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The relationship between sapwood area and foliage biomass is the basis for a lot of research on eco-phyisology. In this 
paper, foliage biomass change between two consecutive whorls is studied, using different variations in the pipe model the-
ory. Linear and non-linear mixed-effect models relating foliage differences to sapwood area increments were tested to take 
into account whorl location, with the best fit statistics supporting the non-linear formulation. The estimated value of the 
exponent is 0.5130, which is significantly different from 1, the expected value given by the pipe model theory. When applied 
to crown stem sapwood taper, the model indicates that foliage biomass distribution influences the foliage biomass to sap-
wood area at crown base ratio. This result is interpreted as being the consequence of differences in the turnover rates of 
sapwood and foliage. More importantly, the model explains previously reported trends in jack pine sapwood area at crown 
base to tree foliage biomass ratio.
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Introduction

The pipe model theory views trees as an assembly of pipes 
that connect the leaves to the roots (Shinozaki et al. 1964a, 
1964b). Through empirical evidence, the authors demonstrate 
that the relationship between the foliage biomass above a 
given point in the stem and the used pipe area at that point is 
linear without an intercept.

The linearity of the pipe model has been questioned by sev-
eral authors by considering that the sapwood area is equiva-
lent to the used pipe area. Moreover, results using either foliage 
biomass or leaf area lead to the same results (Kershaw 2001), 
although some authors have argued the contrary (Valentine 
2001). Kershaw and Maguire (2000) found that the relation-
ship between the cumulative foliage area above a given point 

and the sapwood area of the stem at that point was non-linear. 
The same conclusion was reached by Kantola and Mäkelä 
(2004). Similar results were presented by Long and Smith 
(1988) that related sapwood area at breast height to projected 
leaf area. The authors conclude that the leaf area to sapwood 
area ratio is directly related to tree size and stand conditions 
and is non-linear in form. Several studies have also shown that 
the pipe model ratio (i.e., cumulative foliage biomass to apex to 
sapwood area ratio) at crown base can vary with tree size, 
location, climate or stand density (Coyea and Margolis 1992, 
Berninger and Nikinmaa 1994, McDowell et al. 2002, Gilmore 
and Seymour 2004, Berninger et al. 2005, Schneider et al. 
2008). Berninger and Nikinmaa (1994) postulated that the 
pipe model relationship might have an intercept. Modelling 
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approaches have demonstrated that constant pipe model ratios 
are not necessarily ecologically meaningful (Magnani et al. 
2000). Lastly, the ratio varies with the height at which sap-
wood area is measured. For example, the foliage area to sap-
wood area ratio will decrease from crown base to breast height, 
since the relationship between the sapwood area at crown 
base and that at breast height is proportional to the crown ratio 
(Long and Smith 1988).

Moreover, biomechanics have also questioned the validity of 
the pipe model theory. Farnsworth and van Gardingen (1995) 
demonstrated from empirical evidence that mechanical design 
principles were better suited to predict branch diameter. They 
also stated that branches constructed following the pipe model 
principle would use structural resources inefficiently. Further 
work by Taneda and Tateno (2004) also illustrated that 
mechanical design principles better predict biomass partition-
ing between shoot and foliage.

Nevertheless, the pipe model theory is extensively used in 
process-based tree growth models as the basis for the allom-
etry between the foliage and the stem (Valentine 1988, Mäkelä 
1997, Le Roux et al. 2001, Valentine and Mäkelä 2005). Mäkelä 
(2002) used the pipe model theory to introduce stem form 
into Crobas, a process-based model (Mäkelä 1997, Mäkelä 
et al. 2000). Using knowledge of the vertical foliage biomass 
distribution, coupled with the pipe model theory, the model is 
able to simulate stem taper and branchiness. The model, how-
ever, introduced a variant into the pipe model based on empiri-
cal evidence (Mäkelä and Vanninen 2001), such that the pipe 
model ratios within the crown varied with whorl depth, i.e., less 
foliage biomass per unit sapwood area at the top of the tree. 
Moreover, structural–functional models such as Lignum 
(Sievänen et al. 1997) could use more detailed information on 
relationships between sapwood and foliage biomass within the 
stems and branches.

Due to the importance of the pipe model theory in process-
based models, in particular, and the fact that it forms the basis 
of a lot of research in eco-physiology, in general, we want to 
see to what extent the pipe model theory holds for jack pine 
(Pinus banksiana Lamb.). Statistical work based on linear and 
non-linear mixed-effect (nlme) models is used to verify 
whether the relationship between foliage biomass and sap-
wood area is linear. In the present analysis, the proposed 
models relate whorl foliage biomass to sapwood area incre-
ment between two consecutive whorls. If the pipe model the-
ory is valid, the models ought to be linear. The tested non-linear 
forms, however, present the best fit statistics. The non-linear 
models are able to capture more of the observed variability in 
the foliage biomass to sapwood area ratios. The model with 
the best fit statistics is influenced by foliage biomass distribu-
tion: the foliage biomass to sapwood area at crown base ratio 
increases as foliage biomass distribution is pushed towards 
the crown base.

Materials

The data used for the analysis come from three jack pine sites 
in Eastern Canada: Petawawa Research Forest (eastern Ontario, 
16 trees), Smurfit-Stone freehold (central Quebec, 47 trees) 
and Eel River precommercial thinning trial (eastern New 
Brunswick, 18 trees). Details of the measurements carried out 
on the stems and the stands as well as site characteristics 
have previously been published (Schneider et al. 2008). In 
summary, the diameters of all the live branches along the stem 
were measured as well as their location (nodal/internodal 
whorl, whorl height). A subsample of five branches per tree 
was used to parameterize a branch foliage biomass to branch 
diameter model, which was applied with the site, plot and tree 
random effects to all of the branches to estimate whorl foliage 
biomass. The stem diameter below each nodal whorl was also 
noted. Stem analysis discs were taken at regular intervals 
within the crown, with spacing not exceeding 1.5 m. The delim-
itation of the sapwood/heartwood transition was marked on 
the discs in the field by light transmission, with the measure-
ments taken upon return from the field. Linear interpolation of 
the sapwood and heartwood areas from the discs to the stem 
measurements was then carried out to estimate the sapwood 
area at the base of each whorl. The interpolation methodology 
was validated using the sample discs with a maximum spacing 
of 3 m which lead to very little bias −6.92e − 06 m2 (or − 
0.18%) and root mean squared error (RMSE = 5.90e − 5 m2) 
and high proportion of variance explained (R2 = 0.99). One 
could suppose that the bias would be even smaller if the span 
is reduced.

Methods

Foliage biomass to sapwood area ratio

If sapwood area is considered to be used pipes, the pipe model 
suggests that there is a linear relationship between the foliage 
biomass above the given point of the stem and the sapwood 
area:
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where Wi
f is the foliage biomass of whorl i (in kg), Ak

s is the sap-
wood area of whorl k (in cm2) and β is the pipe model ratio.

The pipe model can also be expressed in terms of foliage 
biomass needed to observe a given change in sapwood area 
between two consecutive whorls:
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where Wk
f is the foliage biomass of whorl k, ΔAk

s is the differ-
ence between the sapwood area at the base of the whorl above 
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As
k+1 and just below Ak

s the whorl of interest k and β0 is the 
model parameter.

If the active pipes of the pipe model theory can be substi-
tuted by sapwood area, the pipe model ratio (β) given in Eq. 
(1) and the model parameter (β0) in Eq. (2) should have the 
same value.

Equation 2 was parameterized in R using the nlme function 
(R. Development Core Team 2008). Random effects were 
included in the slope to account for plot and tree hierarchical 
levels (Eq. (3)).
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where ijk represents the subscripts for whorl k in tree j of 
plot i, bi and bij are the random effects for the plot and  
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The first step was to determine the effect of position within 

the stem on the model parameter β0 in Eq. (3). Different forms 
of crown depth and relative crown depth were tested, with the 
five best results presented in Eqs. (4a–e). In Eqs. (4a) and 
(4b), one unit was added to the depth measurement to ensure 
a logical response of the model, or else a whorl at the top of 
the stem would add no sapwood area to the stem, irrespective 
of its foliage biomass.
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where β1, β2 and β3 are the fixed effect parameters; dijk is the 
crown depth (in m) of whorl k of stem j in plot i, defined as the 
distance from stem apex; Hc

ij is the crown length (in m) and xijk 
is the relative crown depth of whorl k of stem j in plot i, defined 
as dijk /Hc

ij.
The linearity of the pipe model was tested by placing an 

exponent on the sapwood area increment (Eq. (5)).
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where β0 is defined in Eqs 4a–e; β4 is the exponent fixed effect 
parameter.

Scaling from whorl to crown base

The models presented in the previous section present whorl 
foliage biomass as a function of the stem sapwood increment 
from one whorl to the next. By inverting the model, it is possi-
ble to estimate the change in sapwood area as a function of 
foliage biomass. In this perspective, sensitivity of the best 
model to different foliage biomass distributions was evaluated 
using the methodology proposed by Mäkelä (2002). The foli-
age between two points in the stem is given by multiplying 
beta density distribution by the foliage biomass of the stem 
(Eq. (6)).
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where Wij
f is the total stem foliage biomass; k is the index of the 

whorl of interest; p and q are the beta function parameters.
Model sensitivity to foliage distribution was studied using 

three different sets of p and q parameters: skewed distribution 
to stem apex (p = 1 and q = 2), symmetric distribution (p = 1.5 
and q = 1.5) and skewed distribution to crown base (p = 2 and 
q = 1). The changes in the pipe model ratio were then observed. 
Previously published work was used to predict stem foliage 
from crown length and stem characteristics (Schneider et al. 
2008) (R2 = 0.72):
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Average stem age (40 years), average height to diameter at 
beast height (dbh) ratio (100) and crown length (Hc = 6 m) in 
the database were inserted in Eq. (7). To study the influence of 
foliage distribution on sapwood area, the sapwood taper was 
predicted by keeping crown length constant (Hc = 6 m, mean 
crown length in data) and using different beta functions to 
induce distributions skewed to the top (Eq. (9) with p = 1 and 
q = 2), symmetrical distributions (Eq. (9) with p = 1.5 and 
q = 1.5) and distributions skewed towards the crown base 
(Eq. (5) with p = 2 and q = 1).

Results

The models show that whorl position within the crown signifi-
cantly improves the fit as indicated by the lower Akaike infor-
mation criteria (AIC) of Model 2 when compared with Model 1 
(Table 1). Model 2 predicts foliage biomass from the  sapwood 
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area increment and relative position of the whorl within the 
crown. The insertion of an exponent on the sapwood area 
increment also contributes to improving the fit (Model 3), 
where foliage biomass is predicted using sapwood area incre-
ment, relative position within the crown and crown length. More 
importantly, the exponent is statistically different from 1.

The pipe model ratio shows an interesting trend with respect 
to distance from stem apex (Figure 1). It either increases or 
decreases asymptotically from stem apex to crown base. When 
the predicted pipe model ratio for each model is observed, 

calculated by summing from stem apex the increase in sap-
wood area of each whorl, the non-linear form is the only one 
that is able to capture the observed trends. The original pipe 
model predicts a constant ratio throughout the crown. The 
model, which includes whorl location but is linear with respect 
to foliage biomass, indicates a constant decrease within the 
crown.

No trends within the residuals for the non-linear model can 
be observed (Figure 2). Stand level (stand density, stand basal 
area), tree level (stem foliage biomass, crown length, total 
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Table 1. Fit statistics, parameter estimates and variance–covariance estimates of the best models (all parameter estimates are highly significant, 
i.e., P < 0.0001)

Model Model form AIC β1 β2 β3 β4 σsite σplot σ R2

1 Wf
ijk = β1 ⋅ Δ As

ijk − 3170 0.0314 0.010 0.011 0.135 0.28
2 Wf

ijk = (β1 ⋅ ΔAs
ijk)/(1 + β2 ⋅ xijk) − 3202 0.0396 0.3931 0.012 0.013 0.134 0.29

3 Wf
ijk = (β1 ⋅ ΔAs

ijk,β4)/(1 + β2 ⋅ xijk + β3 ⋅ Hij
c) − 3513 0.0268 − 0.0858 − 0.0909 0.5130 0.006 0.009 0.126 0.37

Figure 1. Observed and predicted pipe model ratios versus distance from stem apex per site. Predicted values are obtained by inverting the 
 models (i.e., sapwood area increments as a function of foliage biomass) and summing the increments.
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height) and whorl level variables (depth in crown, whorl type: 
nodal/internodal) do not show important trends within the 
residuals.

Model sensitivity analysis shows that the pipe model ratio is 
dependent on the foliage biomass distribution, with all the other 
factors kept constant (Figure 3), where the Wf to As ratio is pro-
portional to the amount of foliage biomass that is present at the 
bottom of the crown. In other words, according to the model, 
trees that have the majority of their foliage near the crown base 
will have less sapwood area when compared with trees that 
have their foliage biomass near the top of the tree.

Discussion

At first glance, the pipe model seems to adequately describe 
the changes in foliage biomass for a given sapwood increment 
in jack pine crowns. Upon more detailed inspection, important 
deviations from the pipe model appear. Other factors such as 
whorl position within the crown improve the predictions of the 
pipe model. The trends with respect to whorl position are simi-
lar to those presented by Berninger and Nikinmaa (1994) and 
Mäkelä and Vanninen (2001).

The different models give similar fit statistics because 
 several of the explanatory variables are closely related. 
Figure 1, however, shows that the non-linear model has more 
realistic behaviour: it is able to predict the peak in the foliage 
 biomass-to-stem area ratio in the upper crown. By using 
 different foliage biomass distributions which represent tree 
social status and stand conditions (Schneider et al. 2010), 
it can reproduce observed foliage biomass to sapwood 
area changes in jack pine (Schneider et al. 2008). Moreover, 
such changes are also observed for Scots pine (Berninger 
et al. 2005).

We first thought that differences in leaf-specific transpiration 
rates were responsible for the reduction in foliage biomass to 
sapwood area ratios with distance from stem apex. Crowns are 
subject to large gradients of shading. Foliage at the top of the 
tree will have higher photosynthetic output per leaf area than 
that at crown base and have, therefore, higher requirements in 
terms of water to be transpired. This is particularly true since 
pine canopies are well coupled to the atmosphere. Also, gradi-
ents in water vapour pressure deficit will be small compared 
with gradients in light (Stewart 1988). This does not, however, 
explain that foliage mass per change of stem sapwood area 
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Figure 2. Residuals of the best model.
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increases in the lower parts of the crown, but would lead to the 
opposite prediction.

Moreover, potential changes in specific conductivity of the 
sapwood along the stem might explain the presented results 
(Spicer and Gartner 2001): specific conductivity usually 
increases from pith to bark and reaches a maximum at crown 
base. Hydraulic conductivity of branches is much lower than 
that of the stem, where hydraulic segmentation may lead to 
lower water potentials in the branches of the lower crown (e.g., 
Zimmermann 1978, Joyce and Steiner 1995). Altogether, it 
seems that changes in leaf-specific transpiration rates cannot 
be used solely to explain the observed deviations from the 
pipe model theory.

We hypothesize that our results may be explained by differ-
ences between the turnover rates of sapwood and foliage. The 
non-linear relationship and the lower foliage mass-to-sapwood 
area ratios in the lower crown could indicate that heartwood is 
produced in the larger and older branches. Branch junctions 
are usually less efficient than they should be according to 
hydraulic theories (Schulte and Brooks 2003). Moreover, the 
need to reconnect foliage to older sapwood in the lower crown 
(Maton and Gartner 2005) could increase the branch/stem 
junction inefficiency. Experimentally, sapwood turnover is very 
hard to measure and few theories can explain it. Process-based 
modellers usually predict that sapwood turnover is linked to 
crown progression or foliage shedding (Hari et al. 1985, 
Sievänen et al. 1997). There is also evidence that links  sapwood 

turnover to branch age or to mechanical stress (Stokes and 
Berthier 2000). Simulation methods have been used to verify 
whether sapwood senescence is either foliage controlled or 
age induced (Sievänen et al. 1997). Foliage-controlled senes-
cence fared only slightly better than the age-induced alterna-
tive, when simulation results were compared with field data. 
Nevertheless, the increase in sapwood area by a whorl close to 
the crown base will be higher than for a whorl with the same 
amount of foliage biomass near the tree top, which favours 
hypotheses based on sapwood senescence.

The pipe model theory is based on used and disused pipes 
(Shinozaki et al. 1964a), and is often interpreted by sapwood 
and heartwood area (Whitehead 1978). This interpretation 
leads to differences in observed and simulated sapwood areas 
(Mäkelä 2002). Moreover, modelling approaches need to inte-
grate turnover and/or reuse rates to translate the static pipe 
model theory to a dynamic growth model (Valentine 2001). 
The observed non-linearity might be explained by slower turn-
over rates, i.e., shed foliage does not directly translate into sap-
wood senescence. In other words, there is a substantial lag 
between the point in time when foliage dies and heartwood 
formation. This seems to be especially true when the foliage 
biomass is concentrated at the top of the stem, i.e., when there 
is high foliage shedding towards the crown base.

It is noteworthy to add that there are various definitions of 
sapwood in the literature and that these can have important 
differences (Rust 1999). The definition we used, based on light 
transmission in thin sawn stem discs, is probably relatively 
close to a hydraulic definition of sapwood, but does not pro-
vide information on changes in hydraulic conductivity between 
tree rings.

Some evidence points to inefficient tree design when hydrau-
lic theories are used (Farnsworth and Van Gardingen 1995, 
Taneda and Tateno 2004), while other studies have shown that 
the pipe model theory can be used to adequately predict stem 
taper (Mäkelä 2002). This shows that the tradeoffs between 
hydraulic and mechanical design of trees are modulated by the 
turnover rates of sapwood. Moreover, the results show that the 
linearity of the relationship between sapwood area and foliage 
biomass of the pipe model theory is not necessarily valid. The 
non-linear model predicts that less foliage is needed for 
changes in sapwood area increments. From a biological stand 
point, stem sapwood would rapidly change into heartwood 
when foliage is shed from a branch for whorls which are at the 
base of the crown.

Although the non-linear form is statistically better, the pipe 
model still offers a very good approximation of the sapwood 
area when expressed as a function of foliage biomass. The evi-
dence points to the role of sapwood turnover rates in determin-
ing the sapwood area of a whorl. While differences in hydraulic 
conductivity and transpiration of foliage have received much 
attention (e.g., Mencuccini and Grace 1996), our knowledge 
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Figure 3. Influence of foliage biomass distribution on the pipe model 
ratio at the crown base ratio. Foliage biomass is estimated through a 
beta distribution (shown on the left) and used with the summation to 
crown base of the inverted Model 3.
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of the mechanisms that lead to changes from sapwood to 
 heartwood are not well understood. A pipe model that does not 
allow for the reuse of old sapwood by new foliage presumes 
identical turnover rates of foliage and sapwood. As pointed out 
by Valentine (2001), however, the pipe model does accommo-
date differing turnover rates. To wit, one can think of new foli-
age attaching to the sapwood pipes that elongate through 
terminal buds, so different rates of sapwood and foliage 
 turnover—as indicated by more annual rings of sapwood than 
annual cohorts of foliage—neither negate the pipe model nor 
render it inaccurate.

Our data indicate that turnover rates of foliage and sapwood 
are far from identical and have to be taken into account when 
modelling the tree structure in conifers. The fact that the turn-
over rates are different does not necessarily mean that the pipe 
model theory does not hold exactly, as suggested by Valentine 
(2001). The conductivity profile from pith to bark of the stem 
could probably be used to extend the pipe model theory from 
the theoretical view of used pipes to sapwood areas which can 
be measured, as suggested by Mäkelä (2002).

In this article, we describe the pipe model in terms of incre-
ments of foliage mass and sapwood area throughout the stem. 
This approach was chosen to better understand the allocation 
to and taper of sapwood within the crown. In physiological 
terms, we assume that a change in sapwood area from one 
whorl to the next is related to the foliage mass of that whorl. 
Since most of the wood in the crown is sapwood, the changes 
in sapwood area are mostly caused by the increase in the num-
ber of sapwood rings when going down the crown. Our formu-
lation of the pipe model is distinct from the ‘classical pipe 
model theory’ (Shinozaki et al. 1964a) (which uses a theoreti-
cal used pipe area and total leaf biomass from stem apex) and 
from the approach of Kershaw and Maguire (2000) (which 
uses sapwood area and foliage area increments). These differ-
ent approaches to modify the pipe model are discussed in 
Valentine (2001) and Kershaw and McGuire (2001). As can be 
seen, there is no consensus on how to modify the pipe model 
theory for within-tree variations or to link the pipe model. 
However, two recent publications support our model based on 
changes in foliage biomass as a function of sapwood area. 
Fiora and Cescatti (2008) show that tree pruning reduces sap-
flow in the inner part of the stem, suggesting that the sapflow 
of lower canopy branches occurs preferentially in the inner 
sapwood. Domec et al. (2006) demonstrate that low sapwood 
conductivity in the radial direction creates high pressure gradi-
ents in the sapwood of trees. Finally, according to Maton and 
Gartner (2005), new foliage can reconnect itself to older sap-
wood. Altogether, these publications indicate that our approach 
might be physiologically justified. Nevertheless, further work 
would be needed to determine the exact reasons for the differ-
ences between the active pipes of the pipe model theory and 
observed sapwood area in the stem.
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