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Many speciesof conifer have clear phasesof shoot and root growth (Lanner,
1976;Pollard and Logan, 1977;Dougherty, Whitehead and Vose,1993)and any
changein climate which alters the length of ead phaseis likely to alter the root
shoot ratio, with e ects on forest respiration and photosynthesis. Hence, we
needaccurate estimatesof root and shoot growing periods to predict growth in
a changing ervironment but most models of carbon and nitrogen allocation in
treesdo not take accourt of seasonalphasesof growth (eg. Thornley, 1991). In
this report we have reanalyseda detailed study of Sitka spruce(Picea sitchensig
by McWilliam (1972) which suggestsstrong links betweenshaoot extensionand
xylem growth, and betweenroot growth and the formation of next year's buds.
The analysis provides a framework for building future models.

McWilliam described the sequenceof growth in 22-year-old Sitka spruce
treesin FetteressoForest, Scotland. His data for 1970are summarisedin Fig. 1
which shows that:

1. budburst wassyndronisedthroughout the tree in the secondweekin May;

2. the growing seasonendedthroughout the tree in the secondweekin Oc-
tober;

3. there were two phasesof shoot growth. In the rst, the previous year's
buds expandedto form new shoots. Extension then gave way to a phasein
which next year's bud was formed by laying down needleprimordia. The
switch waslatest in the leading shoot, earliestin the lower branches. Such
“determinate growth' is common among conifers, but McWilliam went on
to show that

4. xylem cell division was closelysynchronisedwith shoot extensionat all lev-
elsin the crown (Fig. 1). They started together at bud burst, throughout
the tree, and endedtogether at any one height.

5. elongation of ne roots (and to some extent, phloem growth) was sus-
pendedduring the phaseof shoot extension.
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Phenology of 22-year-old Sitka spruce
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Figure 1: The seasonapattern of growth in 22-yearold Sitka sprucein Feteresso

forest, Scotland (abstracted from McWilliam (1972)).

Each cluster of lines

shows the growth of tissuesat a particular height down the tree: 10.5,9.5, 8.5,
7.5,6.5m and ne roots. Within ead cluster the lines are in the samevertical

order asthe key
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Figure 1 comparesshoot extensionand xylem cell division in the sameshoots,
but McWilliam made someobsenations along the branch and, summarising his
results, he concludedthat:

Initiation of expansion of the needlesprecedesinitiation of shoots
which precedesformation of xylem in the branches subtending the
shoots which precedesformation of xylem in the trunk. Similarly,
cessationof needle expansionprecedescesation of shoot elongation
which precedescessationof xylem formation in the branchesand in
the trunk. This indicatesthat there may be a stimulus manufactured
in the expanding leaves which in turn stimulates shoot elongation
and xylem formation asit is transported basipetally.

We argue here that the pattern of changesobsened by McWilliam matches
what is now known about the transport and e ects of auxins (Salisbury and
Ross,1992) although the evidenceis all circumstantial.

Auxins are thought to be produced in expanding leaves, from which they
spread basipetally. They stimulate elongation of stems (shoot extension) and
division of cells in the vascular cambium (xylem cell division) and they are
known to inhibit root elongation although they promote the developmert of
root initials and of advertitious roots. McWilliam's chronology supports three
of these e ects. Shoot extensionand xylem cell division were synchronised in
individual shoots and root elongation ceasedat bud-burst.

More recertly, Millard and Proe (1989; 1991) have described the pattern
of root growth in Sitka spruce seedlingsreceiving high or low nitrogen treat-
ments. With high nitrogen there was pronounced foliage growth (presumably
accompaniedby auxin production) and the roots were short, many-branched
and thickened. With low nitrogen, the roots were longer, less branched and
unthickened. That pattern is consistert with the hypothesisthat a secondary
e ect of nitrogen fertilisation is auxin production in new foliage, and that this
inhibits root elongation but it promotesroot initials and xylem cell division in
the woody roots.

What is known of the transport of auxins is also suggestie. In other plant
species,they are known to be transported basipetally through cells next to the
vascular cambium (Salisbury and Ross,1992). They appear not to move in the
phloem and their rate of movemen has beenmeasuredbetween5 and 15 mm
h 1 (Wareing and Phillips, 1981, p. 107{109). McWilliam did not record the
rate of spreadof xylem activity, but Denne (1979) obsened a similar spread of
tracheid formation down the branchesand trunk and the rate of spreadingwas
about 8 mm/h which is comparableto the measured o w of auxins.

Modellershavefought shy of plant hormonesbecausat is di cult to quantify
their e ects, and de Wit and Penning de Vries (1983) have argued that it is
better to model the messagehan the signalling system. In many respects that
is true, and we shall be arguing that the correlations that McWilliam obsened
help in calculating the duration and rates of phasesof growth. Nevertheless,it
is hard to understand the messageunlesswe understand the pattern of e ects
of eadh hormone. Sud a clear picture is not yet available but \there is now
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conclusiwe evidencethat onething plant hormonesdo is control geneactivit y"
(Salisbury and Ross,1992)and it seemsdangerousto leave hormonesor seasonal
changesin growth out of our calculations.

1 A framew ork for modelling growth

Whatever the mecanisms, McWilliam's obsenations imply that growth oc-
curs in clear phasesand that, for modelling purposes, we need to know what
in uenc esthe timing of growth.

Figure 2 links these obsenations into a framework for modelling growth
and allocation. Four processesare considered: shoot extension, xylem growth,
formation of next year's bud, and ne-ro ot growth, and the framework is based
on the following hypotheses.

1. The outcome of eac processis the product of its duration and its rate.

2. McWilliam's obsenations makeit simpler to calculate the duration of each
processbecause:

(a) The durations of shoot extensionand xylem cell division arethe same.

(b) The number of primordia in ead bud, at the start of the year, hasa
strong in uence on duration of shoot extensionand henceon length
of shoots and number of new tracheids in the xylem.

(c) The time left to form next year's bud, after shoot extension, depends
on the length of the growing season.

(d) The start of the growing seasordependsmainly on winter and spring
temperatures and is likely to be a ected by climate change

(e) The end of the growing seasondepends more on photoperiod and
should be lessa ected by climate change.

(f) Root elongation, too, seemsto be suspendedduring shoot extension,
soits duration is inverselyrelated to that of shoot extension.

3. The outcomes of syndironised processes,such as shoot extension and
xylem cell division, are likely to be correlated becausetheir durations will
vary together fom year to year and outcome is the product of duration
and rate (1. above).

4. Accurate predictions of growth depend on identifying the factors which
a ect the rates of eat of theseprocesses.

In the remaining sectionswe review experimental evidencein the light of
these hypotheses.
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Figure 2: A framework for modelling seasonalgrowth in Sitka spruce

2 Onset of growth in the spring

McWilliam (1972) found that, during the winter, all tissueswere dormant,
but the ne roots started growing in March. They cortinued until budburst
which occurred in the secondweek of May, throughout the tree. Numerous au-
thors have studied the breaking of winter dormancy (Cannell, 1990)and Kramer
(1992) has reviewed eight models for predicting bud burst. For example,it can
be predicted asthe date at which

T=a+bd® (1)

(Murray, Cannell and Smith, 1989)where T is thermal time measuredin degree
days above 5 C since 1st January, C is the number of chill days below 5 C
since 1st November while a, b and r are parameters: a = 56, b= 602, and
€ = 0:991for Sitka sprucein Scotland (Murray et al., 1989).

A similar equation could be usedfor the start of root growth although there
are few data with which to estimate parameters (Keinholtz, 1934).

3 The end of the growing season

The end of the growing seasonhas been studied most in seedlingsshowing
freegrowth (e.g. Burley, 1966)and is believedto be under photoperiodic cortrol,
modi ed by temperature, water stressand mineral nutrients (Cannell, 1990).
The end of bud formation and the onset of frost hardiness are related and
the latter has been studied in mature shoots by Cannell et al. (1985). who
dewveloped an empirical model basedon photoperiod and autumn temperatures.
Since photoperiod plays a dominant role, climate changemay have little e ect
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Figure 3: Duration of shoot extensionin the leading shoot and branchesof Sitka
spruce (abstracted from McWilliam, 1972).
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on the end of the growing seasonalthough, Oleksyn, Tjo elker and Reich (1992)
throw doubt on the convertional hypotheses.

4 Shoot extension and xylem growth

4.1 Duration of shoot extension
McWilliam (1972) described the extension of a single bud as follows:

...the stem and leaveselongatedrapidly, the basalregion elongating
rst and the apical region elongating last. This was becausea wave
of maximum cell division proceededfrom the baseto the apex which
was followed, as cell division declined and stopped, by a wave of cell
expansionand maturation. With this acropetal advance of cell ex-
pansionand maturation, se\eral tissuesaltered their characteristics.

In otherwords, the bud formed the previous year contained a number of
stem units, ead with a single needleprimordium. Extension of thesestem units
involved cell division, followed by cell expansionand maturation, beginningwith
the most basal.

An obvious hypothesisis that shoot extension corntinuesto completion, so
that its duration dependson the number of stem units or primordia laid down
the previous year (Cannell, 1990). This leadsto a simple model:

Py 1
E

De= —5 )
p
whereDg is the duration of shoot extension,P; 1 the number of primordia from
the previous year, and Eg is the meanrate of shoot extensionin primordia per
day. (We usethe subscript p to indicate that the units are in primordia, rather
than mm, and the “prime' to indicate that this is a rate of extension per day,
rather than the total extensionover the season.)

Figure 3 shows the relationship betweenduration and number of primordia,
but the tted line doesnot go through zero, as one might expect. One expla-
nation is that the mean rate of extension(Eg primordia per day), varied with
height down the tree (Fig. 4). Hence, we need data giving the number of needles
and the duration of shmt extensionfor seveal shots at the same height.

Sudch data may be available for other species. For example, Flower-Ellis
recordedextension of the leading shoot, twice weekly, in ScotsPine in Jadraas,
Sweden, from 1974{1978(Flower-Ellis, 1982). From 1975there were four treat-
mernts: cortrol, fertilised, irrigated, and a combined treatment of fertilizer with
irrigation (Fig. 5).

Figure 5 shows that the duration of extension growth was similar in all
four treatments, but that growth was faster (in mm d ) when irrigation and
fertilizer were combined. The primordia at the start of 1975 were laid down
beforethe treatment started, soP; 1, should have beensimilar in all blocks, and
it is surprising that 30% extra growth in the combined treatment should have
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Figure 4: The mean number of primordia per day of shoot extension (Eg) in
Sitka sprucein Feteressoforest (abstracted from McWilliam, 1972).
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Figure 5: Shoot extensionin Scotspine at Jadraas, Sweden,in 1975. Data from
Flower-Ellis (1982). Treatments: = cortrol; ? =irrigated; 4 = fertilized,;
r = irrigated and fertilized.
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Figure 6: Shoot extensionin Scotspine at Jadraas, Sweden,in 1976. Data from
Flower-Ellis (1982). Treatments: = cortrol; ? =irrigated; 4 = fertilized,;
r = irrigated and fertilized.
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Figure 7: Shoot extensionin Scotspine at Jadraas, Sweden,in 1977. Data from

Flower-Ellis (1982). Treatments:
r = irrigated and fertilized.

control; ? =irrigated; 4 = fertilized;
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Figure 8: Shoot extensionin Scotspine at Jadraas, Sweden,in 1978. Data from
Flower-Ellis (1982). Treatments: = cortrol; ? =irrigated; 4 = fertilized,;
r = irrigated and fertilized.

taken the sametime asin the other treatments. In otherwords, the combined
treatment increasedthe material addedto the shoot without a ecting the speed
at which individual stem-units were developed.

Data from later yearsare even more surprising becausethe durations remain
similar in all treatments (Figs. 6{8) when we might expect the number of pri-
mordia per bud to be greater in the fertilised treatments. This appearsto be
a speciesdi erence. Fertilizer increasedboth number and size of buds in Sitka
spruce (Burley, 1966) while, in Scots pine, the main e ect is on bud number
(Linder, pers. comm.). Data on the number of needlesrecordedby Flower-Ellis
could be usedto test this interpretation.

Further data may be available from the numerousstudies of height growth,
since height growth and extension of the leading shoot are the same.

4.2 Rate of shoot extension

Figure 9 shovs McWilliam's data on extension rates (mm d !) and rates
can alsobe estimated from Flower-Ellis's data (Figs. 5{8). (Fig. 9). A thorough
analysis of the Swecondata, including meterological recordsand measuremets
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Figure 9: Mean rate of shoot extension (k(h)E%h) mm/day) of Sitka spruce
(Picea sitchensig in Feteressoforest (data from McWilliam, 1972). =
1969;4 = 1970
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of internal nutrient concerrations should provide insight into the factors a ect-
ing shoot extension.

For the momert we note that it is a ected by distance from the apex, nu-
trients and temperature (Cannell, 1990)

4.3 Duration of xylem growth

One of McWilliam's particular contributions was to record xylem cell divi-
sionand shaw that it wassyndironisedwith extensionin the sameshoot (Fig. 1).
This synchrony had not beennoticed by other authors becausediameter growth
continueswhen the newly formed tracheids expand and mature after shoot ex-
tension has ceased. The synchrony of shoot extension and xylem cell division
makesit easyto model the duration of xylem growth.

Both cell division and maturation of xylem cortinuedlongerin the stemthan
the branches,sothat diameter growth at 1 m cortinued into October (Fig. 1).

4.4 Rate of xylem growth

There seemsto be surprisingly little evidenceon internal factors a ecting
the rate of xylem growth, although numeroustree ring analyseshave correlated
xylem growth with variations in weather, and studies on the pipe model theory
have investigated the relationship between sapvood area and foliage or soil
moisture (Grier and Waring, 1974;Waring, 1983;Whitehead, 1978; Whitehead,
Edwards and Jarvis, 1984; Berninger and Nikinmaa, 1994). The synchrony
betweenshoot extensionand xylem cell division would explain the correlations
obsened by these authors, although the correlation will be reducedif rates of
foliage growth and xylem expansionare a ected by di erent factors.

The number of xylem cells formed was related to the number of primordia
in the bud (Fig. 10) but data from seveanl years are needed to ses how the rate
of cell division varies with other factors. We also need to measure the e ect of
internal conditions on the rate of cell expnsion and wall-thickening. Kozlowski
(1962) states that diameter growth depends on conditions during the current
growing seasongsoit seemdikely that expansionof tracheidsis limited by carbon
available.

Deansand Ford (1986) measuredxylem growth in roots of Sitka spruce of
di ering agesand found that it wasreducedduring the period of fastest shoot
extension in 15 year-old, but not in 9 year-old trees. Deans and Ford also
comparedroot growth in June with starch depletion at various distancesalong
the root. Closeto the stem (< 0:25m) trees of all agesrelied on someimported
carbon. Beyond 0.25 m in 20 year-old trees, starch depletion was more than
enoughfor local root thickening, so roots beyond 0.25 m were a net source of
carbohydrate in June. Roots in 9 year-old trees were net sinks up to 0.75m
from the stem.

There is rather little nitrogen in wood (0.2% in oak sapvood. 0.1% in oak
heartwood (Allen et al., 1974) which implies that wood production consumes
rather little nitrogen. On the otherhand the processof wood production may
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Figure 10: Relation betweenxylem cellsformed and number of needleprimordia
in the original bud in shoots of Sitka spruce (Data abstracted from McWilliam,
1972)

require high levelsof nitrogen substratemay evenif nutrients are withdrawn after
di erentiation and available for further wood production. It is dicult to know
whether wood production is highly sensitive to nitrogen availabilit y or not.

5 Formation of next year's bud

5.1 Rate of primordia formation

In trees with predetermined growth, the number of primordia formed in a
seasoncan be estimated from the number of needlesin the shoot which extends
the following year. McWilliam (1972) recordedthe number of needlesformed
in 1969, but he did not record the date at which bud formation ceasedin that
year. If weassumehowever, that the date wassetby photoperiod, then it should
have beensimilar to the corresponding date the following year, especially since
autumn temperatures were similar. From this estimated date for 1969, and the
known date at which bud formation started in 1969, we can estimate the time
spent in forming primordia. Fig. 11 shows the rate of primordia production
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Figure 11: Estimated rate of primordia production in Feteressoforest in 1969
(data abstracted from McWilliam, 1972). The number of primordia formed and
the date at which primordia formation started were measured,the date at which
primordia formation endedhasbeenestimated as equal to the obsened date in
1970.

(P9 calculated on that basisfrom McWilliam's data. Further data are needed
to estimate the e ects of temperature and nutrients on PC.

Burley (1966) compared Sitka spruce seedlingsfrom 48 provenancesand
found that buds matured faster in the greenhousethan the nursery. However,
he did not record the number of primordia produced.

Pollard and Logan (1977) examineda number of factors a ecting primordial
formation in black spruce (Picea mariana) and white spruce (P. glau@). A
10 C rise in temperature almost doubled the number of primordia produced,
but had no e ect on the duration of this phase. In contrast, halving the light
intensity from 22,000Ilux had little e ect (they give the compensation point
for spruce as about 1700 lux). In otherwords, temperature has a large e ect
on primordia formation while the dierence in carbohydrate availability had
almost none. Neither specieswas a ected by photoperiods between 8 and 15
hours, although production dropped sharply when photoperiod was reduced
from eight to two hours. Soil moisture potential had a signi cant e ect on black
spruce,but lesson white, although the authors suggestthat the experiment may
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have underestimated the e ect.

Data collected by Flower-Ellis may throw valuable light on the rate of pri-
mordia production. As obsened in the previous section, the duration of shoot
extensionwas similar in fertilised and cortrol treatments (Figs. 5{8) although
the rate in mm d ! wasalmost doubledin the | F treatment in 1975. If duration
dependson the number of primordia formed the previous year, this obsenation
implies that the number of primordia per bud wassimilar in fertilised and cortrol
treatments. The number of buds may have been larger (Linder, pers. comm.)
or the primordia formed may have had more cells. These questionsneed to be
resolvel by analysing the data further. The experiment provides a unique com-
bination of detailed measuremem over a long period with sustaineddi erences
in treatment.

It is of particular interestin Figs. 5{8 that irrigation plus fertilizer delivered
a more rapid e ect than fertilizer on its own. The F treatment only caugh up
the I F treatment in 1978. Irrigation alone was better than the control only in
1977,which followed the long dry summer of 1976 (was 1977 itself dry?).

6 Root growth

There is a large literature showing that the root shoot ratio in plants is
sensitive to the balance of carbon assimilation and nutrient uptake, so that
high nutrient uptake promotes foliage growth and low uptake causesa higher
share of the growth to be in roots (White, 1935; Ingestad and Lund, 1979;
Linder and Axelsson, 1982; Axelssonand Axellson, 1986). Many process-based
models of forest growth now simulate this response(Thornley, 1972; Reynolds
and Thornley, 1982; Makela and Sievanen, 1987; Thornley, 1991).

In absolute terms the root growth may not be greater when nutrients are
scarce,but the proportion alters. For example, Millard and Proe (1989; 1991)
found roots in Sitka spruce seedlingsto be shorter and thicker in high than
in the low nitrogen treatment, although root weight was similar. The foliage
weight in the high nitrogen treatment was very much larger, so foliage growth
was relatively greater in high nitrogen treatments.

Coutts and Philipson (1977) describe an experiment in which Lodgepole pine
(Pinus contorta) seedlingswere grown with divided roots, sothat half grew in
high nutrient and half in low nutrient concerrations. After 56 days, some of
the plants were switched to a regime of high nutrient concertration for both
halves. The results are summarisedin Table 1.

After 56 days, the rootsin high nutrient concerration (rows1and 2) weighed
about three times asmuch asthosein low conceriration (rows 3 and 4). Hence,
high nutrient supply increasedthe sink strength of the growing roots, and so
diverted more carbon into the nutrient rich half.

At 56 days someplants were switched to uniform high nutrient concenration
(middle two rows). There was no changein external environment for the root
already in high nutrients, but its partner, not in high nutrients, suddenlybecame
a stronger carbon sink. In otherwords, roots already in high nutrients faced
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Table 1: Root dry-weight (g) in a split root experimert (Coutts and Philipson,
1977). Half the roots of eadh plant received high nutrient concerrations and half
low for 56 days. The someplants were switched to uniform high concenrations

Time (days)

Nutrient regime 56 84 133
High throughout; other half fow [~ ¢ -
throughout

High throughout, other half Tow 06 1.2 31
then high

Low then high; other half high 02 05 15
throughout

Low throughout; other half high 02 04 R
throughout

Table 2: Actual and relative growth (from 56{84 days) under eadh regime
(Coutts from and Philipson, 1977)

56{84 days 84{133
Regime Actual Relative | Actual Relative
growth growth | growth growth

(9) @dmh (9) @daMh
High N, contin uous weak compe- 0.9 0.037
tition : '

Hign N, increasedcompetition 0.6 0.026 1.9 0.020
Increas.e-d N, cortinuous sftrong 03 0028 10 0021
competition

LCow N, confin uous strong compe-
tition

0.2 0.018

increasedcompetition for carbon from day 56 (Table 1, row 2). In cortrast, the
previously low nutrient roots of switched plants facedno changein competition,
but their external environment was changed(row 3). Table 2 givesgrowth rates
and summarisesthe changesin competition and nutrient supply for ead root
and treatment.

The highest absolute and relative growth rates were with high nutrient and
low competition (Table 2, row 1).

The e ect of increasal competition on high nutrient roots was to reduce
absolute and relative growth rates (compare rows 1 and 2).

The e ect of increasal nutrients wasto increaseabsolute and relativ e growth
rates (compare rows 3 and 4) and, most interestingly, the relative growth rate
was then as great as for roots which had beenin high N all the time (com-
pare rows 2 and 3). This is consistert with the hypothesisthat growth was
proportional to sink sizewhen both halveswerein high N.
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This experiment is rich in comparisons,and can be usedto estimate the
e ects of nutrients on local growth rate, competition from other parts of the
rooting system, and even on changesin relative growth rate with time. To
estimate these e ects, | tted a factorial model, using GLIM. The response
variable was relative growth rate and the predictors were all factors with two
levels: Nutrient (high, low), Competition (high, low), Period (56-84 days, 84-
133). The relative growth rate wasthen predicted by

daw, 1

at W, = 0:028 1:16 ; if nutrient is high

0:88 ; if competition is high
0:68 ; for secondperiod 3)

In otherwords, the level of nutrients usedin the experiment gave an increasein
root growth rate of 16%, while competition from fertilized roots reducedgrowth
rate by about 12%.

The growth rate also fell with time, which could have beendue to sewral
processes.

1. As the plant grew, the leaf area becamea diminishing proportion of the
total, soa higher proportion of assimilated carbon would be lost in respi-
ration;

2. New leavesstart to shadethe old sothat foliage intercepts light lesse -
ciently;

3. Sinksin other parts of the plant wereincreasing,in competition with the
growing roots;

4. Within the roots, the meristemsat the tip and in the vascular cambium
becomea decreasingproportion of total root weight, so the size of the
growth sink decreasesn proportion to root weight.

A detailed analysis of these processesvould be helpful.

Water stressalso a ects root growth and Khalil and Grace (1992) shoved
that total ne root length was lessin water stressedplants. However, their
plants grew more ne roots in the moist part of the soil, and the roots passing
through dryer regions of soil thickenedmore than in unstressedplants.

Thus, the rate of root growth is in uenc ed by a complexof factors including
temperature, water and nutrients and a gaod review of thesefactors is needed.

7 Implications for modelling

Allo cation of carbon is treated in a variety of ways in current forest growth
models. At the simplest level, the carbon assimilated has been allocated ac-
cording to constart allocation coe cien ts (c.f McMurtrie and Wolf, 1983).

Other models have addressedtwo common obsenations:
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Changesin nitrogen supply are known to a ect the ratio of root to shoot
growth;

Sapwvood areais obsenedto be well correlated with the weight or area of
foliage it supports.

Mekela (1986; 1988a;1988b;1990) combined a functional balance model for
root : shoot growth with a pipe model linking sapnvood areato foliage growth.
Allo cation betweenroot and shoot dependson the ratio of carbon assimilation
to nitrogen uptake, so that a fall in nitrogen or a rise in carbon causesmore
carbon to be allocated to root growth.

Within the shoot, the allocation betweenfoliage and sapwood is calculated
usingthe pipe model (Shinozakiet al., 1964a,b)sothat the total areaof sapvood
is linearly related to the total weight of foliage. Valentine (1985;1987;1988a,b;
1990) had usedthe pipe model to allocate carbon and other authors have since
usedtheseideas (Ludlow, Randle and Grace, 1990)

All of these models use allocation coe cients or functions to hand out car-
bon to dierent tissues. However, the growth of ead tissue depends only on
the conditions within that tissue, whether these are temperature, nutrients or
carbon availability. Models by Thornley (1991) and Dewar (1993) are based
on that approad, but the analysis here suggeststhat even their models fail to
capture all of the internal in uences on growth of tissues. In particular, growth
doesnot depend in a simple way on internal C and N, at least at sometimes of
year. For example, Ford and Deans(1977) found a trough in elongation of ne
roots in Sitka spruce on 24th June, while soluble carbohydrates had peaked on
the 6th and soluble starch rose after that. Thus, root elongation was declining
at a time when carbon was being stored. This is consistert with the hypothesis
that auxin from expanding leavesinhibits root elongation.

Similarly, Sofronova (1992) showed large di erences in height growth be-
tween suppressedand dominant trees, even though internal carbohydrate con-
certrations were very similar, and this is consistert with the hypothesis that
expansionof foliage in the suppressedrees was reducedby low light intensity,
or the spectrum reacing shadedleaves.

A further problem is that we do not understand the dynamics or the mech-
anisms of storage in plant tissues. Presumably carbon is stored when other
factors limit growth, whether these are nitrogen, auxin or other hormonesor
nutrients. Until we quantify the way growth rates depend on these factors we
will not have a clear understanding of the mechanisms.

7.1 Necessary complications

Taken together the evidencesuggeststhat:

1. Growth processesud ascell division and cell expansionoccur in di erent
tissuesat di erent times of year, and di eren t environmental variablesmay
be moreimportant for one processthan another (temperature, say, for cell
division; water availabilit y for cell expansion). Hence,the timing of high
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rainfall, warm periods, nutrient availabilit y, or other environmental factors
may a ect the pattern of allocation.

2. Changesin climate or CO;, levels can be expectedto a ect the timing of
growth periods, aswell asthe timing of ennvironmental factors, sogrowth
needsto be modelled at a seasonalscaleif allocation patterns are to be
predicted.

3. Substrate concerirations are not good predictors of seasonalpatterns of
growth.

4. Sinks which compete for substrates may promote eat other's growth by
chemical signals. For example, it is suggestedhere that extending leaves
produce auxin which increasesa competing cambial sink. This createsa
resource-limited positive feedbad which needsto be simulated and under-
stood.

5. We needto understand the control of carbohydrate storage and nutrient
cycling within the tree.

8 Data needed to develop a model of allo cation
based on phenology

To model allocation in a medanistic way we needto nd the factors that
determine the duration of shoot extension, bud formation, and root growth, and
then to quartify the internal factors which a ect the rate of these processes.
Rates of cell division, cell expansionand di erentiation are no doubt in uenced
by di erent factors.

A practical approac is to assumethat the durations can be calculated from
the length of the growing seasorand the number of primordia from the previous
year, but that the rates of growth arelimited by carbon and nitrogen availabilit y.
In otherwords, sinks are switched on or o by hormones,but their growth rates
are limited by substrate, and so by competition betweenactive sinks.

Data on rates may not yet be available, but we should be ableto quartify the
factors a ecting durations from existing data, especially data from the SWE-
CON project on Scots pine and, more recertly, from experiments on Norway
spruceat Flakaliden, Sweden.

The rst stepin analysisis to assenble data on needlenumbers and periods
of shoot growth and bud formation for a variety of treatments, together with
local climate data. From these we may calculate actual growth rates for the
leading shoot, relating the actual growth rates to environmental factors.

From the chemical composition of ead tissue it should be possibleto work
out how much carbon and nitrogen wereneededto form the obsened new growth
and then to deducethe actual sink activity. The aim would be to reconstruct
the actual owsinto newgrowth. A problem isto distinguish betweenstructural
nutrients or carbohydrate and those which are mobile.
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Data on the conceriration of nutrients in buds would be useful becausethey
would show whether bud formation is especially sensitive to nutrient availabilit y.
Total foliage growthis increasal by N, S, P and Fe (Ericsson, 1990) but are these
most needed during the phaseof shat extensionor do they act by in uencing
bud size, and hence the sink-size of growing foliage in the following year?

Finally, the data from the SWECON project (and from Flakaliden) should
give further information on whether nutrients and irrigation act by multiplying
the number of sinks when buds are formed, or by in uencing the rate of the
extension phase. Changesin growth rate appear to aect all the curvesin
Fig 6{8 at the sametime, suggestinga strong e ect of weather variables that
would have to be estimated in any analysis.

Oncethat is done, an analysis similar to equation (3) should give estimates
that are easily usedin a model basedon sink sizeand sink strengths.
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