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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 each 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 environment but most models of carbon and nitrogen allocation in
trees do not take account of seasonalphasesof growth (eg. Thornley, 1991). In
this report we havereanalyseda detailed study of Sitka spruce(Picea sitchensis)
by McWilliam (1972) which suggestsstrong links betweenshoot 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
trees in FetteressoForest, Scotland. His data for 1970are summarisedin Fig. 1
which shows that:

1. budburst wassynchronisedthroughout the tree in the secondweekin May;

2. the growing seasonended throughout the tree in the secondweek in Oc-
tober;

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

4. xylem cell division wascloselysynchronisedwith shoot extensionat all lev-
els in 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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Figure 1: The seasonalpattern 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, 6.5 m and �ne roots. Within each cluster the lines are in the samevertical
order as the key
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Figure 1 comparesshoot extensionand xylem cell division in the sameshoots,
but McWilliam madesomeobservations along the branch and, summarisinghis
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 needleexpansionprecedescesationof shoot elongation
which precedescessationof xylem formation in the branchesand in
the trunk. This indicates that there may bea stimulus manufactured
in the expanding leaves which in turn stimulates shoot elongation
and xylem formation as it is transported basipetally.

We argue here that the pattern of changesobserved 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 development of
root initials and of adventitious roots. McWilliam's chronology supports three
of these e�ects. Shoot extension and xylem cell division were synchronised in
individual shoots and root elongation ceasedat bud-burst.

More recently , 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 consistent with the hypothesis that a secondary
e�ect of nitrogen fertilisation is auxin production in new foliage, and that this
inhibits root elongation but it promotes root initials and xylem cell division in
the woody roots.

What is known of the transport of auxins is also suggestive. 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 movement has been measuredbetween5 and 15 mm
h� 1 (Wareing and Phillips, 1981, p. 107{109). McWilliam did not record the
rate of spreadof xylem activit y, but Denne (1979) observed a similar spreadof
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 hormonesbecauseit 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 messagethan the signalling system. In many respects that
is true, and we shall be arguing that the correlations that McWilliam observed
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 each hormone. Such a clear picture is not yet available but \there is now
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conclusive evidencethat one thing plant hormonesdo is control geneactivit y"
(Salisbury and Ross,1992)and it seemsdangerousto leavehormonesor seasonal
changesin growth out of our calculations.

1 A framew ork for mo delling growth

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

Figure 2 links these observations 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 each processis the product of its duration and its rate.

2. McWilliam's observations make it 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 each bud, at the start of the year, has a
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 seasondependsmainly 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,
so its duration is inversely related to that of shoot extension.

3. The outcomes of synchronised 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 each of theseprocesses.

In the remaining sections we review experimental evidencein the light of
thesehypotheses.
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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 continued until budburst
which occurred in the secondweekof May, throughout the tree. Numerous au-
thors havestudied the breaking of winter dormancy (Cannell, 1990)and Kramer
(1992) has reviewed eight models for predicting bud burst. For example, it can
be predicted as the date at which

T = a + ber C (1)

(Murra y, Cannell and Smith, 1989)whereT 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
er = 0:991 for Sitka spruce in Scotland (Murra y 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 beunder photoperiodic control,
modi�ed by temperature, water stress and 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
developed an empirical model basedon photoperiod and autumn temperatures.
Sincephotoperiod 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 conventional hypotheses.

4 Shoot extension and xylem growth

4.1 Duration of shoot extension

McWilliam (1972) described the extensionof 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, ascell division declinedand stopped, by a wave of cell
expansionand maturation. With this acropetal advanceof cell ex-
pansionand maturation, several tissuesaltered their characteristics.

In otherwords, the bud formed the previous year contained a number of
stem units, each with a singleneedleprimordium. Extension of thesestem units
involvedcell division, followedby cell expansionand maturation, beginning with
the most basal.

An obvious hypothesis is that shoot extension continues to 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:

De =
Pt � 1

E 0
p

(2)

whereDe is the duration of shoot extension,Pt � 1 the number of primordia from
the previous year, and E 0

p is the mean rate of shoot extension in 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 does not go through zero, as one might expect. One expla-
nation is that the mean rate of extension (E 0

p primordia per day), varied with
height down the tree (Fig. 4). Hence, we need data giving the number of needles
and the duration of shoot extension for several shoots at the sameheight.

Such data may be available for other species. For example, Flower-Ellis
recordedextensionof the leading shoot, twice weekly, in ScotsPine in J•adra�as,
Sweden,from 1974{1978(Flower-Ellis, 1982). From 1975there were four treat-
ments: control, 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� 1) when irrigation and
fertilizer were combined. The primordia at the start of 1975 were laid down
beforethe treatment started, soPt � 1, should havebeensimilar 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 (E 0
p) in

Sitka spruce in Feteressoforest (abstracted from McWilliam, 1972).
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Figure 5: Shoot extensionin Scotspine at J•adra�as,Sweden,in 1975. Data from
Flower-Ellis (1982). Treatments: � = control; ? =irrigated; 4 = fertilized;
r = irrigated and fertilized.
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Figure 6: Shoot extensionin Scotspine at J•adra�as,Sweden,in 1976. Data from
Flower-Ellis (1982). Treatments: � = control; ? =irrigated; 4 = fertilized;
r = irrigated and fertilized.
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Figure 7: Shoot extensionin Scotspine at J•adra�as,Sweden,in 1977. Data from
Flower-Ellis (1982). Treatments: � = control; ? =irrigated; 4 = fertilized;
r = irrigated and fertilized.
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Figure 8: Shoot extensionin Scotspine at J•adra�as,Sweden,in 1978. Data from
Flower-Ellis (1982). Treatments: � = control; ? =irrigated; 4 = fertilized;
r = irrigated and fertilized.

taken the sametime as in 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 appears to be
a speciesdi�erence. Fertilizer increasedboth number and sizeof 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,
sinceheight growth and extensionof the leading shoot are the same.

4.2 Rate of shoot extension

Figure 9 shows McWilliam's data on extension rates (mm d� 1) and rates
can alsobe estimated from Flower-Ellis's data (Figs. 5{8). (Fig. 9). A thorough
analysisof the Swecondata, including meterological recordsand measurements
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Figure 9: Mean rate of shoot extension (k(h)E 0(h) mm/da y) of Sitka spruce
(Picea sitchensis) in Feteresso forest (data from McWilliam, 1972). � =
1969;4 = 1970
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of internal nutrient concentrations should provide insight into the factors a�ect-
ing shoot extension.

For the moment 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 show that it wassynchronisedwith 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 continued longer in the stem than
the branches,so that diameter growth at 1 m continued 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 sapwood 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
observed by these authors, although the correlation will be reduced if rates of
foliage growth and xylem expansionare a�ected by di�eren t factors.

The number of xylem cells formed was related to the number of primordia
in the bud (Fig. 10) but data from several years are needed to see 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 expansion and wall-thickening. Kozlowski
(1962) states that diameter growth depends on conditions during the current
growing season,soit seemslikely that expansionof tracheidsis limited by carbon
available.

Deans and Ford (1986) measuredxylem growth in roots of Sitka spruce of
di�ering agesand found that it was reducedduring 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 (< 0:25 m) treesof all agesrelied on someimported
carbon. Beyond 0.25 m in 20 year-old trees, starch depletion was more than
enough for local root thickening, so roots beyond 0.25 m were a net sourceof
carbohydrate in June. Roots in 9 year-old trees were net sinks up to 0.75 m
from the stem.

There is rather little nitrogen in wood (0.2% in oak sapwood. 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 even if nutrients arewithdra wn after
di�eren tiation and available for further wood production. It is di�cult 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) recorded the number of needlesformed
in 1969,but he did not record the date at which bud formation ceasedin that
year. If weassume,however, 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



July 16, 2003 16

0.00 1.00 2.00 3.00 4.00

0.00

5.00

10.00

15.00

20.00

25.00

Height from apex (m)

F
or

m
at

io
n 

of
 p

rim
or

di
a 

pe
r 

da
y

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 weremeasured,the date at which
primordia formation endedhas beenestimated as equal to the observed date in
1970.

(P0) calculated on that basis from McWilliam's data. Further data are needed
to estimate the e�ects of temperature and nutrients on P 0.

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. glauca). 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 22,000 lux 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 di�erence in carbohydrate availabilit y 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�can t e�ect on black
spruce,but lesson white, although the authors suggestthat the experiment may



July 16, 2003 17

have underestimated the e�ect.
Data collected by Flower-Ellis may throw valuable light on the rate of pri-

mordia production. As observed in the previous section, the duration of shoot
extension was similar in fertilised and control treatments (Figs. 5{8) although
the rate in mm d� 1 wasalmost doubled in the I F treatment in 1975. If duration
dependson the number of primordia formed the previous year, this observation
implies that the number of primordia per bud wassimilar in fertilised and control
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
resolved by analysing the data further. The experiment provides a unique com-
bination of detailed measurement over a long period with sustaineddi�erences
in treatment.

It is of particular interest in Figs. 5{8 that irrigation plus fertilizer delivered
a more rapid e�ect than fertilizer on its own. The F treatment only caught 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 1977itself dry?).

6 Ro ot 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;M•akel•a 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)describean experiment in which Lodgepolepine
(Pinus contorta) seedlingswere grown with divided roots, so that half grew in
high nutrient and half in low nutrient concentrations. After 56 days, someof
the plants were switched to a regime of high nutrient concentration for both
halves. The results are summarisedin Table 1.

After 56days, the roots in high nutrient concentration (rows1 and 2) weighed
about three times asmuch as those in low concentration (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 56days someplants wereswitched to uniform high nutrient concentration
(middle two rows). There was no change in 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 experiment (Coutts and Philipson,
1977). Half the roots of each plant receivedhigh nutrient concentrations and half
low for 56 days. The someplants wereswitched to uniform high concentrations

Time (days)
Nutrient regime 56 84 133
High throughout; other half low
throughout

0.6 1.5 -

High throughout; other half low
then high

0.6 1.2 3.1

Low then high; other half high
throughout

0.2 0.5 1.5

Low throughout; other half high
throughout

0.2 0.4 -

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

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

growth growth growth growth
(g) (d� 1) (g) (d � 1)

High N, continuous weak compe-
tition

0.9 0.037

Hign N, increasedcompetition 0.6 0.026 1.9 0.020
Increased N, continuous strong
competition

0.3 0.028 1.0 0.021

Low N, continuousstrong compe-
tition

0.2 0.018

increasedcompetition for carbon from day 56 (Table 1, row 2). In contrast, the
previously low nutrient roots of switched plants facedno changein competition,
but their external environment waschanged(row 3). Table 2 givesgrowth rates
and summarisesthe changesin competition and nutrient supply for each 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 increased competition on high nutrient roots was to reduce
absolute and relative growth rates (compare rows 1 and 2).

The e�ect of increased nutrients wasto increaseabsoluteand relativegrowth
rates (compare rows 3 and 4) and, most interestingly, the relative growth rate
was then as great as for roots which had been in high N all the time (com-
pare rows 2 and 3). This is consistent with the hypothesis that growth was
proportional to sink sizewhen both halveswere in high N.
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This experiment is rich in comparisons, and can be used to estimate the
e�ects of nutrients on local growth rate, competition from other parts of the
rooting system, and even on changes in relative growth rate with time. To
estimate these e�ects, I �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 was then predicted by

dWr

dt
1

Wr
= 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 been due to several
processes.

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

2. New leavesstart to shadethe old so that foliage intercepts light lesse�-
ciently;

3. Sinks in other parts of the plant were increasing, in competition with the
growing roots;

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

A detailed analysis of theseprocesseswould be helpful.
Water stressalso a�ects root growth and Khalil and Grace (1992) showed

that total �ne root length was less in water stressedplants. However, their
plants grew more �ne roots in the moist part of the soil, and the roots passing
through dryer regionsof 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 good review of thesefactors is needed.

7 Implications for mo delling

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 constant allocation coe�cien ts (c.f McMurtrie and Wolf, 1983) .

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

� Sapwood area is observed to be well correlated with the weight or area of
foliage it supports.

M•akel•a (1986; 1988a;1988b;1990) combined a functional balancemodel for
root : shoot growth with a pipe model linking sapwood area to 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 between foliage and sapwood is calculated
using the pipemodel (Shinozaki et al., 1964a,b)sothat the total areaof sapwood
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
usedthese ideas(Ludlow, Randle and Grace, 1990)

All of these models use allocation coe�cients or functions to hand out car-
bon to di�eren t tissues. However, the growth of each tissue depends only on
the conditions within that tissue, whether these are temperature, nutrients or
carbon availabilit y. Models by Thornley (1991) and Dewar (1993) are based
on that approach, 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 spruceon 24th June, while soluble carbohydrates had peaked on
the 6th and soluble starch roseafter that. Thus, root elongation was declining
at a time when carbon wasbeing stored. This is consistent with the hypothesis
that auxin from expanding leavesinhibits root elongation.

Similarly, Sofronova (1992) showed large di�erences in height growth be-
tweensuppressedand dominant trees, even though internal carbohydrate con-
centrations were very similar, and this is consistent with the hypothesis that
expansionof foliage in the suppressedtrees was reducedby low light intensity,
or the spectrum reaching 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 hormones or
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 processessuch ascell division and cell expansionoccur in di�eren t
tissuesat di�eren t times of year, and di�eren t environmental variablesmay
be more important for oneprocessthan 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 CO2 levels can be expected to a�ect the timing of
growth periods, aswell as the timing of ennvironmental factors, sogrowth
needsto be modelled at a seasonalscale if allocation patterns are to be
predicted.

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

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

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

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

To model allocation in a mechanistic way we need to �nd the factors that
determine the duration of shoot extension,bud formation, and root growth, and
then to quantify the internal factors which a�ect the rate of these processes.
Rates of cell division, cell expansionand di�eren tiation are no doubt in
uenced
by di�eren t factors.

A practical approach is to assumethat the durations can be calculated from
the length of the growing seasonand the number of primordia from the previous
year,but that the ratesof growth are limited 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 shouldbe able to quantify the
factors a�ecting durations from existing data, especially data from the SWE-
CON project on Scots pine and, more recently , from experiments on Norway
spruceat Flakaliden, Sweden.

The �rst step in analysis is to assemble 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 each tissue it should be possibleto work
out how much carbon and nitrogen wereneededto form the observednewgrowth
and then to deducethe actual sink activit y. The aim would be to reconstruct
the actual 
o ws into new growth. A problem is to distinguish betweenstructural
nutrients or carbohydrate and those which are mobile.
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Data on the concentration of nutrients in buds would be useful becausethey
would show whether bud formation is especially sensitive to nutrient availabilit y.
Total foliagegrowth is increased by N, S, P and Fe (Ericsson, 1990) but are these
most needed during the phaseof shoot extension or 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. Changes in growth rate appear to a�ect all the curves in
Fig 6{8 at the sametime, suggestinga strong e�ect of weather variables that
would have to be estimated in any analysis.

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

References

Allen, S., Grimshaw, H., Parkinson, J., and Quarmby, C. (1974). Chemical
analysis of ecological materials. Blackwell, Oxford.

Axelsson,E. and Axelsson,B. (1986). Changesin carbon allocation patterns
in spruceand pine treesfollowing irrigation and fertilisation. Tree Physiology,
2, 189{204.

Berninger, F. and Nikinmaa, E. (1994). Foliage area-sapwood area relation-
shipsofScotspine (pinus sylvestris) trees in di�eren t climates. 24, 2263{2268.

Burley, J. (1966). Genetic variation in seedlingdevdlopment of Sitka spruce,
picea sitchensis(Bong). Carr. Forestry, 39, 68{94.

Cannell, M. (1990). Modelling the phenology of trees. Silva Carelica, 15,
11{27.

Cannell, M., Sheppard,L., Smith, R., and Murray, M. (1985). Autumn frost
damageon youngpicea sitchensis2. Shoot frost hardening,and the probabilit y
of frost damagein Scotland. Forestry, 58, 147{166.

Coutts, M. and Philipson, J. (1977). The in
uence of mineral nutrition on
the root development of trees. I I I. plasticit y of root growth in response to
changesin the nutrient environment. Journal of Experimental Botany, 28,
1071{1075.

Denne, M. (1979). Wood structure and production within the trunk and
branchesof picea sitchensisin relation to canopy formation. Canadian Journal
of Forest Research, 9, 406{427.

Dewar, R. (1993). A root-shoot partitioning model basedon carbon-nitrogen-
water interactions and M•unch phloem 
o w. Functional Ecology, in press, .



July 16, 2003 23

Dougherty, P., Whitehead, D., and Vose,J. (1993). Environmental in
uences
on the phenologyof pine. In H. Gholz, R. McMurtrie, and S. Linder, editors,
A comparative analysis of pine forest productivity , page Chapter 7. to be
announced.

Ericsson, T. (1990). Dry matter partitioning at steady state nutrition. In
Above- and below-ground interactions in forest trees and acidi�e d soils, Air
Pollution Report 32, pages236{243.

Flower-Ellis, J. (1982). Structure and growth of someyoungscotspine stands:
(2) e�ects of irrigation and fertilisation on the amount, rate and duration of
leading shoot growth. echnical Report 30, SwedishConiferousForest Project,
Institute of Ecologyand Environmental Research, SwedishUniversity of Agri-
cultural Sciences,Fack, S-75007 UPPSALA, Sweden.

Ford, E. and Deans, J. (1977). Growth of a sitka spruce plantation: spatial
distribution and seasonal
uctuations of lengths, weights and carbohydrate
concentrations of �ne-ro ots. Plant and Soil, 47, 463{485.

Grier, C. and Waring, R. (1974). Conifer foliage mass related to sapwood
area. Forest Science, 20, 205{206.

Ingestad,T. and Lund, A.-B. (1979). Nitrogen stressin birch seedlings.Phys-
iol. Plant., 45, 137{148.

Keinholtz, R. (1934). Botanical Gazette, 96, 73{92.

Khalil, A. and Grace, J. (1992). Acclimation to drought in acer pseudoplana-
tus L. (Sycamore)seedlings.Journal of Experimental Botany, 43, 1591{1602.

Kozlowski, T., editor (1962). Tree growth. Ronald Press.

Kramer, K. (1992). Phenological reactions of the main Dutch tree speciesto
climate changedescribed by a simulation model of the annual cycle. Interim
Report of the N.O.P.-project. Technical report, Institute of Forestry and
Nature Research, Wageningen.Dorschkamp report 696.

Lanner, R. (1976). Patterns of shoot development in pinus and their relation-
ship to growth potential. In M. Cannell and F. Last, editors, Tree physiology
and yield improvement, pages223{243. Academic Press,London.

Linder, S. and Axelsson, B. (1982). Changes in carbon uptake and allo-
cation patterns as a result of irrigation and fertilisation of a young pinus
sylvestris stand. In R. Waring, editor, Carbon uptake and allocation in sub-
alpine ecosystemsas a key to management, pages38{44. Oregon State Uni-
versity, Corvallis, U.S.A.

Ludlow, A., Randle, T., and Grace, J. (1990). Developing a process-based
growth model for Sitka spruce. In R. Dixon, R. Meldahl, G. Ruark, and
W. Warren, editors, Processmodeling of forest growth responsesto environ-
mental stress, pages249{262, Portland, OR, U.S.A. Tim ber Press.



July 16, 2003 24

M•akel•a, A. (1986). Implications of the pipe-model theory on dry matter
partitioning and height growth in trees. J. Theor. Biol. , 123, 103{120.

M•akel•a, A. (1988a). Parameter estimation and testing of a process-based
stand growth model using Monte Carlo techniques. In A. Ek, S. Shi
ey, and
T. Burk, editors, Forest Growth Modelling and Prediction , pages315{322,
St. Paul, MN, U.S.A. USDA Forest ServiceNorth Central Forest Experiment
Station.

M•akel•a, A. (1988b). Performance analysis of a process-basedstand growth
model using Monte Carlo techniques. Scandinavian Journal of Forest Re-
search, 3, 315{331.

M•akel•a, A. (1990). Adaptation of light interception computations to stand
growth models. In H. Jozefek,editor, Silva Carelica, volume 15, pages221{
239, Finland. University of Joensuu,.

M•akel•a, A. and Siev•anen, R. (1987). Comparison of two shoot-root parti-
tioning models with respect to substrate utilization and functional balance.
Annals of Botany, 59, 129{140.

McMurtrie, R. and Wolf, L. (1983). Above and below ground growth of forest
stands: A carbon buget model. Anal. Bot., 52, 437{448.

McWilliam, A. (1972). Some e�ects of the environment on the growth and
developmentof Picea sitchensis. Ph.d. thesis, University of Aberdeen.

Millard, P. and Proe, M. (1989). The internal cycling of nitrogen in Sitka
spruce. In Importance of root to shoot communication in the responses to
environmental stress. British Plant Growth Regulator Group, Monograph 21.

Millard, P. and Proe, M. (1991). Nitrogen storageand internal cycling for the
seasonalgrowth of Sitka spruce. Plant, Cell and Environment, submitted .

Murray, M., Cannell, M., and Smith, R. (1989). Date of budburst of 15 tree
speciesin Britain following climatic warming. Journal of Applied Ecology,
26, 693{700.

Oleksyn, J., Tjo elker, M., and Reich, P. (1992). Growth and biomass par-
titioning of populations of European pinus sylvestris L. under simulated 50�

and 60� n daylengths; evidencefor photoperiodic ecotypes. New Phytologist,
120, 561{574.

Pollard, D. and Logan, K. (1977). The e�ects of light intensity, photope-
riod, soil moisture potential, and temperature on bud morphogenesisin picea
species. Canadian Journal of Forest Research, 7, 415{421.

Reynolds,J. and Thornley, J. (1982). A shoot-root partitioning model. Annals
of Botany, 49, 585{597.



July 16, 2003 25

Salisbury, F. and Ross, C. (1992). Plant physiology. Wadsworth, Belmont,
California, 4th edition.

Shinozaki, K., Yoda, K., Hozumi, K., and Kira, T. (1964a). A quantitativ e
analysis of plant form { the pipe model theory. i. basic analyses. Japanese
Journal of Ecology, 14, 97{105.

Shinozaki, K., Yoda, K., Hozumi, K., and Kira, T. (1964b). A quantitativ e
analysis of plant form { the pipe model theory. ii. further evidenceof the
theory and its application in forest ecology. JapaneseJournal of Ecology, 14,
133{139.

Sofronova, G. (1992). Dynamics of carbohydrate distribution in Scotspine. In
M. Mecke and P. Hari, editors, Production processof Scots pine; geographical
variation and models. .

Thornley, J. (1972). A balanced quantitativ e model for root-shoot ratios in
vegetative plants. Annals of Botany, 36, 401{404.

Thornley, J. (1991). A transport-resistance model of forest growth and par-
titioning. Annals of Botany, 68, 211{226.

Valentine, H. (1985). Tree growth models: Derivations employing the pipe-
model theory. J. Theor. Biol. , 117, 579{585.

Valentine, H. (1987). A carbon-balancemodel of a self thinning stand with
the pipe-model theory. Wp-87-56, I IASA, Vienna, Austria.

Valentine, H. (1988a). A carbon-balancemodel of stand growth: a derivation
employing pipe-model theory and the self-thinning rule. Annals of Botany,
62, 389{396.

Valentine, H. (1988b). Derivation of a carbon-balancemodel of a self thinning
stand with the pipe-model theory. In A. Ek, S. Shi
ey, and T. Burk, editors,
ForestGrowth Modelling and Prediction , pages353{360,St. Paul, MN, U.S.A.
USDA Forest ServiceNorth Central Forest Experiment Station.

Valentine, H. (1990). A carbon-balancemodel of forest growth with a pipe
model framework. In R. Dixon, R. Meldahl, G. Ruark, and W. Warren,
editors, Processmodeling of forest growth responsesto environmental stress,
pages33{40, Portland, OR, U.S.A. Tim ber Press.

Wareing, P. and Phillips, I. (1981). Growth and di�er entiation in plants (3rd
Edition) . PergamonInternational Library , Oxford.

Waring, R. (1983). Estimating forest growth and e�ciency in relation to
canopy leaf area. Advances in Ecological Research, 13, 327{354.

White, H. (1935). The interaction of factors in the growth of Lemna. XI I. The
interaction of nitrogen and light intensity in relation to root length. Annals
of Botany, 1, 649.



July 16, 2003 26

Whitehead, D. (1978). The estimation of foliage area from sapwood basal
area in scotspine. Forestry, 51, 35{47.

Whitehead, D., Edwards, W., and Jarvis, P. (1984). Conducting sapwood
area, foliage area, and permeability in mature trees of picea sitchensis and
pinus contorta. Canadian Journal of Forest Research, 14, 940{947.


