400,
Skye Instruments, Liandrindod Wells, Powys, UK) on the same
trees instrumented with sap flow sensors. Vipredawn measurements
were taken once during the summer 2004 (in August) and twice
during the summer 2005 (mid-August, prior to gas exchange
measurements and in early November). For these measurements,
only trees in the 18-, 25- and 80-year old stands could be accessed
with pole pruner and scaffolding towers.

Pinidday

measurements were

conducted twice during the summer 2003 in the 18-, 25- and 80year old stands (in July and in early November), once in all four
stands during the summer 2004 (in August) and once on four
sampling days during the summer 2005 (1

1th, and from I 5th to 17 th

August) after gas exchange measurements.
Two twigs from six trees from each age classes (depending on
the sampling days) were cut and tips were immediately stored in
airtight zip bags with damp paper inside to avoid evaporation and
transported for leaf water potential. Measurements were taken
within 30 min of collection.

lr

3.2.10

Canopy stomata! conductance (G) and whole tree leaf

specific hydraulic conductance (KL)

Stomatal canopy conductance (G, rnmol m 2 s) was derived from
sap flow measurements, assuming that sap flux density scaled by
sapwood-to-leaf area ratio (i.e.. Q,) is equal to transpiration per
unit of leaf area. I used a simplified version of the Penman—
Monteith equation to calculate Gs (Whitehead and Jarvis 1981,
Pataki et at. 1998):

-

ft

41.6 10 ininol•m)

(Eq. 3.7)

1)

-

where y is the psychrometric constant (kPa K

I),

,. is the latent heat

of vaporization of water (J kg'), p is the density of air (kg in 3 ) C/)
is the specific heat of air at constant pressure (J kg' K 1 ), and D is
the vapour pressure deficit (kPa). Prior to applying the equation
above to daytime values of Qj. we assumed that no vertical gradient
of D was present through the canopy.
The whole plant leaf-specific hydraulic conductance

(K 1,,

rnmol m 2 s.1 MPa') was estimated for each tree as follows
(Wullschleger et at. 1998):
K, =

QLinax

(Eq. 3. 8)

-

'VA

where Qi.mux (i-n mol m 2 s') is the average sap flow per unit leaf
area during peak transpiration at midday.

3.3 STATISTICAL ANALYSES

All statistical tests were performed with SPSS (v.13, SPSS Inc.,
Chicago, IL, USA), and data were fitted using SigmaPlot (v.9.0,
Systat Software Inc.. 2004). Data were summed and averaged for
each individual tree prior to any data analysis. Differences between
age classes were evaluated with one-way Analysis of variance
(ANOVA), plus the Tukey HSD post-hoc test or with repeated
measures ANOVA to compare the values of variables measured
more than once during the study period. The average values of Qi,
and Gs from each age class and per day ware plotted against
daytime

D and fitted using logarithmic regression. Age-related

trends were determined using non-linear regression analyses of
mean tree values for Q. and Gs at a given D, and K1. with tree age.
Differences for all statistical tests were evaluated at a0.05.
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3.4 RESULTS

3.4.1 Total projected leaf area (AL), tree leaf to sapwood area
ratio (A L /Asw) and field gas exchange

Values of total projected leaf area (A 1,) and tree leaf to sapwood
area ratio (AL/A,W) for each measured are presented in Table 3.2.
Al./A

declined significantly from the first age class to the

remaining three, whereas it did not vary among age classes 2, 3 and
4 (power function, R 2 =O.560, F=24.177, P<0.0001).

Table 3.2: Total projected leaf area and leaf to sapwood
area ratio of Scots pine measured trees in Se/in Muir.
Age
Al
Al/As
Age
Al
Al/As
(yrs)

(m 2 )

(HI , cm -')

0.65
0.32
0.63

0.083
0.090
0.114

14.30
18.78
20.87
23.23
19.90
23.32

0.065
0.063
0.062
0.061
0.063
0.061

Age class I
18
18
18

(nz 2 )

(in

cm' 2 )

Age class 3

Age class 2
25
25
25
25
25
25

(yrs)

50
33.24
50
22.25
50
22.00
50
33.33
50
26.84
50
29.54
Age class 4
80
80
80
80
80
80

95.15
51.72
53.31
43.24
34.76
81.25

0.059
0.062
0.052
0.055
0.060
0.060
0.052
0.056
0.055
0.057
0.058
0.053

One-way analysis of variance (ANOVA) and regression
analysis were used to identify the effect of the tree's age on
physiological parameters. The results of the ANOVA of gas

ILM

exchange parameters and tree specific leaf area (SLA) for samples
taken from the top third of the canopy are presented on Table 3.3.
Net photosynthesis

(A,)

per unit leaf area differed

marginally (P=0.077) among ages whereas it did not show agerelated trends across the four Scots pine age classes. A,, per unit
leaf mass differed significantly among age classes (P0.023)
whereas the difference was age-unrelated (Table 3.3, Figure 3.1).
Marginally significant increases (P=0.056) in

intercellular

CO, (C1 , i trnol mo1) were observed in the values of the third and
fourth age class, which were about 20% higher compared to age
classes I and 2 (Table 3.3). Stomatal conductance (gv, mmol m 2 s1

) remained constant (P0.348) across ages of pines (Table 3.3).
Specific leaf area (SLA,1111 ) estimated for the top third of the

canopy of the sample trees declined significantly from the first age
class to the remaining three, whereas it did not vary among age
classes 2, 3 and 4 (Table 3.3). The same declining trend was
observed for specific leaf area (SLAh,,,n) estimated for the bottom
of the canopy of the sample trees, where

SLAh1,,im

declined

significantly from the second and third age classes to the fourth
(Table 3.3).
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Table 3.3: Summary of ANOVA on some physiological variables across
age class of Scots pine trees.
F value

Parameters
Net Assimilation rate. A,,
s')
(limol m
Net Assimilation rate, A,,
(.tmolg S'')
Intercellular CO 2 , C,
(limo[ mol )
Stomatal conductance, g.
(mmol m
s')
Specific leaf area, SLA,,,,
(m 2 kg')
Specific leaf area, SLA,,,,, ,,,,
(2
kg')
Notes:
P<0.05.

'"Significantly different (SD) at
marginally significant at P<0. 1,

"'

2 783
4.274
3.I - 8
1.187
12.084
9.213
P<O.00l, " SD at
Not significant.

P<0.0l,

SD

at

0.040

0.035

0.030
a
0.025

0.020

'

0.015

0.010
10

20

30

40

50

60

70

80

90

Free ,ge (years)
Figure 3.1: Relationship between net assimilation rate per
unit leaf mass and tree age for 19 Scots pine trees, sampled
from SeIm Muir Scotland. Mean values per tree age class
are

presented.

Different

letters

indicate

significant

differences between ages (Tukey HSD post-hoc test) and
bars indicate standard errors.
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When the same variables were plotted against tree ages for
samples taken from the bottom of the canopy, those did not appear
to be significant regressions (P>0.05 in all cases).

3.4.2 (513 C, nitrogen and phosphorous content

Carbon isotopic composition (ó' 3 C) was positively correlated with
tree age for the samples from the top third of the canopy, with
significant changes (F=6.617, P=0.002) occurring from the first age
class to the remaining three, whereas 6

13 C did not vary among age

classes 2, 3 and 4 (Figure 3.2a). Foliar nitrogen concentration (N 1 )
measured on the same sample, over summer 2005 did not vary
across age classes (Figure 3.2b, F=1.321, P0.292). Foliar
phosphorous concentration (P,) remained constant across tree ages
(F=0.920, P=0.447, not shown).
When the same variables (' 3 C, Nm, P,) were plotted against
tree age for samples taken from the bottom of the canopy, changes
across age classes were not significant (F2.045, P0.1 85;
F=1 .801, P0.220; and F=1 .334, P=0.31 6, respectively).

122

-26

(a)

B

z

-28
C-

-29

-30
2.0
(b)

A

El

0.8

10

I

20

30

40

50

60

70

80

90

i'ree Age (years)
Figure 3.2: Mean values of a) carbon isotope discrimination,
and b) foliar nitrogen concentration measured on 27 trees
during the summer 2005 Different letters indicate significant
differences between ages (Tukey HSD post-hoc test) and bars
indicate standard errors. Logarithmic function was used to fit
the data.
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3.4.3

Radial profile patterns, xylem diameter variations and

total tree sap flow

Radial profile patterns were measured on a subsample of four of the
study Scots pine trees at midday. Sap flux densities were higher in
the outer xylem than in the inner xylem. Maximum sap flux
densities occurred at a depth of 1.3-2.1 cm approximately from the
cambium, whereas values declined towards a depth of 3.7-4.5 cm
from the cainbium (Figure 3.3).
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Figure 3.3: Radial sap flow densities measured at midday in four
Scots pine trees at breast height using a multi-point HFD sensor
inserted at 13, 21, 29 37, and 45 mm inside the sapwood.
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Met variables and sap flow were monitored from early August
to mid-October 2004 and from mid-August to late November 2005.
Over the study period mean air temperature ranged between -0.8
and 19.8 ° C, average daytime vapour pressure deficit (D) ranged
between 0.04 and 0.81 kPa, daytime average PAR varied between
57.2 and 871.0 imo1 m

s ' , and the rainfall (over two months,

August and September) was 120 mm during the summer 2004 and
569.4 mm during the summer 2005 (Figure 3.4). Some variables,
such as daytime net radiation (varied between -0.14 and 15.84 MJ
m 2 day), soil water content (0.33-0.49 m 3 m 3 ), and daytime soil
temperature (Fig. 3, ranged between 4 and 14 0 C) were monitored
only during the second campaign (August to November 2005).
As it has been reported in Martinez-V ilalta et al. (2007b), the
LVDT estimates of daily maximum stem water pressure difference
ranged between 0.22 and 0.46MPa. Variations in stem water
pressure difference (estimated from stem diameter variations)
tracked vapour pressure deficit (D, kPa) (Marti nez-Vilalta et al.
2007b). Generally, stern shrinking occurred sooner and at a faster
rate in the early morning compared to the sap flow increase,
whereas sap flow declined towards zero sooner and faster than the
stem pressure difference in the afternoon and at night (MartinezVilalta et al. 2007b).
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Sap flow density per unit leaf area

(Qj,)

followed the changes

of D and PAR over the study period (56 days during summer 2004
and 84 days during summer 2005). Diurnal patterns of

Q.,

in early

August showed a reduction compared to the patterns observed in
September, following the declines in D and PAR (Figure 3 .4b,c).
Typical diurnal patterns of

Qj,

among age classes are shown in

Figure 3.5. Diurnal Qi, patterns were lower in the oldest class when
compared to the younger pine trees. The same pattern was observed
in daytime mean

Qj.

values when they were regressed against D

(Figure 3.6).
When I calculated a reference

Q'

for values af D set constant

at 0.7 kPa, significant differences (P<0.05, R 2 =0.91, power fit)
were observed in

Qj

among age classes (inset figure in Figure

3.6).
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3.4.4

Leaf water potentials

Predawn leaf water potentials

declined significantly

(Wprej,wn)

across age classes both for measurements conducted during the
summer 2004 and summer 2005 (Table 3.4).

measured in

summers 2004 and 2005, on equally clear days, declined between
the younger age classes to the oldest one (P<0.05, Table 3.4). The
difference between midday and predawn water potential

(4W)

increased (P=0.049, Table 3.4) from 0.75±0.4 MPa for 18-year-old
trees to 0.92±0.7 MPa for 80-year-old trees in summer 2004, but it
remained constant (P=0.168, Table 3.4), during the summer 2005.

Table 3.4: Summary of ANOVA on needle water potentials across age
class of Scots pine trees over two growing seasons (2004 and 2005).

!t'inMPa

F

df

P

11 predawn 2004

6.977

14

0.01

11midda' 2004

4.498

20

0.017

zflP2004

3.918

14

0.049

!Ppredawn

2005

27.944

23

<0.001

Wnyidday

2005

4.763

23

0.012

A!1'2005

1.868

23

0.168
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Canopy stomata! conductance (G) and whole tree leaf

3.4.5

specific hydraulic conductance (KO

Canopy stomatal conductance (G.) was negatively correlated
against daytime

D and the amount of data separation was similar to

the one obtained in Q', for a total of 104 days (data was filtered and
G s values for D<0.2 were excluded) (Figure 3.7). The commonly
observed declining trend of Gs with increasing
this figure due to very low range of
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monitored over a total

of 104 days in 23 trees (five from the first age class and six
from each of the remaining three age classes).
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The mean values of G, and whole tree leaf-specific hydraulic
conductance (K,,) from each tree were then regressed against tree
age using non-linear models, as shown in Figure 3.8.

Average values of Gs declined significantly (P<0.001) from
10.2 (±0.1) mmol
m 2 s

s 1 for 18-year-old trees to 1.50 (±0.01) mmol

for 80-year-old trees (Figure 3.8a). Changes in K,, followed

tree age (P<0.001, Figure 3.8b). Averaged values decreased from
about 2.51 (±0.03) to about 0.55 (±0.005) mmol iii - s -1 MPa -' , i.e.,
a factor of 5.

In addition, whole tree leaf specific hydraulic resistance (Rj,,
m 2 MPa s rnmo[ 1 ) increased significantly (P<0.001), with
increasing tree height (Figure 3.8c). R 1, equals to the inversed ratio
of whole tree leaf specific hydraulic conductance. Averaged values
increased from 0.844 (±0.099) m 2 MPa s mmo1

for short trees to

about 8.410 (±0.859) m 2 MPa s mmol'' for tall trees (80-year-old
trees).
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3.5 DISCUSSION

Important information was extracted from this study on the effects
of whole tree hydraulics

Ofl

tree growth, from the sap flow

measurements conducted on Scots pine trees in SeIm Muir site in
Scotland. These findings add to my previous Chapter's results on
the age- and size-related effects on morphological characteristics
of the same Scots pine population, whereby results showed a clear
decrease in growth efficiency and in relative aboveground mass
growth rates (RGRrnass ) with tree age and height. These results are
consistent with a series of studies in the literature comparing the
growth rates of trees of different ages (i.e., Kaufmann and Ryan
1986, Kuuluvaiiien 1991, Mencuccini and Grace 1996b, Ryan et al.
1997, Mencuccini et at. 2005, Ryan et at. 2006, Martinez-Vilalta et
at. 2007a, Mencuccini et at. 2007).

Sap flow measurements provide information on water fluxes
at the individual tree scale and are useful in estimating forest
transpiration, to derive canopy conductance (Granier et al. 1996).
In my study, sap flow density per unit leaf area (Q,) followed the
changes of D and PAR over the study period. In this study D and
PAR were strongly autocorrelated so it was difficult to separate the
two effects.
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When daytime mean Qi values were regressed against D. they
were found to be progressively lower in the older and taller trees.
compared to the younger and shorter pine trees (Figure 3.6). The
strong negative effect of D was also observed on canopy stomata]
conductance (G) (Figure 3.7), indicating a high sensitivity of
stomata to humidity, in consistency with other studies (Guehl et al.
1991, Granier et al. 1996). According to McNaughton and Jarvis
(1983) variations of transpiration are explained by changes in
vapour pressure deficit and canopy conductance during the day. As
D increases, stomata respond with a partial closure (Lange et al.
1971), an effect that gradually takes place as D increases. Thus,
this pattern is not visible in my results (Figure 3.7), due to very
low overall range of D values. However, declines in Gs resulting
from the stomatal response to increasing D have been reported in
most studies (Whitehead et al. 1984, McCaughey and lacobelli
1994, Monteith 1995, Meinzer ci al.

1997, Oren et al.

1999).

Stomata closure initially results in an increase in Qj. (Figure 3.6),
then as D increases leads to a plateau and finally Q i, declines at
high D values (Jarvis 1980, Monteith 1995. Pataki et al. 2000).
Stomata closure in trees takes place to prevent the occurrence
of embolism in their xylem conduits (Yoder et al. 1994), which is
very common in tall trees since water movement to the top of tall
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trees is restricted due to gravitational hydrostatic gradient and
cumulative hydraulic resistance (Ryan and Yoder 1997, Ryan et al.
1997, Bond and Ryan 2000). This has been revealed by the decrease
observed in Qi. and G s with tree age/size (insert figure in Figure
3.6 and Figure 3.8a respectively), a pattern that has been reported
in most previous studies (i.e., Ryan et al. 2000, Phillips et al.
2003. Delzon et al. 2004. Irvine ci al. 2004, Mart Inez-Vilalta ci al.
2007a). In addition, a decline in whole tree leaf-specific hydraulic
conductance (K 1.) followed tree age/size (Figure 3.8b), as it was
expected, since it is well known that stomatal closure has been
associated with lower soil to leaf hydraulic conductance (Kolb and
Stone 2000). Furthermore, whole tree leaf-specific hydraulic
resistance (R1,) increased with increasing path length (Figure 3.8c).
Such age- and height- related decreases in
observed (Hubbard ci al. 1999, McDowell e

t

KL

are commonly

al. 2002b, Mencuccini

and Grace 1996b, Ryan ci al. 2000, Phillips ci al. 2001, Delzon ci
al. 2004).
The trends with age of Gs from sap flow measurements did
not agree with the trend obtained from leaf-level gas exchange
measurements, since these latter ones remained constant across
ages of pines (Table 3.3). In gas exchange measurements I found
that marginally significant values of net photosynthesis (A 17 ,) per
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unit leaf area did not show age-related trends (Table 3.3).
Similarly,

per unit leaf mass variation varied significantly and

did not follow and age-related trend (Figure 3.1). The discrepancy
observed in stomatal conductance estimated with these two
different methods (gas exchange and sap flow measurements) might
be due to the fact that gas exchange measurements were not carried
out at the same time on all trees and within the same day due to
accessibility problems. When Pin jdday

measured just after gas

exchange measurements was isolated from the rest of the midday
water potential measurements conducted during the sum mer 2005 no
difference was found across tree age classes (not shown). It is thus
possible

that

Pin idd a y

measured

just

after

gas

exchange

measurements also covaried over time, since it showed similar
trends with g (Table 3.3), and it is well known that stomatal
Closure is associated with the differences in daytime leaf water
potential (Hubbard et al. 1999, Kolb and Stone 2000).
Finally, similarly to my results, Bond et al. (1999) observed
that sap flow per unit xylem area was slightly lower for large/old
trees compared with small/young trees, but that photosynthesis per
unit leaf area, stomatal conductance and transpiration showed an
opposite trend. They concluded that the differences were due to
much higher branch sapwood area to leaf area ratio (Table 2.2,
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Chapter 2).
In order to better explain the results from gas exchange
measurements, the needle chemical composition (carbon isotopic
discrimination, foliar nitrogen and phosphorous concentration) was
also studied. Needle /' 3 C was significantly less negative in older or
taller Scots pine individuals (Figure 3.2a), consistent with results
by McDowell et al. (2002a) who found different trends between
cuvette-based stomatal conductance and the one inferred from 5' 3 C
of Douglas-fir (Pseudotsuga menziesii var. menziesii).
Additionally, foliar nitrogen and phosphorous concentrations
(N,,, and P,,

respectively) did not show any significant changes

across tree ages (Figure 3.2b), regardless of whether they were
expressed per unit mass or per unit leaf area (data not shown).
Foliar nitrogen content [N] has been suggested to be a good
predictor of An e t and g (Field and Mooney 1986, Reich et al. 1997,
Samuelson and Kelly 1997) as many studies have shown that the
nitrogen content of leaves is closely correlated with photosynthetic
capacity, due to high content in Rubisco (Ribulose-1,5bisphosphate, RuBP catalysed by carboxylase/oxygenase) (i.e.,
Hackett 1985, Kolb et al. 1998). Therefore, my results suggest that
the photosynthetic capacity of the trees studied does not change
with tree age/size, in contrast to Kull and Koppel (1987), who
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showed that maximum photosynthetic capacity of Scots pine, was
reduced as trees aged, and to Martinez-Vilalta et al. (2007a), who
found that [N] declined in old trees located at a very poor site in
the Scottish Highlands. However, my results agree with several
other studies both in Scots pine (Mencuccini and Grace 1996b) and
in other pines such as lodgepole and ponderosa pine, where foliar
nitrogen concentrations remained constant among different tree age
classes (Schoettle 1994, Yoder et at. 1994).
Since foliar [N] did not change with tree age in my study,
differences in carbon isotope discrimination suggest lower stomatal
conductance in old trees, in agreements with the Livingston et at.
(1998) study, that found a linear decline of stomatal conductance
with tree height.
The decline in growth efficiency and whole tree hydraulic
conductance of old trees observed in my results point towards the
hydraulic limitation hypothesis, which states that when a tree ages
and grows taller, the pathway for water transport increases in
length, decreasing the hydraulic conductance of the whole tree,
causing earlier stomatal closure in taller trees with longer branches
(Yoder et at. 1994, Mencuccini and Grace 1996a, Ryan and Yoder
1997, Ryan ci at. 1997. Hubbard et at. 1999, Bond and Ryan 2000,
Ryan ci at. 2000, Schafer et at. 2000; Barnard and Ryan 2003;
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Phillips et at. 2003 Delzon

et

at. 2004) and therefore decreased

carbon assimilation.
According to my results net photosynthesis (A,) per unit leaf
area showed marginally significant age-unrelated trends, and the
significant

per unit leaf mass variation did not follow age-

related trend. This is partially explained by the Martinez-Vilalta

et

at. (2007b) parallel study, who found that whereas total
belowground hydraulic resistance per unit leaf area increased with
tree age and height, the contribution of below-ground to whole-tree
hydraulic resistance actually declined with tree age/height,
indicating a relative increase in belowground carbon allocation
with age/height in Scots pine, in agreement with other studies
(Vanninen and Makela 1999, Makkonen and Helm isaari 2001) and
with the Magnani's

et

at. (2000) optimality hypothesis.

To conclude, according to my results, the declining trends in
canopy stomatal conductance, sap flow per unit of leaf area and
whole tree leaf-specific hydraulic conductance with tree age/size
indicate that some sort of hydraulic limitation takes place with
increasing height, as confirmed by the increasing 6

13 C values and

the constant Nm values when plotted against tree age. However, at
the same time, my results suggest that additional factors may also
be involved in the decline in growth efficiency with age. Reduced

140

growth could have partially occurred due to increased below-ground
allocation (Grier et al. 1981, Magnani et al. 2000), or due to
reduced turgor pressure in tall trees (Woodruff

et al.

2004)

resulting from the anatomical changes observed at the top of the
canopy (as described in Chapter 2). Nutrient limitation did not
appear to be a problem in this study.
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Chapter 4: Size-related changes in morphological
properties of four Poplar clonal chronosequences. Donor
trees versus propagated material.

4.1 INTRODUCTION
There is a growing interest in understanding the reasons why for
many species old trees have lower net assimilation rates than young
ones. It has been suggested that this decline is very likely to
contribute to the decline of net primary productivity (NPP) with
forest age (Turner and Long 1975, Gho!z and Fisher 1982, Waring
and Schlesinger 1985, Ryan 1991, Long and Smith 1992, Ryan and
Waring 1992, Murty et al. 1996, Mencuccini and Grace 1996a). By
NPP

we define the rate of biomass production (i.e., foliage,

branches, roots, stems, plant reproductive organs) after some
photosynthates have been lost to plant respiration.

Decline of above-ground net primary productivity with forest
age is a problem fundamental to forest biology, commercial
forestry and to carbon storage in forests. The signing of the Kyoto
protocol has dictated the pressing political need for further
research on the capacity of ecosystems to sequester carbon.

Several hypotheses have been proposed to explain the age-
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related decline of forest productivity. One of these hypotheses
suggests that the age-related decline is genetically determined
(Ritchie and Keeley 1994, Day et al. 2002). Alternative hypotheses
stress instead the role of tree size per Se: taller and bulkier plants
will either have greater costs to bear or reduced physiological gains
(Warning and Silvester 1994, Walcroft ci al. 1996). In this study I
mainly focused on the decline in growth at the leaf level by
calculating growth efficiency (Waring 1983), defined as
aboveground biomass production per unit of leaf area per year,
equivalent to net assimilation rate (NAR) (cf. Yoder ci at. 1994,
Mencuccini and Grace 1996a, Ryan et al. 2000, Delzon ci al. 2004,
Mencuccini ci al. 2005, Martinez-Vilalta et at. 2007).

I am interested in exploring the ultimate causes and
mechanisms behind the age-related decline in forest productivity,
which are still poorly understood, (cf. Ryan et at. 2004) by testing
whether it is age or size that is related to the declines in NPP and
growth efficiency.

In this study I used clonal material to compare growth and
morphological parameters of genetically identical (i.e., clonal)
material taken from young, middle-age and old plants for several
clones. I carried out investigations both in the field on the original
donor trees (trees of identical meristematic age and different sizes)
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and in sample branches taken back to our lab and propagated in our
own experimental gardens by direct rooting (identical meristematic
age and same size). Poplar is an ideal species, both because of its
ease of propagation and because of its rapid growth rates. The
Poplar Research Station in Belgium is the largest collection of
poplars worldwide and could eventually provide us with the
essential clonal material for this investigation.

This approach for decoupling meristematic age from size using
differently sized clonal sequences and propagated material
eliminating genetic differences has never been attempted at this
scale. Similar attempts using grafted material from trees of
different ages have established that meristematic age per se was not
the cause of the age-related decline in growth observed in the field
(Mencuccini et al. 2005, Mencuccini et al. 2007, Vanderklein et al.
2007). Trees of the P. trichocarpa x P. deltoides clone monitored
in this chapter were included in previous published studies
(Mencuccini ci al. 2005, Mencuccini ci al. 2007). This current
study expands the results on poplar behaviour reported in the
previous papers with regards to the field measurements, including
three additional poplar clonal "chronoseq Lien ces", to make my
results more robust.

The novelty of this study relies on the fact that, in contrast to
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most previous studies, 1 compared donor trees of identical
meristematic age and different sizes in the field against rooted
cuttings coming from the same ortets of varying sizes and growing
in our experimental gardens. In this way I could eventually explore
whether size per se has an effect, since I am comparing trees that
are identical in every other respect.

4.2

MATERIAL AND METHODS

4.2.1

Species and general design

Four Poplar clones were selected to carry out this experiment:

Poplar "Helix" or PH (P. trichocarpa x P. deltoides)
Poplar "Anonymous" or PA ((P. trichocarpa x P. deltoides) x
P. deltoides)
Poplar "Grimmigne" or PG (P. deltoides x (P. trichocarpa x
P. deltoides))
Poplar "Trichobel" or PT (P. trichocarpa x P. trichocarpa)

These poplar clones were obtained from a poplar clonal bank in
Belgium. Despite the fact that they do not normally grow in
Britain, they were selected because I could trace complete clonal
"chronosequences" from "age" I to "age" 33 for PH; from 1 to 24
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for

PA

and

PG

and I to 45 for

PT.

I selected these clonal

"chronosequences" to represent the stages of their life cycle during
which growth first peaks and then declines.
Poplar plantations were located at various sites in Belgium,
although frequently the youngest and the oldest trees were within
maximum 5km to each other, thereby minimising site differences
(Table 4.1).

Table 4. 1:

Age
(years)

Sample size per poplar clone specified for growth analyses

No of
sampled
trees

Sampling site

(e

No of
sampled
trees

Clone: PH
1
2
6
9
10
26
27
33

3
3
17
16
9
12
9
1

Clone: PG

Nursery
Nursery
Huis Union
Heverlee
Zandbergen
Van Riet
Holsbeek Perceel
Helix

2
3
5
9
15
20
24

6
5
6
6
6
6
I

Clone: PA
2
3
5
9
15
20
24

6
5
5
3
6
6
1

Sampling site

Nursery
Nursery
Kermt
Heverlee
Freux
Br6ly
Van Riet

Clone: PT
Nursery
Nursery
Lommel
Heverlee
Freux
BrQly
Van Riet

2
3
5
9
26
41
45

6
5
6
6
1
1
1

Nursery
Nursery
Kermt
Borsbeke
Van Riet
Grimminge
Marcq
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The oldest age classes (i.e., 24, 33, 45-year-old) were
represented by the original individual cross (the seedling) that
provided all the material for the establishment of all the younger
plantations. As the poplar material was clonal, the comparison of
the "age" sequence in the field refers to the number of years since
planting, whereas the real meristematic "age" of all trees is
identical across the sequence (i.e. equal to the age of the original
cross). Measurements in the field were carried out over the two
summers of 2004 (for PH) and 2005 for the remaining three clones.
I compared ortets (donor trees from which twigs or scions are
sampled for vegetative propagation by direct rooting) of identical
meristematic "age" and different sizes in the field against rooted
cuttings coming from the same ortets of varying sizes and growing
in our experimental gardens in order to explore whether size per se
has an effect, since I am comparing plants that are identical in
every other respect. I propagated trees coming from seven to eight
different tree "ages" of original ortets (depending on clone
availability), and each "age" sequence belonged to one specific
clone only so to avoid genetic differences.
Therefore, measurements were made on the propagated material
and on the original donor trees in Belgium, to compare the
behaviour of the differently-aged rooted cuttings with the

behaviour of the original donor trees.
One to six trees were selected from each "age" class and
canopy-top shoots were sampled. Branches were packed, transferred
to Edinburgh and propagated by direct rooting into pots. Cuttings
were kept in our greenhouse during the measurements to maintain a
favourable environment. A complete random ised design was used to
carry out the experiment, with ten trees for each age class.

4.2.2

Field Study

4.2.2.1

Diameter, tree height, specific leaf area

For each poplar clone, one to 17 individuals per age class were
selected and their diameters at breast height and heights (ranging
between 0.9 to 82cm and 1.7 to 46rn, respectively) were measured.

One to two branches were harvested from the top third of the
canopy from each tree and three to six even-aged leaves were
sampled from each branch. The samples were immediately sealed
and shipped to the lab in Edinburgh. Projected leaf area of each
leaf was measured using a Li-3100 Area Meter (LiCor, Lincoln,
Nebraska, USA). The leaves were then dried for 48h at 70 0 C and
weighed to establish the average specific leaf area (SLA, m 2 kg - 1 )

on

for each tree. Specific leaf area was calculated by dividing
projected leaf area by leaf weight.

4.2.2.2 Estimation of tree leaf area, tree biomass, and
aboveground biomass production

Diameter growth was determined by either extracting tree cores and
measuring the individual ring widths, or measuring rings on whole
tree discs or using annual growth data from records collected at the
Poplar Research Institute.

Total

foliar

biomass

was

estimated

using

the

equation

reported in Zianis et al. (2005) for Populus tremula:

= 0.000847

f)1 48 1578

(Eq. 4.1)

where W,1 (kg) is the foliar biomass predicted for a range of
diameters at breast height from 19 to 92mm, and tree heights from
3.6 to 15.8m, and D (mm) is tree diameter at breast height. These
values were then multiplied by the measured SLA (m 2 kg) of our
donor trees and total tree leaf area (Al7( ,((11 , in

2) was estimated for

our donor trees using the formula:
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Allowl

(Eq. 4.2)

5LA

=

Tree stem biomass and biomass growth was estimated by
combining four different allornetric equations based on diameter or
a combination of diameter and height. One equation directly gives
total aboveground biomass

W.v,em

(Kg) as a function of stem

diameter (mm) at breast height (Zianis et al. 2005)

= 0.000022 - 1)2

(Eq. 4.3)

The second equation estimates stem volume from stern
diameter (D, dm) and height (H, dm) (Pontallier et al. 1997)

= 0.338 - 0.2618 . H 11) 2

(Eq. 4.4)

The third equation also gives stern volume from diameter (D,
cm) at breast height (from Christie's (1959) yield tables for poplar)

= 380.0,0000409.

1):)2

(Eq. 4.5)

Lastly, the fourth equation was simply based on using the
formula for a cylinder to estimate stern volume and assuming a
coefficient of form of 0.5, again D (dm) stands for diameter at
breast height and H (drn) for tree height

IVV

147,J

1!)

= 0.5-0.3 8. H D

(Eq. 4.6)

In all cases where stem volume was estimated, a basic density
of 380 kg m

and a crown biomass expansion factor of 1.2 were

used to obtain aboveground biomass and biomass growth
(Mencuccini et al. 2005).

I estimated NAR (net assimilation rate) as the aboveground
mass growth (from tree rings) over one to seven years divided by
the standing leaf area for each tree, and relative aboveground mass
growth rates (RGR) as:

RGR

where,

LnW 1 and

LnJ'V7-LnJ4'
AT

(Eq. 4.7)

LnW 2 are the natural logarithms of total

successive aboveground biomass

+ Ws/,,n), and AT is the time

difference over which the two successive weights were recorded.

The estimated values of relative aboveground mass growth
rates and net assimilation rates varied from method to method (Eq.
4.3-4.6), but the trends with age for these two parameters were
essentially identical across all four methods, therefore, I averaged
values of both RGR and NAR obtained by all four methods.
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RGR can be divided into several growth components:

RGR = NAR*SLA*LMR

(Eq.4.8)

where NAR, SLA and LMR are net assimilation rate, specific leaf
area (the ratio of leaf area to its weight for an average leaf) and
leaf mass ratio (the ratio of leaf mass to total aboveground mass),
respectively.

NAR, or growth efficiency, defined originally by Waring et al.
(1980) as the volume of stemwood increment per unit of foliage,
has been applied in studies to understand and quantify the
relationship between tree and stand growth, stand structure (e.g.,
Smith and Long 1989, Long and Smith 1992, Roberts and Long
1992, O'Hara 1996), and site resource availability (e.g., Binkley
and Reid 1984, Kaufmann and Ryan 1986, Vose and Allen 1988,
Velazquez- Martinez et al. 1992, McCrady and Jokela 1998).

Relative aboveground mass growth rates (RGR) were used
instead of absolute growth, to describe carbon uptake both in the
field and for the propagated plants in our greenhouses, because
absolute growth rates can depend on the initial response of the
propagated plants to the shock of propagation (Greenwood et al.
1989) and on the initial small differences in size between cuttings
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from different age classes, whereas relative growth rates are less
sensitive to these problems (Sweet and Wells 1974) (cf. Mencuccini
et al. 2007).

4.2.3

Rooted cuttings study

Poplar "Helix" individuals were propagated in winter 2004 and the
remaining three clones in winter 2005, using 20-cm-long segments
of apical twigs sampled from the original ortets. Each segment had
approximately five healthy buds and during planting I attempted to
maintain two of them aboveground and the remaining three
belowground to increase shoot growth and rooting success (Agate
2001).

Poplar Helix ramets (clonal replicates of the ortet) were
transplanted into the University's common gardens during the
winter 2005, whereas the remaining ramets were kept in our
greenhouse under favourable conditions. All segments were planted
in 5-litre pots filled with peat, sand and vermiculite (mixed 2:1:1).

A complete randomised plot design was used for Helix (Figure
4.1), whereas a factorial randomised block design was applied to
the remaining clones. In this latter case I have a combination of
two factors (age, clone) included in each block, to block out the

effects of environmental variability. Each of the ten different
blocks contained 21 plants, each one from a different age of the
original ortet and a different clone (Figure 4.2).

PH9-5

PH2-3

PH6-4

PH1O-1

PH9-1

PH33-3

PH2-4

PHI-2

PH 10-2

PH6-1

PH27-5

PH26-3

PH26-2

PHI-I

PH27-1

PH 10-5

PH9-4

PH9-3

PH33-1

PH26-1

PH2-5

PHI-4

PH27-3

PH2-2

PH9-2

PH 1-5

PH33-2

PH6-5

PH 10-3

PH6-2

PH33-4

PH26-4

PH27-4

PH 10-4

PH6-3

PH33-5

PH26-5

PHI-3

PH27-2

PH2-1

Figure 4.1: Complete randomised plot design, P1-I refers
to poplar "Helix", the first number to the "age" class
and the second number the sequential tree number per
"age" class (I to 5).

The surviving plants were counted once their leaves were
fully expanded. 95% of the PH rooted cuttings grew successfully,
whereas the plant survival success was 56% for PA (20% and 30%
for "age" classes 15 and 20, respectively), 97% for PG (excluding
"age" class 20, from which only 20% of the propagated plants grew)
and 81% for PT.
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Figure 4.2: Factorial randomised block design. Each of the ten different
blocks contained 21 completely randomised plants, each one coming
from a different age and clone. The number refers to the "age class.

Poplars in general, suffer very little stress during the
propagation phase, due to their accumulated sugar reserves and
easy rooting (Zsuffa et al. 1996, Mencuccini et al. 2005).

4.2.3.1

Diameter, tree height, specific leaf area

All measurements were carried out in the summers of 2004 for
poplar Helix (1-year old plants) and repeated in 2005 (when 2-years
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old). Measurements on the remaining three clones were conducted
only during the summer of 2005.

I monitored growth and leaf morphological properties on two
to ten individuals of each "age" class of the propagated plants,
following similar protocols as for the donors. Diameters were
measured at the base of each plant using a digital vernier calliper
(Mitutoyo Ltd., UK), whereas heights were measured using a
measuring tape (Table 4.3). Measurements were initially conducted
in June of each growing season and repeated once per month until
October to determine plant growth rates.

At the end of each growing season, leaves were excised from
all plants and total leaf area was estimated using a Li-3100 Area
Meter (LiCor, Lincoln, Nebraska, USA). The leaves were then dried
for 72li at 70 0 C and weighed to establish the specific leaf area
(SLA, m 2 kg, calculated by dividing projected leaf area with leaf
weight) of each selected ramet.

4.2.3.2 Estimation of tree leaf area, tree biomass and
aboveground biomass production

At the end of the 2005 growing season, the diameter of four

branches was measured for all PH rooted cuttings and the leaves
were excised from all the 152 measured branches. The leaves were
then dried for 72h at 70 0 C and weighed to obtain the branch foliar
biomass of each branch. A regression was then established between
branch foliar biomass

(Wh rc, fl / Af,

kg) and branch diameter (d, mm),

using a power function.

111(17

0.001 d2'
873

(Eq. 4.9)

In addition, all branch diameters were measured in each ramet
and the equation above was applied to estimate total tree leaf area
at the end of 2005 growing season. The same equation was adopted
to calculate foliar biomass and total tree leaf area during the 2004
growing season for the same clone. For the remaining clones all
leaves were excised from all ramets, at the end of the experiment
(when the plants were about 1-yr-old), and foliar biomass was
measured. Total leaf area was estimated using a Li-3100 Area
Meter (LiCor, Lincoln, Nebraska, USA).

I estimated aboveground mass growth rates (NAR) and relative
aboveground mass growth rates (RGR) of each ramet using the same
equations as for the donors.

In addition, relative height growth rate (R), was calculated as
it provides useful indications as to whether inherent differences in
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growth potentials exist across ortet ages, or the differences in
absolute growth are carry-over effects due to size variability.
Although it provides a measure of growth relative to initial size, it
is commonly observed that its values systematically decline with
tree size (i.e., Burdon and Sweet 1976). This needs to be
considered and accounted for in any analysis employing R (cf.
Mencuccinj et al. 2007).

Mean scion R was calculated as:

1?— In(H,)—ln(H1)
12

(Eq. 4.10)

Il

where R is relative height growth rate, and H2 and H 1 are the
measured heights at times t2 and 1, respectively. The time interval
for calculating R was one year. After calculating R using Equation
4.10, the effect of ortet age on R was assessed with a partly nested
model, as described in Mencuccini et al. (2007). The structure of
the model was:
Rilk = Al + (X1

+

+

1k

+X + (X X + '

i;k

(Eq. 4.11)

where a (age class) was the fixed between-subject factor, fi
(individual ortets) were entered as a random factor nested within a,
y (year) was the fixed within-subject factor, and X (initial tree
height between any two intervals) was used as a covariate, to
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account for the negative effect of increasing size on R. Only two
repeated measures were available for R for each ortet within each
age class, therefore the interaction term ykX was dropped from
Equation 2 in Mencuccini et al. (2007).

4.3 STATISTICAL ANALYSES

All statistical tests were performed with SPSS (v.12, SPSS Inc..
Chicago, IL, USA) and data were fitted using SiginaPlot (v.9.0,
Systat Software Inc., 2004). Differences between age classes were
evaluated with one-way Analysis of variance (ANOVA), plus the
Tukey HSD post-hoc test. A repeated- measures, mixed linear model
was used to assess changes in R (this test was performed with SPSS
v.14, Inc., Chicago, IL, USA). A paired T-test was used in order to
detect differences of poplar "Helix" scions between 2004 and 2005.
Differences for all statistical tests were evaluated at ct=0.05.

4.4 RESULTS

4.4.1 Morphological characteristics of ortets in the field

For all poplar clones diameters at breast height, heights and leaf
areas were measured (Table 4.2).
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Table 4.2: Structural characteristics of Poplar clones, in Belgium (±
standard error)
Age
(years)

DBH
(cm)

N

Height
(m)

Leaf Area

0.15 ± 0.01

(M2)

"Helix"- PH
3

0.94 ± 0.04

2.18 ± 0.06

2

3

3.59±0.18

5.68±0.24

1.34±0.12

6

17

7.09 ± 0.14

8.85 ± 0.13

3.73 ± 0.13

13.26±0.47

18.46±0.79

9

16

15.92±0.44

10

9

21.79± 0.94

15.93 ± 0.25

27.88± 2.11

26

12

56.66± 1.50

38.33±0.70

210.06±10.08

27

9

65.18 ± 1.48

37.84 ± 0.99

242.23 ± 9.51

33

I

61.75

41

195.70

0.71 ± 0.07

-

"Anonymous"

PA

2

6

2.00±0.12

1.69± 0.08

3

5

3.83 ± 0.05

5.29 ± 0.08

1.66 ± 0.04

5

5

10.12 ± 0.44

8.12 ± 0.34

8.98 ± 0.68

9

3

24.09 ± 2.11

16.67 ± 0.56

52.43 ± 8.03

15

6

27.75±1.35

18.80± 0.51

60.57± 5.05

20

6

31.46± 3.10

21.67± 1.45

73.56± 11.60

24

1

58.57

34

224.69

-

"Crimmigne"

PG

2

6

2.22 ± 0.07

2.07 ± 0.07

0.67 ± 0.04

3

5

3.88 ± 0.10

4.92 ± 0.15

1.96 ± 0.09
4.46 ± 0.51

5

6

6.21 ± 0.41

7.98 ± 0.34

9

6

22.81 + 0.83

17.42 ± 0.34

44.33 ± 2.85

15

6

24.78± 1.47

19.50±0.66

44.79±4.31

20

6

38.89 ± 2.66

25.27 ± 1.43

111.24 ± 12.1

24

I

46.47

36.7

159.64

3.92 ± 0.1

1.99 ± 0.17

1.78 ± 0.08

5.48 + 0.08

2.39 + 0.05

"Trichobel"
2

6

PT

3

5

4.27 ± 0.05

5

6

9.07 ± 0.18

9.05 ± 0.33

8.29 ± 0.29

9

6

24.62±0. 84

16.65± 087

55.2± 1.90

26

1

49.02

38.4

172.47

41

1

80.21

45

356.32

45

1

82.12

46.2

542.05
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Both annual biomass increment per unit of leaf area (NAR, kg
rn 2 year I) and relative mass growth rate (RGR, kg kg -1 year -' )
showed a highly significant "age"-related decline. NAR declined
significantly (Table 4.3) on all four poplar clones after a peak at
about "age" 15 (Figure 4.3a). RGR, decreased from average values
of 1.90 to 0.016 kg kg

year' (mean values of all four Poplar

clones) for the oldest trees in the field (the seedlings) (Table 4.4,
Figure 4.3b).

Table 4.3:

Results

of the

analysis

of

variance

for

measurements in tree annual hio,nass per unit of leaf area
(NAR) using tree age of poplar original or/c/s as a fixed factor.
NAR

N

R2

F

P

Poplar "Helix"-PH
Poplar "Anonymous"-PA

31
21

0.3!
0.51

5.17
279.14

0.012
<0.001

Poplar "Crimmigne"-PG

23

0.79

29.96

<0.001

Poplar "Trichobel"-PT

15

0.94

34.18

<0.001

Tree specific leaf area (SLA) did not vary across age classes
for the ortets of all poplar clones (P>0.4 in all cases).

Table 4.4:

Regression

coefficient

(b

parameter)

and

statistical

significance of the relationships between relative growth rate (RGR) and
tree age for four poplar clones.

Species/parameter
RGR

PH
-1.36

PA
0.961 W

PG
0.939***

PT
-174 8 4

A power function model was used to fit the data for RGR.
0.00!
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Figure 4.3: a) Variation of NAR (tree annual biomass growth rates per
unit of leaf area) with tree "age" for 93 poplar ortets and b) Relation
between RGR (relative mass growth rate) and tree age for 90 poplar trees
of four different clones, sampled in Belgium. Mean values are presented
for both variables. Bars indicate standard errors.
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4.4.2 Morphological characteristics of ramets

A non-linear regression using a power function (R 2 =O.94) was
applied to identify the relationship between branch foliar biomass
(Wh,. 1fl

,1

A1)

and branch diameter (d). The sample size was 152

branches (Figure 4.4).

100

PH cuttings
80
Figure 4.4:
60

Relationship

E

0

between branch

_ 40

foliar

biomass
and

(
C
U
C

20

branch diameter
(d).
*

2

4

6

8

10

12

14

16

"=p<o.00I

18

Branch diameter (mm)

This relationship was described from Eq. 4.9 reported earlier
in methods. This equation was applied to estimate foliar biomass
and total tree leaf area of the PH ramet at the end of the 2004 and
2005 growing seasons (Table 4.5). On the remaining clones both
parameters were measured after leaf excision (Table 4.5).
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Table 4.5: Structural characteristics of Poplar cuttings
Tree

Age

Species (years)

N

(± St.

error)

Diameter

Height

Leaf Area

(cm)

(m)

(m2)

1.68 ± 0.04
1.68 ± 0.01
1.44+0.05
1.40 ± 0.06
1.26 ± 0.02
1.26 + 0.05
1.52 + 0.07
1.49 ± 0.03

2.02 ± 0.09
2.24 ± 0.12
1.71 ± 0.13
1.90 + 0.07
1.59 ± 0.11
1.65 ± 0.19
1.73 ± 0.13
1.55 + 0.11

1.07:j- 0.05
1.07 ± 0.01
0.82+0.05
0.78 + 0.05
0.65 ± 0.02
0.65 ± 0.05
0.90 ± 0.07
0.87 ± 0.03

1.31 ± 0.10
1.34 + 0.02
1.24 ± 0.07
1.34 + 0.05
0.78 + 0.36
1.44 ± 0.07
1.25+0.05

1.45 ± 0.17
1.53 ± 0.06
1.34 ± 0.11
1.25 ± 0.12
0.56 ± 0.29
1.52 ± 0.12
1.09+0.05

0.47 ± 0.05
0.45 ± 0.04
0.45 ± 0.04
0.53 + 0.05
0.19 ± 0.13
0.47 + 0.07
0.35+0.01

1.75 + 0.05
1.70 ± 0.05
1.63±0.03
1.60 + 0.04
1.41 + 0.04
1.54 ± 0.11
1.30 + 0.09

2.00 ± 0.06
1.96 + 0.08
1.82±0.06
1.91 ± 0.06
1.71 ± 0.04
1.86 + 0.05
1.41 ± 0.11

0.69 ± 0.03
0.64 + 0.06
0.55±0.03
0.57 + 0.04
0.51 + 0.03
0.60 ± 0.09
0.38 ± 0.05

1.59 + 0.04
1.60 ± 0.09
1.67±0.05
1.61 + 0.05
1.57±0.07
1.48 ± 0.11
0.77 + 0.17

2.24 ± 0.09
2.02 ± 0.06
2.00±0.10
2.21 ± 0.04
1.59±0.21
1.57 ± 0.15
0.84 + 0.25

0.61 + 0.04
0.58 ± 0.04
0.60±0.04
0.65 + 0.02
0.57±0.04
0.48 ± 0.06
0.19 + 0.07

Poplar "Helix" 2004-PH
I
2
6
9
10
26
27
33

5
5
5
5
5
5
5
5

Poplar "Anonymous"-PA
2
3
5
9
15
20
24

8
4
10
6
2
6
3

Poplar "Grimmigne"-PG
2
3
5
9
15
20
24

10
9
10
10
9
2
10

Poplar "Trichobel"-PT
2
3
5
9
26
41
45

9
7
10
8
5
10
8
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Specific leaf area (SLA)

varied significantly only in

PH

ramets studied over the summer 2005 and in PT ramets (P0.012
and P=0.018, respectively). The significant SLA variation did not
show any trend with the "age" of the original ortets (Figure 4.5).
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Figure 4.5: Variation of SLA (specific leaf area) with tree age
across ramets of four poplar clones. Letters a, b and A, B indicate
different significance levels for the

PH (2005) and

PT clones

respectively, the only ones for which significant levels were
found.

NAR showed significant variation across age classes only of
the PT clone (P-<0.00 1), with values about 65% lower for the ramets
from the 45 ortet "age" (Table 4.6, Figure 4.6). Although
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significant variations in RGR were found for both

PA and

clones, no age-related decline was apparent, whereas

PG
RGR

significantly increased for the PG cuttings (Table 4.6, Figure 4.7).
Table 4.6:

Regression coefficient (b parameter) and statistical significance

of the relationships between relative growth rate (RGR) and net assimilation
rate (NAR) with ramet 'age" for four poplar clones.
Species/parameter PH

PA - PG

NAR

ns

ns

RGR

ns

0.178

PT

ns

0.290 *

0.215***

ns

A power function model was used to fit the data for both NAR and RGR.
< 0.05; ***P < 0.001.
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Figure 4.6: NAR significant variation across ramet "age' of the
PT clone.

NAR is about 65% lower in the "oldest" ramets

compared to the "youngest" ones ("=P<0,00 ! ).
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Figure 4.7: Significant increase of RGR across ramet "age' of
the PT clone. A power function model was fitted (* ** =P<0.001).

The changes in absolute tree heights clearly followed ortet
"age", with smaller absolute sizes for the ramets from the "older"
ortets (Figure 4.8). However, plots of relative height growth rate
(R) against tree height showed a recovery of R values (revealed by
the repeated-measures mixed linear model) (Table 4.7, Figure 4.9).

Table 4. 7:
Results of the repeated- measures mixed linear model
for relative growth rate (R).
Parameter/species
PH
PA
PG
PT -

df
7
6
6
6

F
0.358
0.602
1.269
1.367

P
0.918
0.724
0.390
0.357
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across ages based on repeated-measures mixed linear model, once the relationship
between R and the initial height is accounted for.
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4.4.3 Comparison among variables measured in two sequential years
(2004, 2005) of the PH ramets

Leaf area, diameters and heights of the PH rarnets were monitored
over two growing seasons (2004 and 2005). Variables were found to
differ significantly between the 2004 and 2005 growing seasons
(ANOVA, Tukey HSD post-hoc test). Plots of leaf area and tree
height against donor tree "age" for the 2005 growing season showed
no difference across age classes (Figure 4.1 OA,C), whereas
significant differences in diameter persisted between "younger" (1
2 years) and "older" (33 years) rarnets (Figure 4. JOB).

Non significant relationships were found when linear
regressions were performed between tree annual biornass growth per
unit of leaf area (NAR) and "age" of original ortets measured for
the PH rarnets over 2004 and 2005 growing seasons (P=0.109 and
P0. 126, respectively).

Relative growth rate (RGR) of PH rarnets for 2004 differed
significantly (P<0.001) across "age" classes, but again without
following an age trend (ANOVA, Tukey HSD post-hoc test). In
contrast, RGR did not differ across ages during 2005 (Figure 4.11).
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Figure 4.10: Mean values of leaf area (A,), tree diameter
(D) and tree height (H) of PH measured over two growing
seasons (2004, 2005). Different letters indicate significant
differences between ages (Tukey HSD post-hoc test).
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Figure 4.11: Relative growth rate of the

PH ramets (calculated

from 2004 and 2005 data), plotted against the age of original
ortets. Different letters indicate significant differences between
ages (Tukey HSD post-hoc test) for the 2004 data.

4.4.4 Comparison between morphological characteristics of poplar
ortets and ramets

Regression analysis was used to compare NAR and RGR between
original ortets and ramets of all four poplar clones. NAR strongly
declined with age (after a peak at about age 15) for the ortets
sampled in the field, whereas the differences disappeared when
NAR

was

compared

across

most

poplar

ramets

(of

identical
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meristeinatic age and size) except from the PT clone in which an
"age"-related decline persisted (Tukey HSD post-hoc test) (Figure
4.12).
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Figure 4.12: Relationship between NAR and tree age of the original ortets
and propagated rarnets of four poplar clones. Bars indicate standard
errors,

P<0.05 and "'=P<O.00I.

RGR declined significantly when plotted against age of the
donor trees. In contrast, RGR did not show any age-related trend
(although sometimes differences across individual age classes were

found) in most of the clones, apart from PG and PA where the RGR
trend with ramet "age" was reversed (Figure 4.13).
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Figure 4.13: Relation between RGR and tree age of the original ortets
and propagated rarnets of four poplar clones. Different letters indicate
significant differences between ages (Tukey HSD post-hoc test), bars
indicate standard errors,

P<0.05 and "P<O.00l

4.5 DISCUSSION
This study compared four poplar clones, growing in the field (in
Belgium), by measuring sample trees of identical meristematic age
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but different size for each individual clone, therefore the clonal
"sequence" in the field differed only in size and not in age, which
makes it the only study explicitly comparing size-related factors in
the donor trees in the field, eliminating the age-related factors.
Top shoots of the donor trees were sampled and propagated by
direct rooting, producing rarnets with the same meristematic age
and size. Consequently, this approach adds to the effort of testing
whether the size-related factors observed in the donor trees in the
field can revert to the values of young-short trees.
For all four poplar clones NAR of the donor trees declined
after a peak at about "age" 15 years (average height of 20m). This
pattern disappeared (with one exception) when NAR values were
plotted against tree "age" for the rooted cuttings (rarnets) except
from rarnets of the

PT

clone where the "age"-related decline

persisted (probably PT rarnets were still undergoing some form of
recovery from the initial propagation shock or there was a memory
carry-over effect, Figure 4.12). Trends were similar for
("age"-related differences were reversed for rarnets of the

RGR
PG

clone), suggesting that size is the main driver of the growth
reductions of the taller trees (Figure 4.13).
My results are consistent with earlier studies. For instance
Ryan and Waring (1992) found that, in lodgepole pine, aboveground
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biomass production per unit of leaf area and aboveground net
primary production (ANPP) declined substantially in the old, tall
stands. Ryan ci al. (1997) also observed a decline in individual tree
growth with age, resulting from reduced efficiency. In addition,
trends of reduced NAR with tree age were reported by Mencuccini
and Grace (1996b) for Scots pine. Mencuccini et al. (2005) have
also shown that reduced NAR and RGR with "age" of trees growing
in the field were not mirrored by the grafted seedlings originating
from the same populations, despite the fact that the meristematic
age of the grafts and the donor trees was the same. I expand here
on those results, by showing that similar trends apply across
different ci ones.
Moreover, Martinez-Vilalta

et al. (2007) showed that NAR

decreased significantly with tree age in Scots pine from average
values around 0.25 kg m 2 y' for young Scots pines to much lower
values (0.1 kg m 2 y) for trees over 200 years old. Vanderklein et
at (2007) concluded that meristematic age per se was not the cause
of the age-related decline in growth observed in the field in Scots
pine. Finally, in Mencuccini et al. (2007) calculation of relative
growth rates across four species showed no significant differences
across scion ages.

In this study, plots of absolute heights showed systematic
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difference in size linked to ortet "age" in all four poplar clones
(Figure 4.8). Smaller sizes were mainly observed for the ramets
propagated from "older" donor trees (the donor trees from which
the propagated material was taken were themselves ramets from a
single donor tree derived from seed, representing the oldest age
class in our case). However, plots of relative height growth rate (R)
against tree height showed a recovery of R values (revealed from
the non-significant values of the repeated-measures mixed linear
model). The initial difference in absolute height growths, linked to
ortet age, in all four poplar clones was probably related to preexisting differences in accumulated sugars or nutrients stored in
the stems of the first two age classes (I- and 2-year-old donors)
which were growing in the gardens of the Institute for Forestry and
Game Management in Belgium. At this Institute, cuttings spend the
first two growing seasons in the gardens before they are
transplanted into several plots across Belgium. The cuttings
obtained from these trees may have been capable of initially higher
rates of growth. Before transplanting, complete removal of their
root systems takes place. In addition, it is possible that trees older
than two years invest their sugars mainly in belowground growth
after transplanting to help restore their root systems. This would
explain the positive sign of the NAR relationships for the donor
trees in the field. The repeated-measures mixed linear model

confirmed the lack of significant differences in

R across age

classes for all poplar clones.
Tree specific leaf area (SLA) did not vary across "age' classes
for the ortets of all poplar clones, suggesting that changes in this
variable were not responsible for an age- or a size-related decline
in growth. The significant "age"-unrelated SLA variation observed
in the PT rarnets (Figure 4.5) could possibly have an effect on the
declining (with ramet age) NAR values for this clone.
Lastly, most variables assessed for the PH ramets were found
to vary significantly across "ages" between the 2004 and 2005
growing seasons. While "age"-related trends were often evident in
2004, that variability was eliminated during 2005 (Figure 4.10,
4.1 1). The discrepancy between the two growing seasons likely
indicates that the rooted cuttings were still undergoing some form
of recovery from the initial propagation shock during 2004, which
finally disappeared during the following growing season.
The decline in growth parameters of the ortets of all four
clonal chronosequences provides strong evidence against a
predominant effect of age per Se, since the ortets are of identical
meristematic age across each chronosequence (i.e., equal to the age
of the original cross, the seedling) and, instead, points towards a
size-related explanation, as these donor trees differed only in size.

HE

This statement is supported by the lack of a decline in growth
parameters in the propagated seedlings, all of identical
meristem atic age and size. It has been shown that growth
parameters of old, tall trees in the field can revert to the values of
Young trees, consistent with the lack of age-related effects on the
physiology and growth of grafted seedlings originating from the
same population (Mencuccini et at. 2005, Martinez-Vilalta et at.
2007, Mencuccini et al. 2007, Vanderklein et a! 2007). Therefore,
the reduced growth efficiency and relative growth rates observed in
poplar clones in the field is reversible and thus it can not be due to
cellular senescence.
Further research should be directed towards the possible trends
of physiological parameters across ortets and ramets of all four
poplar clonal chronosequences, in the effort to identify the
potential mechanisms that trees adopt to compensate for the effect
of the increased height (see chapter 5).
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Chapter 5: Size-related changes in physiological
properties and transpiration of four Poplar clonal
chronosequences. Donor trees versus propagated
material.

5.1 INTRODUCTION
Above-ground net primary productivity (ANPP) declines with forest
age after canopy closure partly as a consequence of the Tower net
assimilation rates observed in old trees in comparison to young
ones (Turner and Long 1975, Gholz and Fisher 1982, Waring and
Schlesinger 1985, Ryan 1991, Long and Smith 1992, Ryan and
Waring 1992, Murty

et (i!.

1996, Mencuccini and Grace 1996a).

Trees have mechanisms that slow their growth as they age and
prevent them from growing beyond a certain height, but the nature
of those mechanisms is still poorly understood (Ryan

et al.

2004).

For several decades, it has been thought that decreased
growth was caused by changes in the balance between
photosynthesis and respiration, due to increased sapwood
respiration (Yoda

et al.

1965, Kira and Shidei 1967. Kramer and

Kozlowski 1979, Waring and Schlesinger 1985). However, direct
measurements of respiration rates (Ryan and Waring 1992, Ryan

et
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al. 2004) have failed to support this hypothesis. Consequently, a
number of new hypotheses have been proposed to explain the
decline in growth with tree age. Some of the most widely examined
hypotheses are: reduced growth due to increased below ground
allocation (Grier

et al.

1981, Magnani

et al. 2000); nutrient

limitation hypothesis (Miller 1984. Waring and Schesinger 1985.
Pearson

el al. 1987, B inkley ci al. 1 995). maturation hypothesis-

genetic programming (Ritchie and Keeley 1994, Day
hydraulic limitation hypothesis (Yoder et cii.

el al. 2000);

1994. Warning and

Silvester 1994, Mencuccini and Grace 1996a, Waicroft ci al. 1996.
Ryan and Yoder 1997); reduced turgor pressure in tall trees
(Woodruff ci al. 2004). Most of the hypotheses listed above have
been supported by experimental results, but evidence is insufficient
and unsupportive according to several recent studies (see Chapter I
for details).

The hydraulic limitation hypothesis (Ryan and Yoder 1997)
has been widely accepted as a component of the explanation of
reduced growth rates with tree age or size over the last years, but
some recent studies have failed to validate it in its current form
(cf. Barnard and Ryan 2003). Furthermore, Ryan

et al. (2006)

reviewed 51 studies that measured one or more of the components
necessary for testing the hypothesis, which showed that physiology

NO

of taller trees does differ from that of shorter, younger trees and
that stomatal conductance to water vapour, photosynthesis and leafspecific hydraulic conductance are usually lower in taller trees.
However they concluded that hydraulic limitation with increasing
tree size was common, but not universal.
According to this hypothesis taller trees offer higher
resistance to water flow causing lower stomatal conductance in oldtall trees and, therefore, decreased assimilation and growth. This
statement is based on an Ohm's-law analogy for plant water
transport, according to which the flow of water from the roots to
the leaves is proportional to the product of the hydraulic
conductance of the plant and the water potential drop across it
(Tyree and Ewers 1991). Minimum xylem water potential is limited
in order for the plant to operate safely (to avoid xylem embolism),
resulting in earlier stomatal closure in taller trees with longer
branches (Yoder el al. 1994, Mencuccini and Grace 1996a, Ryan ci
al. 1997) and therefore decreasing the amount of carbon dioxide
(CO,) that can enter the leaves through stomata, leading to reduced
carbon assimilation and growth.
The main objective of this chapter is to test whether the
effects of the increasing height of the donor trees in the field may
explain the decline in tree growth rates reported for the same trees
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in Chapter 4, and to study the effects of tree height on tree
stomatal conductance and hydraulic conductance, thereby testing
the hydraulic limitation hypothesis. This study expands the results
of the measurements conducted on poplar "Helix" clone over
summer 2004 which have already been reported in previous papers
(Mencuccini ci

al. 2005.

Mencuccini et al. 2007) by taking

additional measurement on this clone during summer 2005 and by
including in the experiment three further poplar clonal
chronoseq uences. More generally, I aimed at testing whether the
age-related decline in growth observed in the field pointed towards
age-related controls or towards a size-related explanation. To
assess that hypothesis, measurements were conducted in the ortets
in the field and also by propagating the ortets in our greenhouses
and by measuring the resulting rarnets. While the original ortets
had identical meristematic ages but differed in size, the propagated
ramets were characterised by identical age and size.

5.2

MATERIAL AND METHODS

5.2.1 Species description
Four Poplar clones were obtained from a poplar clonal bank in
Belgium and were propagated by direct rooting in pots. These pots
were kept in our greenhouse during the measurements. The four
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clones were the same as in Chapter 4 (additional details in Chapter
1), i.e.:
a) P. trichocarpa x P. de/toides-"He lix" (PH), b) (P. trichocarpa x
P. deiloides) x P. de/toides-"Anonymous" (PA). c) P. deltoides x
(P. trichocarpa x P. deltoides)-"Grirnm igne"

(PG),

and d)

P.

trichocarpa x P. trichocarpa-"Trichobel" (PT).
I used ortets of identical meristematic age but different sizes
in the field and compared their behaviour over time against that of
the rooted cuttings (ramets) corning from the same ortets (donor
trees) of varying sizes. Measurements were made on this propagated
material (of identical meristernatic age and size) and additional
measurements were carried out on the original donor trees in
Belgium, to compare the behaviour of the differently-aged rooted
cuttings with that of the original ortets.

5.2.2 Field Study
5.2.2.1 Field gas exchange, leaf water potential, 6 13 C, nitrogen
and phosphorous concentration, and leaf-specific hydraulic
conductance
Field gas exchange measurements were carried out on four sampling
dates (from 20

th

to

23rd

July) in summer 2004 on PH, and from 5 01

to 151 July in summer 2005 on the remaining three clones, with
measurements taken between 0900 and 1430 GMT. An open gas
exchange system was used (LCPr0 portable Photosynthesis System.
ADC, UK), equipped with a 2.5x2.5 cm broadleaf cuvette. The
cuvette I rrad lance was set at 1400 tmol photons R 2

(satu rating

irradiance) for all four clones, based on trial measurements, using
an external light unit with Red/Blue LED array. Cuvette CO 1
concentration, temperature and relative humidity were set at
360ppm, 25 ° C and 40%, respectively and kept constant during the
measurements.

One to six branches (two meters long approximately) from
one (the seedling) to ten trees were cut from the top third of the
canopy and one leaf per branch was measured within two minutes of
cutting the branches. Preliminary measurements showed no
difference between gas exchange measurements in- situ and on
detached twigs within this time frame. Canopy access in the field
was obtained either by direct climbing or using a pole pruner.
Diameters at breast height, total heights and total tree leaf areas of
the sample trees are shown in Table 4.1, in Chapter 4. Using this
protocol, net photosynthesis
intercellular CO2

(C1 )

plant transpiration

(E1 ),

and stornatal conductance (G1) were

determined from the gas exchange measurements.
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Table 5.1:

Sample size per poplar clone spec//led foi- gas exchange
Incas ure,nents
No of

Age
(years)

No of sampled Age

sampled

branches per

trees

tree

(years)

No of

No of sampled

sampled

branches per

trees

tree

PH

PG

tO

1

2

6

6

6

1

3

5

9

6

2

5

6

10

4

1

9

6

26

2

2

15

6

33

1

6

20

6

1

24

1

6

PA

1

1

PT

2

6

1

2

6

3

5

I

3

5

5

5

I

5

6

I

9

3

I

9

6

1

15

6

1

26

1

5

24

I

6

41

1

5

45

I

2

The measured leaves were cut after the gas exchange
measurements and stored in airtight zip bags with humid towels to
avoid evaporation. Leaf water potential

was then

measured in the lab using a Scholander-type pressure chamber
(ARIMAD-2. ARE Far. Charuv-Water Supply Accessories, Israel).
In addition. predawn leaf water potential (

was measured

on one leaf from six to ten trees from each clone, and averaged
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values

were

calculated

for

each

"age" class

of each

clone

to

estimate the soil-to-leaf water potential gradients (Eq. 5.1)
= !I1pre d awn !t1da1ime

(Eq. 5. I)

After the determination of water potential, the leaves were
oven-dried for 48h at 70 ° C and dry samples were used to determine
the

a'c

isotope ratio, foliar nitrogen concentration (N,,,) and foliar

phosphorous concentration (P,).
Two to eleven leaves from each "age" class were ground using
a freezer mill (SPEX CertiPrep, 6750 mill) filled with liquid
nitrogen. Leaves were placed in separate vials inserted in the mill
one by one. After grinding, the samples were placed in eppendorfs
and sent to Cornell-Boyce Thompson Stable isotope Laboratory
(CoBSIL) in Ithaca, New York (USA) for 6 13C and N,,, analysis.
Three to four ground subsamples from each of four to five "age"
classes were analysed in our Chemistry Laboratory (Edinburgh
University, Institute of Atmospheric and Environmental Sciences,
UK) to determine foliar phosphorous content. c'C values were
measured against the PDB scale.
Leaf specific hydraulic conductance (KL) was calculated by the
Ohm's Law analogy (cf. Meinzer and Grantz 1990):

207

KL

EL
ljI

(Eq.5.2)
J)Iccfc/II 1

whereas, K1 is in nimol
(mmol m 2 s') and

predawn

,.2

s

MPa .

E,

is leaf transpiration

and Vf duylimc are predawn and daytime

leaf water potential (MPa) respectively. The estimate of EL in the
cuvette probably does not represent transpiration rate outside the
cuvette. However, this approach allows comparing the values across
age classes.

5.2.3 Rooted cuttings study
PH individuals were propagated in winter 2004 and the remaining
three clones in winter 2005, and ramets were kept in our
greenhouse for about a year after plant's propagation. All cuttings
were planted in 5-I pots filled with peat, sand and vermiculite
mixed 2:1:1. The measurements were carried out in the summer of
2004 for PH ramets (1-year old plants) and repeated in 2005 (when
2-years old). Measurements on the remaining three clones were
conducted during the summer of 2005.

5.2.3.1 Gas exchange, leaf water potential, 6 13 C, nitrogen and
phosphorous concentration, and leaf-specific hydraulic
conductance of ramets
Gas exchange measurements were carried out on the poplar cuttings
following a similar protocol to the field measurements, with the
following exceptions: a) two to eight trees for each of seven to
eight age classes per clone were measured; b) measurements took
place three times for PH ramets (2h1d and 17th August and early
September, summer 2004), and two times for all ramets during
summer 2005 (23 r

June and mid-September for PH ramets; early

August and mid-September for the remaining three clones); c)
measurements were carried out on the uppermost fully expanded
leaves from each plant.
The sample leaves were cut after gas exchange measurements
and midday leaf water potential (',fl Id ( f,) was measured in the lab
using a Scholander-type pressure chamber (SKMP 1400, Skye
Instruments, Llandrindod Wells, Powys, UK). In addition, predawn
leaf water potential

( 1f,r/(fl)

was measured two times during

summer 2004 (on I 3thh/07/2004 and on 2nd/09/2004) and once during
summer 2005 (on 231d/06/2005), prior to gas exchange
measurements and water potential differences estimated using
Equation 5.1.
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Leaves were then oven-dried for 4811 at 70 0 C and the dry
samples used to determine the
concentration

(N 7 )

5'C

isotopes, foliar nitrogen

and foliar phosphorous concentration

(P1k )

following the same procedures as above. Lastly, leaf specific
hydraulic conductance (K 1,) was estimated using Equation 5.2.

5.2.3.2 Total plant transpiration rate and total plant leafspecific hydraulic conductance of the ramets
I used the gray imetric method to measure total plant transpiration
rate (EI,(,,,/ ) and total plant leaf-specific hydraulic conductance
of the poplar ramets. Two to eight plants were selected
from seven to eight "age" classes of each of the four studied poplar
clones. Measurements took place two times for all poplar ramnets
(131h1 July and 2'' September, during summer 2004, for the PH
ramets, and 27

July and 16-2 01h August, during summer 2005, for

the other three clones).
Prior to the measurements, I watered the plants to field
capacity and then I covered the pots with black plastic bags to
avoid soil water loss. One leaf was excised from each studied plant
at predawn (around 4-5:30 GMT, T 1 ) to measure predawn leaf water
potential (

Leaves were stored in airtight zip bags with

humid towels to avoid evaporation and Tpreclawn was measured in the

210

lab within an hour from the leaf excision using a Scholander-type
pressure chamber. Plants were weighted, using a 12kg dual face
balance, around midday (10:00-11:30 GMT) and the plants' initial
weight

(W1 )

was established. Approximately, five hours later,

plants were weighted again (15.00-16.30 GMT.

T7),

and plants'

final weight (W 2 ) was recorded. One leaf was additionally excised
from each weighted pot to measure near midday leaf water potential
(W rn ,i ay )
he

'
1
1'ieda

(

15.00-16.30 GMT) following the same procedure as for
measurement.

Total plant transpiration rate (E/.,( , H , J )

was calculated using the

following equation:

-jH
(Eq. 5.3)
'2 'I

Total plant leaf-specific hydraulic conductance (K J

,( ,,/ )

of ramets

was calculated using the equation 5.2.

5.2.3.3 Photosynthetic capacity of PH ramets (A/C1 curve)
An experiment was carried out on five plants of each of eight "age"
classes of PH ramets to determine the response of photosynthesis to
different CO 2 concentrations, assessed using response curves of
photosynthesis to intercellular CO 2 concentration (A/C, response
curves). During these measurements all conditions were kept at
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ambient values, except from CO 2 concentration and cuvette
irradiance. CO2 was the controlled variable and cuvette irradiance
was kept at saturating levels (1400 tmol photons m 2 s ' , based on
trial measurements) using an external light source. The following
steps were followed to measure the
(Ainsworth

et al.

A/C,

response curves

2003):

I induced photosynthesis at a series of ambient CO 2
concentrations

(C,,)

until a steady-state

A

was obtained. First, the

reference [CO,] (360 Rmol mor') was reduced stepwise to a lower
concentration of 50 imol mol 1 following six steps (300. 250, 200.
150. 100, and 50 .trnol mol').
check that

A

C,,

was then returned to ainbieiit to

was restored. When that was achieved,

C,,

was

increased in the following order, 450, 550, 650, 800. and 1000
i.ti-nol mol*

I

determined maxi mum carboxylation rate (

maximum electron transport rate

(.J,,,,).

and

using non-linear least

squares regression to fit the equation of von Caemmerer and
Farquhar (1981) photosynthesis model. Photosyn Assistant Software
package (Dundee Scientific, UK) was used for

and

J,,,,,

calculation, data interpretation, and equation description, as
follows.
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The relationship between assimilation rate
intercellular CO2

(C,)

(A)

and

relies on the concept that the rate of

carboxylation is the niinirnum of any of three limiting factors:
Rubisco activity (We), Rubisco regeneration (W,) and regeneration
of inorganic phosphate (Wt,). That is:

A =[I_ (1).5- 01.111
I.,
in(W.,W,)— Rda y

(Eq. 5.4)

where 0 is the concentration of oxygen in the stroma in Pascal
(Pa), r represents the specificity factor for Rubisco (Jordan and
Ogren 1 984) and R,1,, refers to the release of CO-, under light
conditions by processes other than photorespiration (Brooks and
Farquhar 1985).
When the rate of carboxylation is solely limited by the
activity of Rubisco, carboxylation is described by the equation:

T,
C—

IC'

= {c +K(!+ ox, )}

where K

(Eq. 5.5)

and K,, are the Michaelis-Menten constants of Rubisco for

CO 2 and 02, respectively. This limitation can be imposed by low
C,
levels (<20Pa) and high irradiance (>1500 jtmol m 2 s').
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When electron transport limits photosynthesis by the
regeneration of Rubisco, carboxylation rate can be expressed by the
following equation:

w=

(En9 . 56

4(C1 +0:

the factor of 4 represents that four electrons are necessary to
generate

sufficient

adenosine

monophosphate

ni cot inamide adenine dinucleotide (phosphate)

(A TP)

and

(NAD(P)H)

to

regenerate Rubisco (Farquhar and von Caemnierer, 1982). J is the
potential rate of electron transport and it is calculated using the
following empirical expression (Smith 1937, Harley et al. 1992):

(Eq.5.7)

where a is the efficiency of light conversion, I is the incident
radiation and 1maV is the rnaxiinum electron transport rate.
Carboxylation limited by the regeneration of inorganic
phosphate can be described by the expression:
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W. = 3(TPU)+

O.5L •O

(Eq. 5.8)

where TPU is the triose phosphate utilisation and V0 represents the
rate of oxygenation of Rubisco.
The Photosyn Assistant Software uses an iterative procedure,
to make estimations of

and TPU from the A/C, response

curves obtained through gas exchange analysis (Harley et al. 1992.
Wullschleger 1993). Initial estimates are obtained using the first
half of the data to estimate

V 01,,.,- and

R,/1,. This data is then

incorporated into the model to estimate values for J,,,<,, and TPU.
After initial estimates have been obtained, the program models all
three curves together and minimises the sum of squares (NelderMead simplex method).

5.3 STATISTICAL ANALYSES
All statistical tests were performed with SPSS (v.13, SPSS Inc.,
Chicago, IL, USA), and data were fitted using SigmaPlot (v.9.0,
Systat Software Inc.. 2004). Data were summed and averaged for
each individual tree prior to any data analysis. Differences between
age classes were evaluated with one-way Analysis of variance
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(ANOVA), plus the Tukey HSD post-hoc test. Unbalanced data were
analysed using a general linear mode! (GLM). Differences for all
statistical tests were evaluated at a0.05.

5.4

RESULTS

5.4.1 Field gas exchange, leaf water potential, 6 13 C, nitrogen and
phosphorous concentration and leaf-specific hydraulic
conductance of poplar ortets

One-way analysis of variance (ANOVA) was used to identify the
effect of the tree's ortet "age" on physiological parameters. The
results of the ANOVA of gas exchange parameters, tree specific
leaf area (SLA), soil-to-leaf water potential gradient (AT), leafspecific hydraulic conductance (K 1,), carbon isotope discrimination
('C), and nutrient content are presented on Table 5.2.

Net photosynthesis

tmoI g 1

s) followed significant

age-related decline in PG clone and marginally significant "age"related decline in

PA

clone. Significant changes in A,,., in the

remaining two clones, PH and PT. were "age"-unrelated (P0.53
and

P=O. 11

conductance

respectively, Table
(g.r,

mmol m2

l)

5.2,

Figure

5.1 a).

Stomatal

followed marginally significant age-

related declines in PH, PA, and PG clones, whereas significant
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differences in PT clone were not related to ortet "age" (P0.33,
Table 5.2. Figure 5.1c). Significant increases in intercellular CO 2
ill

ol

moL')

were

observed

in

PG

clone

and

marginally

significant in PT clone, whereas in PH a significant decline was
observed (Figure 5.1b). Significant changes in PA clone did not
follow ortet "age" (P=0.22. Table 5.2, Figure 5.1b). Significant
changes in SLA (Table 5.2) were not related to ortet "age" (P>O. I in
all clones, not shown).

The soil-to-leaf water potential difference (4W) was
positively correlated with tree "age" in the PH and

PT clones,

whereas non-significant trends were observed in poplar PA and PG
ortets (P=0.43 and P=0.13, respectively, not shown). Leaf-specific
hydraulic conductance (K 1,) varied significantly for all clones and
the variation followed ortet "age" in all clones except from PG
where Kj, first declined, then increased for ortets "older" than 15
years (Figure 5.3). Power regressions were used to fit the data iii
all clones, except PG clone where a 2"-order quadratic function
was used. Averaged values of leaf-specific hydraulic conductance
decreased from about 9 to about 1.73 mmol ,-2 s

MPa', i.e., a

factor of 5.
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variables. Bars indicate standard errors. Linear regressions were
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significant increases were observed for PA and PG clones (P0.08
and P=0.07, respectively. Figure 5.2), and significant relationships
were not established for PG and PT clones (P0.39 and P0.88,
respectively, Figure 5.2).
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Figure 5.2: Relationships between net photosynthesis and stomatal
conductance for 117 poplar trees of four different clones, sampled
from Belgium. Mean values per ortet "age" are presented for all
variables. Linear regressions were used to fit the data.
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Table 5.2: Summary of ANOVA on some physiological variables across age classes oJ/)oplar orIe/.s
F value / Parameters
Net Assimilation rate, A,,,,

i-ri

PA

PG

PT

28.05*

76.16'"

25 .92 *

74 3'''

4. 2 1

33.67'''

22.47*

26.17'"

28.6

28.77

2 7.6 7

10.97

36.9

17.85

285.4

90.84

84.89

(tiniol g' s')
Intercellular CO2,
( trnol mol')
Stomata! conductance, g,
(rnmo! rn 2 s ')
Specific leaf area, SLA
(m' kg')

2.07"'

5.8!

128.1* **

6.3!

14.1!

33.6!

11.62

7.13

47.52

28.97

31.3*

12.4

29.43

Water potential difference, A V
(MPa)
Leaf specific hydraulic conductance, K,
(mmol m s -1 MPa')

,.,,

Carbon isotope discrimination, 5' 3 C
(%o)
Foliar nitrogen concentration, N
(% mass)

4.96'

*

11.42

Foliar phosphorous concentration, P,,
(mg g')

3 .28

Notes: "'Significantly different (SD) at P<0.00 1. ** SD at P<0.01.

8.27
SD at P<0.05.

19.46
"s

4.69'

marginally significant at P<0. I
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Carbon isotopic composition (6 3 C) varied significantly for
all clones except PH and the variation was negatively correlated
with ortet "age" in PG clone and marginally correlated with "age"
in PA and PT clones (P''0.084 and P0.077, respectively) (Table
5.2, Table 5.3). Significant changes in Nm in two clones showed a
significant declining trend for

PG (P=0.039) and a marginally

significant trend for PA (P=0.095) (Table 5.2, Table 5.3). Fohiar
phosphorous concentration also declined with tree "age" in PA and
PG clones (both P<0.05. Table 5.2, Table 5.3).

221

Table 5.3:

Summary of leaf chemical composition for the ortets of different age classes of four
Poplar clones.

Age

13

(years)

(%u)

C

P. (rich ocarpa x P. deltoides

N,

P,

Age

(% mass)

(mg g')

(years)

- PH

-28.60±0.07 AB

6

29.28±0.25B

2.23

9

-28.27±0.1'
2906027B

2.27±0.08B

26

-28.79 ± 0.16

33

-28.02 ± 0.25 A

0.14 AB

(mg g)

- PG

3.83 ±0.1 A

0.94±0.05A

3

-26.41 ±0.19

3.70± 0.16'

5

2.50 + 0.06 B
2.59 ± 0.04 BC

124005A8
1.28 ± 0.07 All

- PA

9

-28.35 ±0.338
-29.41 ±0.11 AB

15

± 0.17 AB

-28.71

374008A

3

-26.41 ± 027A

359015A

5

B

2.72 ± 0.138

2896023C

754017BC

1.55 ±0.2! .AB

15

-28.14±0.I5 BC

3.33±0.11 A

1.37±0.18

20

-27.63 ±0.48 8

2.69±0098

-30.84 ± 0.14 °

2.21 ± 004C

3.12±0.2! All
2.95 ± 0.11

AB

20

2.52 ± 0.38 B

24

-29.77 ± 0.31 '

3.03 ± 0.19

2

-27.53 .0198
7517036A

1.94± 013A

2.55 ±0.17 8
7000098C

1.68 ± 0.1 C

- PT
'90±0.13 '
3.67 ±0.2! A

-28.13 ± 0.21 C
-27.73 0198C

2.61 ± 0.0713(

26

-29.08±0.07 °

41

7889015CD

2.76 ±0.04
71902C

45

-28.98 ± 0.25 °

3.14 ± 0.11 AB

5

1.02 ± 0078

3.10±0.15

3.20±0.18"

All

-29.36 ±0.4 AB

P. (rich ocarpa x P. trichocarpa

2768±0188

24

(% mass)

-26.90±0.27 c

2

9

Pm

2

105017AB

(P. trichocarpa x P. deltoides) x P. deltoides

-27.15 + 0.08

(%u)

Nil,

1.78±0.33 B

009A

2.11

C

P. deltoides x (P. tricliocarpa x P. deltoides)

2•86006C

1

10

5/3

3.13

009B

169()08A

1.42 ±0.12 AB
1 .14±0. 11 8

172 ± 0.17'
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5.4.2 Leaf level gas exchange, leaf water potential,

6 13 C,

nitrogen and phosphorous concentration and leaf-specific
hydraulic conductance of poplar ramets

The results of one-way analyses of variance (ANOVA) of the gas
exchange parameters of the ramets of the PA and PG clones did not
show significant variations across different "ages" of original
ortets. Net photosynthesis

tmol g-1 s') varied significantly

in PT clone and marginally in PH clone (measured over the summer
2004) (Table 5.4), whereas the changes did not follow ramet "age"
in any case. Significant declines in intercellular CO 2 (C,, tmol mo[
') followed ramet "age" only in

PH clone (R 2 =0.70, P0.038).

Marginally significant changes in stomatal conductance (g, mmol
m 2 s) in PT clone (Table 5.4) did not follow ramet age.

Table 5.4: Summary of the ANOVA results of the gas exchange
parameters of the ramets oj four poplar clones.
Anet

C1

91

(imol g' s)

(p.tmol mol')

(mmol m 2 s')

F value

F value

F value

PH summer 2004

2.24 'ns

2.36"

PH summer 2005

0.7415

2.41 *
1•94h1S

PA

1.78 1's

0.9911S

PG

1.781's

1.01115

PT

2.71

*

0.7515

Notes: *Si gn ifi can t!y different (SD) at P<0.05.
P<o.i,

flS

"

3.22"
1.82
1 61
2.28
marginally significant at

not significant
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Specific leaf area

(SLA)

varied significantly only in

ramets studied over summer 2005 and in

PT

PH

rarnets. but the

significant SLA variation did not show any trend with ramet "age"
(P=0.13 I and P=0. 109, respectively, regression analysis).
Soil-to-leaf water potential difference (4W) of the PH clone,
measured over the summer 2004 varied significantly across ages
(F=2.39*, R 2
=0.37) and the variation was positively correlated with
tree "age" (Table 5.5). This variation was not maintained in 4W
measurements conducted the year after (summer 2005, P=0.43). Non
significant differences in 4W were found across the "age" range of
original ortets for the remaining three poplar clones (Table 5.5). In
addition, leaf-specific hydraulic conductance (K 1.) did not vary
significantly across ramets of poplar clones (Table 5.5).
Carbon isotopic composition (6 13 C) increased following ramet
"age" in PH clone (for

13 C measurements conducted over summer

2004. R2=0.64*, Figure 5.4a), whereas 6 13C declined in both PG
clone when plotted against ramet "age" (R2=0.79**, linear
regressions).

' 3 C did not change across ramet "age" in PA and PT

clones (P=0.26 and P=0.218. respectively). Significant changes
were not found for PH clone when measurements were conducted in
summer 2005 (P=0.60, Figure 5.4a).
Variations in both foliar nitrogen concentration

(N,) and
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foliar phosphorous concentration (P,) did not show significant
trends against rarnet "age" in any poplar clone (Figure 5.4b.c).
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Figure 5.4: Mean values of a) carbon isotope discrimination,
b) foliar nitrogen concentration, and c) foliar phosphorous
concentration against ortet "age" for PH clone measured
over two growing seasons. Different letters indicate
significant differences between "ages" (Tukey HSD post-hoc
test). Bars indicate standard errors. R 2 values and stars are
referred
to
significance
tests
of
linear
regression
coefficients.
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5.4.3

Total plant transpiration rate and total plant leaf-specific

hydraulic conductance of the ramets
Total plant transpiration rate (E 1.) differed significantly among age
classes only for the PT rarnets (P<O.OI), while the significant
differences did not follow an "age" trend (Figure S.Sa). Total plant
leaf-specific hydraulic conductance was not significantly different
across tree "ages" (Figure 5.5b, 0.21<P<0.77).

Figure 5.5:

3.0

Mean values of a)
2.5

whole plant
transpiration per

2.0

unit of leaf area
(E L ), and h) whole

plant hydraulic
conductance (KO,
Both E L and KL
were measured
using the
g r a v i ni e t r i c
method.
Different letters
indicate significant
differences among
"ages" for PT
ramets (Tukey HSD
post-hoc test).
Bars indicate

0
0

10

20

30

Tree "age" (years)

40

50

standard errors.
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5.4.4 Photosynthetic capacity of the PH ramezs
The mean values of maximum carboxylation rate

(VC ,fl(,X )

and

maximum electron transport rate (j,) in each rainet "age" over the
2004 growing season are presented in Figure 5.6. The mean values
of both parameters were found to be non-significantly different
among different ramet "ages" (P=0.748 for VL,,,(, and P0.815 for
Jmc,v)
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Figure 5.6: Mean values of

and .J,

of P1-I ramets plotted

against ortet "age". Measurements were conducted over the
summer 2004. Bars indicate standard errors.
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5.4.5 Comparison between physiological characteristics and leaf
properties of the original ortets and the ramets
Significant and marginally significant differences in net
photosynthesis (A,) and stomatal conductance (g) across ortets
were not revealed when variables were plotted against ramet "age"
(Figure 5.7 and Table 5.5, respectively), whereas Ane, values for the
ortets differed in 2 out of 4 clones and g.c values in 3 out of 4
clones.
Changes in leaf-specific hydraulic conductance (K 1 ) followed
ortet "age" in all four clones, while these changes did not persist in
ramets (Figure 5.3, Table 5.5).
(

13

C declined significantly with "age" in the ortets of 3 out of

4 clones whereas significant differences in carbon isotopic
composition were not found in rarnets of the PA and

PT. 61C

measured on PH ramets over the summer 2004 were found to differ
significantly, but values did not differ for measurements conducted
III

summer 2005. A significant decline with ortet "age" was

maintained by PG ramets (Figure 5.8).
Foliar nitrogen concentration (N m ) declined significantly with
"age" in ortets of PA and PG clones, while N,

did not vary when

plotted against the "age" of poplar ramets (Figure

5.9). Foliar

phosphorous concentration (P,) declined with "age" in PA and PG
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ortes, but this trend was not maintained when the rarnet P,,

was

plotted against ortet "age" (Figure 5.10).

Table 5.5:

Hydraulic properties of ortets and ramets

Poplar clone

g,

A1'

KL

ID

(mmol m 2 s')

(MPa)

(mmol m 2 s' MPa')

0.33

0.44**

ns

0.04* J

ns

PA ortets

-0.005"

ns

0.231y '

PA ramets

its

ns

ns

PG ortets

-0.003"

ns

0.62**

PG ramets

ns

ns

ns

PTortets

ns

0.11 *

_0.18**

PT ramets

ns

ns

ns

PH ortets

-0.004

PH ramets

Notes: Regression coefficients b and statistical significance of the
relationships between g. (stomata! conductance), 4W (Soil-to-leaf water
potential gradient) and

K,

(leaf-specific hydraulic conductance), with

'age' for four poplar species. A linear function model (y = h*age+a) was
used to fit the g, data and a power function model (y = a * age b) was used to
fit the 4W and K, data. Ortets refer to trees in the field and ramets to the
propagated material

"Significantly different (SD) at P<0.01, * SD at

P<0.05. " marginally significant at P<0.1,

Not significant.

Measurements conducted during 2004. Values measured during 2005 did
not show significant differences (P=0.43).
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5.5 DISCUSSION
In order to decouple the effects of cellular senescence from those
linked to the size of trees, I compared several physiological
variables of four poplar clones growing in the field (consisting of
trees of the same meristematic age that differed only iii size, hence
time since planting), with those of ramets propagated by direct
rooting from the same trees in the field, of identical meristematic
age and size.
Gas exchange and leaf-specific hydraulic conductance (Kj.)
results of the donor trees in the field partially Supported the
significant declines for all four poplar clones of
mass growth per unit of foliage) and

RGR

NAR

(aboveground

(relative aboveground

mass growth rates) observed for the ortets in Chapter 4 (Figure
4.11 and 4.12, respectively).
Neither values of net photosynthesis

(A nc.i )

per unit leaf area

(data not shown) nor values per unit of leaf mass showed agerelated trends for PH and PT clones (Figure 5.1a). The remaining
two clones showed however significant and declines with ortet
"age" in both

A,

the decline in

per unit of leaf area and unit of leaf mass (but

A,

per unit leaf mass for

PA

clone was only

marginally significant). Marginally significant declining trends
were observed also for stomatal conductance on all poplar clones,
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except PT clone where significant variation was not age-related
(Figure 5.1c, Table 5.2). Leaf-specific hydraulic conductance (K 1,)
also declined when plotted against ortet "age" of all poplar clones
(Figure 5.3).
In that respect, my results are generally consistent with the
hydraulic limitation hypothesis, which states that reductions in
growth efficiency result from decreased net photosynthesis caused
by reductions in stomatal conductance (stomatal closure in tall
trees will decrease the amount of carbon dioxide that can enter the
leaves through stomata, reducing carbon assimilation and growth),
because water movement to the top of tall trees is restricted due to
gravitational hydrostatic gradient and cumulative hydraulic
resistance (Ryan and Yoder 1997, Ryan ci al. 1997, Bond and Ryan
2000).
This is suggested by the reductions observed in

K 1,.

Significant K 1, changes followed ortet "age" in all four clones, as it
was expected, since it is well known that stomatal closure has been
associated with lower soil to leaf hydraulic conductance (Kolb and
Stone 2000).
"Age"-related declines observed in Ane, per unit leaf mass, g,
and K 1, of poplar ortets provide strong evidence against an effect of
age per Se, since ortets were of identical meristernatic age across
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each chronosequence (i.e., equal to the age of the original cross,
the seedling) and instead, points towards a size-related explanation,
as these donor trees differed only in size. Such height-related
decreases in

K 1,

are commonly observed (Hubbard el al. 1999.

McDowell ci al. 2002b, Mencuccini and Grace 1996b, Ryan et al.
2000, Phillips ci al. 2001, and Delzon ci al. 2004). The lack of an
"age"-related decline in

g.c

and K 1, in the propagated rat-nets of

the same meristematic age and size confirms this statement (Table
5.4, Table 5.5, Figure 5.7). The lack of changes in K 1, in poplar
ramets were revealed by leaf-specific hydraulic conductivity
measurements using the gravimetric method (Figure 5.5 b).
The
variable
correlated

soil-to-leaf
when
with

plotted
ortet

water

potential

against
"age"

in

ortet
PH

gradient
"age".

and

PT

It

(4W)
was

ortets,

was

quite

positively
while

non-

significant trends were observed in PA and PG ortets (Table 5.2,
Table 5.5). Roth PA and PG ortet plantations were growing on the
same sites under identical environmental conditions and having the
same water availability. Differences unrelated to ortet "age"
persisted only in the ramets of PH clone for AT measured over the
first growing season, in contrast to the second growing season
where these differences disappeared (not shown).
In order to confirm the results of gas exchange measurements,
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carbon isotopic discrimination and leaf nutrient composition were
also studied. The

' 3C

of PH ortets showed non-significant trends

with increasing "age". In contrast. 5C was negatively correlated
with ortet "age" in PG clone and marginally negatively correlated
with "age" in PA and PT clones (Table 5.2, Table 5.3, Figure 5.8).
Since the leaves were collected from exposed branches in the upper
canopy, complications due to leaf acclimation to the canopy light
environment and reduced aerodynamic conductance were likely to
be negligible. Trends in a'C were in the opposite direction to
those expected based on the reductions in

gv,

but were consistent

with the reductions in assimilation rates and suggested that in these
sequences of ortet "ages", reductions in leaf-level net
photosynthesis dominate the isotope signals. Consistently with
several studies (Yoder et al. 1994. Livingston el al. 1998, Hubbard
et at. 1999, Ryan et at. 2000, Schafer et al. 2000, Irvine et at.
2002) I also found that g, declined linearly with size in most ortets,
although McDowell et al. (2002b) and Barnard and Ryan (2003) did
not observe the same trends in Douglas-fir and in

Eucalyptus

satigna, respectively.
Foliar nitrogen content

[N]

is strongly linked to

photosynthetic capacity due to high N content in chlorophyll and
Rubisco (Ribu lose-I ,5-bisphosphate carboxylase/oxygenase), the
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carboxylation enzyme of C 3 plants. [N] has been suggested to be a
good predictor of A,, and g. (Field and Mooney 1986, Reich et at.
1997. Samuelson and Kelly 1997) as many studies have shown that
the nitrogen content of leaves is closely correlated with
photosynthetic capacity (e.g. Hackett

1985,

Kolb

et at.

1998).

Hence the marginally significant and significant declines in foliar
nitrogen concentration

(N,) in

PA

and

PG ortets, respectively,

support the equivalent trends in A?, and ó'C for the same clones
and suggest that declines in leaf-specific hydraulic conductance
and

g,v

were accompanied by significant nutrient limitations for

these two clones (Table 5.2, Table 5.3, Figure 5.9).
Several studies in Scots pine, lodgepole pine and ponderosa
pine have showed that foliar nitrogen concentrations tend to remain
constant among different tree age classes (Schoettle 1994, Yoder el
at.

1994, Mencuccin i and Grace 1996, Hubbard ci

at.

1999,

McDowell ci' at. 2002a), in contrast to Kull and Koppel (1987), who
showed that maximum photosynthetic capacity of Scots pine was
reduced as trees aged.
Additionally, c'C assessed for the PH ramets was found to
vary significantly for 2004 growing season, whereas variation was
eliminated during 2005 (Figure 5.4a). This discrepancy between the
two growing seasons probably indicates that the rooted cuttings
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were still undergoing some form of recovery from the initial
propagation shock during 2004, which was finally disappeared the
following growing season.
Similarly, the declining trend of

13 C with "age" observed for

PG clone may be a consequence of the propagation shock (Figure
5.8). Plots of N,,, against ramet "age" showed a complete recovery
(Figure

5.9).

Unfortunately, 6 13C values could not be obtained

during 2006 to confirm this hypothesis.
Significant declines in foliar phosphorous concentration (P,,,)
with ortet "age" in the PA and PG clones, presented in Figure 5. 1 0,
could also help explain the decreases observed in

as it has

been stated that phosphate deficiency results in the accumulation of
sucrose and starch (assimilates) in the cli lorop lasts leading to
depression of photosynthesis even under otherwise favourable
conditions (Larcher 2003). In addition, Foyer and Spencer (1986)
found that phosphate deficiency resulted in a significant decrease
in the leaf intracellular distribution of orthophosphate (P,), reduced
rates of photosynthesis and a decrease in the sucrose/starch ratio in
leaves of barley, spinach and soya plants. Furthermore, studies on
Pinus radiala

showed that phosphorus deficiency reduced the

efficiency of energy trapping at the active centres of the PSII and
consequently inhibited electron flow through PSII, thus eliminating
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the growth response to high CO 2 rates in these young plants
(Conroy et al. 1990). Again, the significant differences observed in
P,

for the PA and PG ortets (Figure 5.1 0), were not maintained

when rarnets were compared.
To sum up, in addition to the decline observed in growth
parameters of donor trees (of the same meristematic age) in the
field, presented in Chapter 4, size-related changes were also
observed in many physiological parameters of the same trees. These
trends eventually reverted to those of young trees (of the same
meristematic age and size) consistent with the lack of age-related
effects on the physiology and growth of grafted seedlings
originating from the same population (Mencuccini

el al. 2005,

Martinez-Vilalta et al. 2007, Mencuccini el al. 2007, Vanderklein
et al. 2007). Consequently, reduced growth, gas exchange and leafspecific hydraulic conductance observed in the poplar clones in the
field are reversible. Thus the observed reductions in the field
cannot be due to cellular senescence since ortets are of identical
meristematic age across each chronosequence (i.e., equal to the age
of the original cross, the seedling) and the propagated seedlings
were of the same meristematic age and size. To my knowledge, it is
the first time that in a study, like this, trees of the same age but
different size are compared under field conditions.
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I suggest that, since in poplar ortets size-related trends were
observed in

NAR, RGR,

g.v

and K 1.,

my results support the

hydraulic limitation hypothesis, which states that when a tree ages
and grows taller, the pathway for water transport increases in
length, decreasing the hydraulic conductance of the whole tree,
causing earlier stomatal closure in taller trees with longer branches
(Yoder ci al. 1994, Mencuccini and Grace 1996, Ryan and Yoder
1997, Ryan

et al.

1997, Bond and Ryan 2000) decreasing the

amount of carbon dioxide (CO,) that can enter the leaves through
stomata, and therefore reducing carbon assimilation, which directly
affects tree growth. The results however also support the nutrient
limitation hypothesis, which proposes that the sequestration of
nutrients in the biomass of old stands lowers nutrient availability
in the soil, or the ability of the tree to absorb and transport them to
the leaves, due to observed deficiency in nitrogen or phosphorus
that affects nutrient concentration per unit of leaf area.

I therefore conclude that the widely observed decline in
growth and carbon uptake in poplar donor trees in the field is
related to these increases in tree size, the increased path length and
possibly the architectural complexity (Moorby and Wareing 1963)
but not to cellular senescence

per se.
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Chapter 6: General conclusions

The main objective of this thesis was to investigate the potential
mechanisms that cause the observed decline of forest growth over
time. I studied tree chronosequencies of a gymnosperm species (P.
sylvesiris

L) and an angiosperm species (Poplar clones) that

enabled me to compare morphological and physiological
characteristics of differently structured trees.
I mainly tested the hydraulic limitation and the maturationgenetic programming hypotheses, by conducting numerous
experiments. The hydraulic limitation hypothesis states that as a
tree ages and grows taller, the pathway for water transport
increases in length, decreasing the hydraulic conductance of the
whole tree, causing earlier stomatal closure in taller trees with
longer branches and therefore decreased carbon assimilation.
According to the maturation-genetic programming hypothesis, the
reduced growth of old trees begins to occur roughly at the time of
the onset of sexual reproduction, and since it is believed that
changes in DNA methyhation and gene expression continue to occur
after the sexual maturity, it has been proposed that the observed
decline in forest growth is due to genetically controlled
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developmental processes (i.e.. the decreased growth potential of the
meristematic buds) not to size per se.
In the present thesis I have separated the conducted
experiments into chapters focusing on the different aspects of the
same declining trend observed on forest growth. In Chapter 2, I
compared the structural and hydraulic properties of branches of
Scots pine (P. sylvestris L.) trees of different ages and heights. A
clear decrease in growth efficiency and relative aboveground mass
growth rates was apparent with both tree age and height.

In addition, carbon isotope discrimination was significantly
less negative in older/taller Scots pine individuals, whereas foliar
nitrogen concentration did not change significantly among tree ages
or sizes, which suggests lower stomatal conductance in old trees,
since photosynthetic capacity did not change with age/size. The
fact that I did not identify any changes in abaxial or adaxial
stomatal density among tree age/size-classes strengthened this
result, because if a needle had more stomata per unit area,
assimilation would be likely to increase.

Hydraulic capacity (maximum water transport capacity, xylem
embolism, water potentials) in branches was homogeneous, thus the
lower stomatal conductance in old trees was the only compensatory
response of older trees to their increased path length.
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My results in this experiment partially supported the
hydraulic limitation hypothesis, but at the same time suggested that
additional factors may also be involved in the decline in growth
efficiency with age/size, such as decreased soil nutrient
availability (as indicated by the significant increase in leaf life
span across tree age classes) or limited leaf turgor at the top of the
canopy.
Another experiment on Scots pine trees followed (Chapter 3),
which focused this time on tree-level physiological parameters
known to affect tree growth. Simultaneous measurements of gas
exchange, xylem sap flow and of above-ground total water vapour
flux across the Scots pine chronosequence were conducted.
After the decline observed in growth efficiency and in relative
aboveground mass growth rates with tree age and height, sap flow
measurements provided information on water fluxes at the
individual tree scale. In this study decline in sap flow density per
unit leaf area, canopy stomatal conductance and whole tree leafspecific hydraulic conductance followed tree age/size. I observed
that both sap flow density per unit leaf area and canopy stomatal
conductance followed the changes of vapour pressure deficit and
Photosynthetically Active Radiation over the study period. As
vapour pressure deficit increased, stomata responded with a partial
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Closure to prevent the occurrence of embolism in tree's xylem
conduits, which is very common in tall trees since water movement
to the top of tall trees is restricted due to gravitational hydrostatic
gradient and cumulative hydraulic resistance. Additionally, carbon
isotope discrimination was significantly less negative in older or
taller Scots pine individuals, whereas both foliar nitrogen and
phosphorous concentration did not show any significant changes
among tree ages, suggesting lower stomatal conductance in old
trees.
According to the current experiment's results, the declining
trends in canopy stomatal conductance and whole tree leaf-specific
hydraulic conductance with tree age/size indicated that some sort of
hydraulic limitation took place with increasing height, revealed by
the increasing carbon isotope discrimination and the constant
phosphorous concentration against tree age. However, additional
factors were probably involved in the observed decline in tree
growth, as increased below-ground allocation or reduced turgor
pressure in tall trees.
An experiment on the morphological and physiological
properties (Chapter 4 and Chapter 5 respectively) of four poplar
clonal "chronosequences" followed, to explore whether it was age
or size that was related to the decline of tree growth. Therefore, I
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selected poplar clonal "chronosequences" growing in the field (in
Belgium) consisting of trees of identical meristernatic age but
different size for each individual clone, resulting in size
"sequences". These size "sequences" were compared to rooted
cuttings, coming from the same ortets of varying sizes, of identical
meristematic ages and identical sizes. In this way, I eliminated agerelated factors affecting tree growth by comparing donor trees in
the field and I revealed size-related factors by comparing the
rooted cuttings.
In Chapter 4, net assimilation rate and relative aboveground
mass growth rates declined sharply after a peak at about "age" 15
(average height of 20m) in all four poplar clones, a pattern that
disappeared when these variables were plotted against tree "age"
for the rooted cuttings, with one exception in PT clone. It is
possible that the "age"unrelated specific leaf area variation
observed in the PT rooted cuttings could have had an effect on the
declining (with "age") net assimilation rate for this clone or that
cuttings were still undergoing some form of recovery from the
initial propagation shock. Lastly, tree specific leaf area did not
vary across "age" classes for the donor trees of all poplar clones,
suggesting that changes in this variable were not responsible for
the size-related decline in growth.
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The decline in growth parameters of the donor trees of all four
clonal "chronosequeiices" provided strong evidence against a
predominant effect of age per se, since they were of identical
meristematic age across each "chronosequence" (i.e., equal to the
age of the original cross, the seedling) and, instead, pointed
towards a size-related explanation, as these donor trees differed
only in size. This statement was supported by the lack of a decline
in growth parameters in the propagated seedlings, all of identical
meristematic age and size.
In Chapter 5 several physiological variables of the four poplar
clones were explored to identify the effects of the observed sizerelated decline in tree growth. Gas exchange results of the donor
trees in the field partially supported the significant declines in
aboveground mass growth per unit leaf area and relative
aboveground mass growth rates observed for all four poplar clones.
The declining trends observed in net photosynthesis per unit leaf
area and per unit of leaf mass, in stomatal conductance and in leafspecific hydraulic conductance among donor "ages" were generally
consistent with the hydraulic limitation hypothesis since it seems
that the reductions observed in growth efficiency from decreased
net photosynthesis were caused by reductions in stomatal
conductance and reduced leaf-specific hydraulic conductance. Apart
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from the hydraulic limitation hypothesis, the nutrient limitation
was also supported. This hypothesis proposes that the sequestration
of

nutrients

in the b ioinass of old stands

lowers nutrient

availability in the soil, or that the ability of the tree to absorb and
transport them to the leaves declines, due to observed deficiency in
ii itrogen or phosphorus that affects nutrient concentration per unit
of leaf area.
I adopted the nutrient limitation hypothesis as a potential
mechanism to explain the reduced tree growth from the results
obtained when carbon isotope discrimination and leaf nutrient
composition were studied. The carbon isotope discrimination
results were variable in each clone among poplar donor "ages", but
they were partially supported by equivalent trends in net
photosynthesis and foliar nitrogen concentration. Significant
declines in foliar phosphorous concentration with donor "age" in
some clones (PA and PG) could also help explain the decreases
observed in net photosynthesis as phosphate deficiency results in
the accumulation of sucrose and starch (assimilates) in the
chloroplasts leading to depression of photosynthesis even under
otherwise favourable conditions.
Hence the significant declines in foliar nitrogen and foliar
phosphorous concentration with donor "age" in the two clones (PA
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and PG) supported the observed decreases in net photosynthesis and
carbon isotope discrimination for the same clones and suggested
that declines in leaf-specific hydraulic conductance and stomatal
conductance were probably accompanied by significant nutrient
limitations for these two clones.
Declining trends in carbon isotope discrimination was present
on the propagated trees for one of the clones (PG), indicating that
the cuttings were still undergoing some form of recovery from the
initial propagation shock or a memory carry-over effect (as I
concluded from the results on PH clone studied over two growing
seasons).
In contrast, plots of foliar nitrogen and foliar phosphorous
concentration against cutting "age" showed a complete recovery of
the declining trends observed in donor trees of the two clones.
The observed decline of many physiological parameters of
donor trees (of the same meristematic age) in the field eventually
disappeared in the young trees (of the same meristematic age and
size). Consequently, reduced growth, gas exchange and leafspecific hydraulic conductance observed in the poplar clones in the
field are reversible and thus reduced tree growth can not be due to
cellular senescence.

I therefore conclude that the widely observed decline in
growth and carbon uptake in poplar donor trees in the field is
related to these increases in tree size, the increased path length,
carbon allocation and possibly nutrient limitations but not to
cellular senescence per Se.
Overall, my results support the presence of hydraulic
limitations in all experiments triggering reductions in tree growth,
affected by size-related factors rather than meristematic age. It is
clear then that any effects on tree growth are driven by the
increased path length of tall trees opposed to earlier concepts on
age-related effects.
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APPENDICES

APPENDIX 1: SCOTS PINE
A.!.!: SELM MUIR STAND ASPECTS

/.

Plate I: 18-year-old stand (photo: Jordi Martinez-Vilalta).

262

Flwki
Plate 2:

25 year old stand - stand structure (photo:

Jordi Martinez-V ilalta).

Plate 3:

25 year old stand - canopy opening (photo: Jordi

Martinez-V i I alta).
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Plate 4:

50 year old stand - stand structure (photo:

Jordi Martinez-Vilalta).

Plate 5:

50 year old stand - eanop opening (photo: Jordi

Mart iii e z - V i 1 alt a).
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Plate 6: 80 year old stand

4

.

- stand structure (photo: Jordi Martinez-

VII alta).

Plate 7: 80 year old stand - canopy opening (photo: Jordi MartinezVilalta).
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A.1.2: SCOTS PINE BRANCHES

SPI -2

S P 1-4

SPI-7

SPI-9
SPI-lo
Plate 8:

Branches sampled for hydraulic measurements from 18-

yr-old trees (photo: Jordi Martinez-Vilalta).

SF2-i

S P2-2

SP2-5
S P2-3

S P2-7
S P2-6
Plate 9: Branches sampled for hydraulic measurements from 25-yr-old

trees (photo: Jordi Martinez-Vilalta).
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SP3-7

Plate 10: Branches sampled for hydraulic measurements from 50-yr-old trees
(photo: Jordi Martinez-Vilalta).
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A.1.3: HYDRAULIC MANIFOLD
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hydraulic manifold
Plate 12:
T lie
connected to the pc and me (photo:
Jordi Martinez-Vilalta).

Plate 14:
The
hydraulic
III aiii!uld
connected to the water tank (photo:
Jordi Martinez-Vilalta).

hydraulic
man ifold
Mate 13:
1 lie
(photo: Jordi Martinez-V ilalta).

Plate 15:
manifold
Vila It a).

Detail of the
Jordi
(photo:

hydraulic
Martinez -
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A.1.4: WHOLE TREE HYDRAYLIC MEASUREMENTS

Plate 16:

Granier-type sensors built in the

lab.

Plate 17:

Granier-type sensors installed on Scots pines.
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Plate 18:

Plate 19:

LVD Is installed on Scots pines.

LVDT detail.
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APPENDIX 2: POPLAR CLONES
A.2.1: DONORS IN THE FIELD
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Plate 20:

. •- .:.

1-year-old

-

- .

-

V

V

trees

planted

in

the

nursery

of

Institute for Forestry and Game Management in Belgium.

Plate 21: Coring the PH seedling in Belgium.
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Plate 22:

9-year-old Poplar clones in Belgium.

Plate 23: Accessing the top of the canopy
of the PH seedling in Belgium.
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A.2.2: PROPAGATED TREES
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Plate 24: 20cm segments taken from apical twigs
of PH clone growing in the field.

Plate 25: Initial

stage

of

poplar

propagation by rooted cuttings.

Plate 26: Swollen buds of P1-I cutting.
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Plate 27: Initial flushing of PH cuttings one week after

planting.

Plate 28:

Propagated PH cuttings three weeks after planting.
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Plate 29:
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Propagated P11 cuttings live weeks after planting.

Plate 30:

Propagated PH cuttings nine weeks after planting.

277

