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Summary

� The green leaves of plants are optimised for carbon fixation and the production of sugars,

which are used as central units of carbon and energy throughout the plant. However, there

are physical limits to this optimisation that remain insufficiently understood.
� Here, quantitative anatomical analysis combined with mathematical modelling and sugar

transport rate measurements were used to determine how effectively sugars are exported

from the needle-shaped leaves of conifers in relation to leaf length.
� Mathematical modelling indicated that phloem anatomy constrains sugar export in long

needles. However, we identified two mechanisms by which this constraint is overcome, even

in needles longer than 20 cm: (1) the grouping of transport conduits, and (2) a shift in the

diurnal rhythm of sugar metabolism and export in needle tips.
� The efficiency of sugar transport in the phloem can have a significant influence on leaf func-

tion. The constraints on sugar export described here for conifer needles are likely to also be

relevant in other groups of plants, such as grasses and angiosperm trees.

Introduction

Leaf architecture strongly impacts the performance of vascular
plants (Dı́az et al., 2016; Kunstler et al., 2016). This comes as no
surprise given that leaves are the primary tissues for the photosyn-
thetic production of sugars that drives plant growth and develop-
ment. The structure of leaf venation has been attributed a
defining role for the relationship between chemical and structural
traits, environmental conditions and leaf physiology, because vein
length per leaf area has been found to correlate with photosyn-
thetic rate and other key traits across species from all climates
(Sack et al., 2013; Blonder et al., 2014). A causal relationship
between vein density and photosynthetic capacity has been indi-
cated by the study of vein architecture in mutants of Arabidopsis
thaliana (L.) Heynh. and Pisum sativum L. (Blonder et al., 2015;
McAdam et al., 2017). What might be the physical basis for vein
traits constraining leaf productivity? Leaf veins contain the vascu-
lar tissues of xylem for water transport and phloem for sugar
transport. The importance of phloem structure was illustrated in
a recent paper reviewing studies of vein anatomy in relation to
leaf structure and function across species and ecotypes, which
concluded that foliar sugar transport capacity defines how a cer-
tain leaf type can respond to changes in environmental conditions

(Demmig-Adams et al., 2018). Moreover, in conifers, physical
limits to sugar transport capacity were proposed to limit leaf area
(Rademaker et al., 2017). This far-reaching conclusion was based
on theoretical modelling, but it is not reflected in ecological data
(Han et al., 2019). However, it does illustrate the suitability of
conifer needles as a model system, which we use here to investi-
gate the physical basis of sugar transport-related constraints on
leaf function and how these can be overcome. By contrast with
the hierarchical vein networks of angiosperm broad leaves, the
single-veined needles of conifers (Fig. 1) allow for quantitative
assessments of leaf anatomy and sugar movement (Ronellenfitsch
et al., 2015; Carvalho et al., 2018).

In Fig. 1 we present a cross-section of a long (18 cm) needle
from Pinus pinea L., showing the vital parts of the anatomical
organisation. The central vascular bundle consists of two strands
of xylem and phloem cells – tracheids in the xylem (green) and
sieve elements (SEs; we use the universal term SE instead of the
gymnosperm-specific term sieve cell because our results are rele-
vant beyond that group of plants) in the phloem (yellow) – sur-
rounded by transfusion tracheids and transfusion parenchyma
ending in a protective ring of cells, the bundle sheath. Outside
the bundle sheath is the mesophyll where photosynthesis takes
place, and the sugars produced there are transported through the
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bundle sheath and by the transfusion parenchyma into the SE.
From there transport is, according to the Münch hypothesis,
driven towards the base of the needle by the pressure difference
along the SE, created by osmosis through their semipermeable
membranes.

By contrast with the branches and stem, the cross-sectional
area of SEs in the phloem of conifer needles is small and SE
diameters show almost no variation within a leaf (Ronellenfitsch
et al., 2015). Similarly, the sugar concentrations and the translo-
cation speeds do not show large within-leaf variations (Han et al.,
2019).

A mathematical model to test whether a certain phloem archi-
tecture can enable sugar transport in a conifer needle, was intro-
duced by Rademaker et al. (2017), who calculated the sugar
transport out of a single porous tube (or a collection of tubes)
filled uniformly with sugar, and driven by osmotic water uptake
through porous membranes. From this model they concluded
that a characteristic length scale, called the effective length, con-
trols the flow. This effective length:

l eff ¼ 1

4

r3=2

ðηLpÞ1=2
Eqn 1

depends on the material parameters: liquid viscosity η, mem-
brane permeability Lp and, in particular, tube radius r, but not
on the tube length (see Table 1 for the description of variables
used in this study). Despite its dependence on the tube radius (of
the order of a few microns), leff is a centimetric length, and it is
used to categorise needles as ‘long’ or ‘short’. A needle of length
lN is short if lN< l eff . In that case, all the sugar in the needle is
exported out of the base efficiently. By contrast, a long needle
with lN≫l eff , while exporting the same amount or more sugar
compared with the short one, only does this by exporting sugar
from a region of size leff above the base of the needle, while the
sugar near the tip is stagnant and is not exported. This is because
the osmosis that is responsible for the sugar translocation will
only be efficient near the base, where the pressure is significantly
lower compared with the osmotic pressure. For a long needle the

pressure near the tip builds up to a value close the osmotic pres-
sure, which slows down water intake and translocation there.
Therefore, the sugar near the tip is basically ‘blocked’ by all the
sugar downstream of it (see Results subsection ‘Theoretical model

(a) (b)

Fig. 1 Cross-section of a Pinus pinea L. needle (18 cm length). (a) Overview image. Sugars are produced in the mesophyll. According to our current
understanding, the sugars destined for export move from there across the bundle sheath through transfusion parenchyma cells into the phloem. Axial
transport happens by pressure-driven bulk flow in the sieve elements (SE). Water is drawn through the xylem and transfusion tracheids towards the
stomata. (b) Magnified view of the left vascular bundle consisting of xylem and phloem cells separated by the cambium, where cells for both tissues
originate. The phloem is organised in tiers of Strasburger cells (Str) and SEs that are referred to as rows, starting with one row at the tip and adding more
rows sequentially on the outside flanks of the phloem along the needle towards the base. Strasburger cells can be identified because they are larger and
rounder than SEs. We hypothesise that only the outermost rows of SEs are loaded with sugar at a given location. Bars: 100 μm (a); 10 μm (b).

Table 1 Variables used in this study.

Symbol Description SI-unit

r Radius of the tube m
η Dynamic viscosity of the fluid Pa s
Lp Membrane permeability m (Pa-s)−1

R Gas constant m3Pa ðKmolÞ�1

T Absolute temperature K
lN Total length of the tube m
leff Effective length scale m
m Length of the tube divided by the effective

length scale
Dimensionless

lL Length of the loading zone m
c0 Sugar concentration in the loading zone molm�3

c(x) Sugar concentration in the tube molm�3

CðξÞ Sugar concentration in the tube scaled by c0 Dimensionless
x Distance from the tip m
ξ Distance from the tip scaled by lN Dimensionless
p(x) Pressure in the tube Pa
pb Pressure at the base of the tube Pa
PðξÞ Pressure in the tube scaled by RTc0 Dimensionless
P1 Scaled pressure at the base Dimensionless
g Length of the loading zone divided by the

effective length scale
Dimensionless

s(x) Sugar transport mol s−1

sRðxÞ Sugar transport in the Rademaker model mol s−1

sR1 Sugar transport at the base in the Rademaker
model

mol s−1

SðξÞ Sugar transport scaled by SR1 Dimensionless
S1 Scaled sugar transport at the base Dimensionless
υðxÞ Sugar loading mol (m s)−1

υe Sugar loading outside the loading zone mol (m s)−1

ϒ ξð Þ Sugar loading scaled by the average sugar
loading in the Rademaker model

Dimensionless

ϒe Scaled sugar loading outside the loading zone Dimensionless
qðxÞ Water flux m3 s−1

qRðxÞ Water flux in the Rademaker model m3 s−1
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of sugar transport in a tip-loaded phloem conduit’ and
Appendix A1 for more details).

How can species with long needles prevent or compensate for
the occurrence of stagnating phloem flow? One hypothesis that
we developed considers the layered structure of xylem and
phloem, seen clearly in Fig. 1(b). Anatomical studies of Pinus
sylvestris L. indicated that groups of SEs might be separated from
each other by rows of Strasburger cells (Fig. 1b; Münch, 1930;
Huber, 1947), which function similarly to angiosperm compan-
ion cells. The SEs in conifer needles are only accessible for sugars
from the flanks because of the arrangement of fibre cells above
and below the vascular cells (Liesche et al., 2011). As, further-
more, additional groups of SEs are added to the outside with
increasing distance from the tip (Münch, 1930), we hypothesised
that each group of SEs is only loaded at its tip instead of along
the whole needle. Therefore, the sugar exported at the base
within this group would come all the way from the group’s load-
ing zone, preventing the formation of a stagnant zone.

An alternative mechanism for eliminating stagnant zones
would be to adapt the dynamics of carbon metabolism. If photo-
synthetically produced sugars are loaded into the phloem in the
basal part of a needle directly, that is during the day, then the
sugars produced in the tip region could be stored first and loaded
during the night. We tested these two hypotheses using detailed

quantitative anatomical data, theoretical modelling and measure-
ments of sugar concentrations and transport rates. The data are
also used to evaluate the variation of physical constraints on
phloem transport across conifer species.

Materials and Methods

Anatomical studies

Needles of mature conifers were collected during their growth
season, mostly in May and June. Samples of P. pinea, A.
nordmanniana, P. cembra and P. omerika were collected in Den-
mark (Copenhagen area), P. palustris needles in the USA
(Florida, Tallahassee area) and needles of Podocarpus macrophylla,
Cedrus deodara, Cephalotaxus sinensis, Pinus mugo and Pinus
massoniana in China (Shaanxi, Yangling area). For Fig. 1, needles
were fixed, dehydrated and embedded in Spurr’s resin according
to a standard phloem fixation protocol (Hunziker & Schulz,
2019). Semithin sections of 1–2 µm thickness were cut with an
ultramicrotome, stained with coriphosphine O (Sigma-Aldrich)
and observed under a Nikon Eclipse 80i Widefield microscope.
For Fig. 2, needles were embedded in low-melting point agarose
(Sigma-Aldrich) and sectioned with a vibrating blade microtome
(Leica Microsystems, Wetzlar, Germany) to ensure uniform

Fig. 2 Phloem organisation in conifer needles of various lengths. Images show needle cross-sections at the distance of 0.5 cm from the base. Blue outlines
indicate groups of sieve elements (SEs), orange lines indicate the centre of needle. Bars, 100 μm. Diagrams show the number of rows of SEs in relation to
distance from the needle base. Empty rows signify one or two rows of Strasburger cells that are the border between SE groups. As a typical SE has a length
of c. 0.5 mm, each bar signifies a chain of SEs that are axially connected by numerous so-called sieve areas. Error bars indicate standard deviation. n ≥ 5.
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section thickness of 100 μm. Typically, between 15 and 30 sec-
tions per needle were produced. Sections were imaged using a
confocal laser scanning microscope (SP5X; Leica Microsystems
or the Thorlabs confocal system). In this way, three to six needles
of average length from each species were analysed. The cross-sec-
tional area of SEs was quantified using the image analysis soft-
ware VOLOCITY (v.5.3; PerkinElmer, Waltham, MA, USA) or
IMAGEJ (Schindelin et al., 2012). Strongly deformed SEs at the
abaxial side of the phloem bundle, which had been previously
shown to be nonfunctional (Ronellenfitsch et al., 2015), were
excluded from the analysis.

Quantification of starch and sugar content

For the analysis of starch and sugar levels, needles were sectioned
into tip, middle and base parts, each having about one-third of
the length of the whole needle. Fresh material of each part weigh-
ing 200 mg was ground into powder in a tissue grinder after
freezing in liquid nitrogen. This was followed by dissolving in
80% ethanol and incubation at 80°C in a water bath for 30 min.
After centrifugation at 10 000 g for 10 min, the supernatant was
used for soluble sugar measurements, while the insoluble residue
was used for the quantification of starch.

To quantify starch levels, the residue was suspended in 5 ml
water and autoclaved for 140 min at 121°C to make the starch
accessible for enzyme breakdown (Stitt et al., 1978). After cooling,
6 ml of water were added and 2-ml aliquots were then incubated
at 37°C for 2 h with 2 ml 0.2 M sodium acetate buffer (pH 4.8)
containing 0.4 mg amyloglucosidase (Solarbio, Beijing, China)
and 0.4 μg (0.4 unit) pig pancreas α-amylase (Solarbio). After this
breakdown of starch into glucose molecules, samples were cen-
trifuged (3500 g for 10 min) and the glucose in the supernatant
was assayed as described by Lloyd & Whelan (1969) with slight
modifications. Standard solutions were produced with 0, 10, 25,
35, 50, 60 or 75 μg ml−1 glucose. To a 1 ml test solution, 2 ml
glucose oxidase reagent were added. After mixing, the solution was
incubated at 37°C for 45 min. Then, 4 ml 5 N HCl was added
and the tube briefly vortexed. The optical density was measured
spectrophotometrically at 525 nm. From the measurements on
standard solutions, a standard curve was drawn that was used to
calculate starch concentrations as mg glucose eq. g−1 fresh weight.

For sugar measurement, the supernatant was taken off after the
initial centrifugation at 10 000 g (10 min) and the ethanol evap-
orated by incubation at 90°C in a water bath. After addition of
500 μl water, the sugar solution was filtered using a 0.22-µm
microaperture filter membrane. Sugar content was quantified
using a high performance liquid chromatography-evaporative
light scattering detector (HPLC-ELSD) on a Waters HPLC
(Breeze 2; Waters Corp., Milford, MA, USA) with a Waters
XBridge Amide column (4.6 × 250 mm, 3.5 μm). Acetonitrile
and water served as the mobile phase with a volume ratio of 78 :
22. Chromatography conditions and ELSD parameters: column
temperature, 40°C; sampling injection volume, 10 μl; gain, 5;
temperature in drift tube, 75°C; and gas pressure, 40 psi. A stan-
dard curve was generated using sucrose, glucose and fructose dis-
solved in water at six concentrations ranging from 0 to

33 mg ml−1. The curve was used for sugar quantification in the
samples as implemented in the BREEZE 2 software (Waters
Corp.).

Measurement of sugar export

Live 3-yr-old plants of P. palustris were used for the quantifica-
tion of sugar export from the needle tip. Plants were maintained
in a glasshouse under ambient day length (11–14 h day length
during the experimental period) in 8-l pots. For measurements,
plants were relocated to a radioisotope certified fume hood with
an LED growth light with needle-level intensity of c.
1000 µmol m−2 s−1 photosynthetic photon flux density. Plants
were transferred to the measurement location 1 d before mea-
surements to avoid effects of movement on sugar transport. Mea-
surements were taken as described in Vincent et al.
(2019). Briefly, detectors were placed at the tip and middle sec-
tions along the needle (see Fig. 8), a separate leaf chamber of
transparent Plexiglass was used to label the target portion, which
was closed inside the chamber during labelling. For labelling, 100
µCi 14C-labelled sodium bicarbonate was injected through a sep-
tum into a receptacle inside the chamber. Subsequently 500 µl
1 M citric acid was injected to release 14CO2. The plant was
allowed to photosynthesise the labelled CO2 for 1 h, after which
the leaf chamber was vented to the atmosphere. Detectors were
5.4 cm in diameter NaI X-ray detectors (St Gobain, Malvern,
PA, USA), connected to a multiple-detector single channel analy-
ser (Ludlum Measurements, Sweetwater, TX, USA), with counts
recorded each minute.

Export rate was determined using the output from a detector
beneath the labelled portion (Fig. 8a). Hourly export rate was cal-
culated as follows. First, standardised signal (S) was calculated as
the sum of total counts for each hour, after subtracting the prela-
belling baseline (i.e. background signal), then dividing by the max-
imum count (S = (counts – baseline)/(maximum counts –
baseline). The maximum count occurred immediately after
labelling. The result is the signal detected in each hour propor-
tional to the total signal incorporated by the labelled segment. The
relative hourly rate was then calculated using the formula ST1 –
ST2/ST1, so that each hour the total was standardised by the signal
in the leaf at the beginning of the hour. Therefore, the export rate
represents the proportion of the total signal present at hour 1 that
was exported by hour 2. Experiments were started between 10:00
h and 12:00 h and measurements were taken for 4 to 5 h to min-
imise the impact of diurnal rhythm on the measurements. Trans-
port of labelled photosynthates through the middle portion of
needles was observed by placing a detector beneath the middle sec-
tion while labelling the tip section, as described above (Fig. 8b).
Experiments were started c. 14:00 h and data collected for 48 h.

Results

Grouping of SEs

We investigated the grouping of SEs in needles for a range of
species in relation to needle length. In all cases, new SEs were
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found to occur on the outer flank of the phloem, moving from
tip to base along the length of the needle. Only the needles of
Picea omorika (Pančić) Purk., which had an average length below
2 cm, did not show an organisation of SEs into groups separated
by one or two rows of Strasburger cells (Fig. 2; Supporting Infor-
mation Fig. S1). Furthermore, all SEs in one row (as seen on
cross-section; Fig. 2) began at the same position and two or three
rows of SEs began within c. 0.5 cm, completing the group. The
number of SE groups was found to be higher the longer the
needles (Fig. 2). In the needles of P. massoniana and P. palustris
that, respectively, averaged 20.5 cm and 31.3 cm in length, 6–8
groups were found in each of the two vascular strands. Regarding
the putative loading zone, the contact length of each group of
SEs with the prephloem pathway was mostly c. 2 cm (Abies
nordmanniana (Steven) Spach average 1.4 cm, Cedrus deodara
1.6 cm, Cephalotaxus sinensis (Rehder & E.H.Wilson) H.L.Li 1.6
cm, Pinus cembra L. 2.3 cm, Podocarpus macrophylla (Thunb.)
Sweet 1.8 cm (Figs 2, S1)), but reached c. 4 cm in P. massoniana
and P. palustris (Fig. 2). Based on this anatomical evidence, it is
natural to hypothesise that these two centimetric length scales –
the distance between the SE groups and the effective length leff –
are related. This relationship is explored in the next section.

Theoretical model of sugar transport in a tip-loaded phloem
conduit

In the theoretical model for sugar translocation in conifer
needles developed by Rademaker et al. (2017), the phloem was
modelled as a collection of tubes with constant radii filled with
sugar at a constant concentration, where the sugar translocation
is driven by water coming from the xylem apoplast outside the
phloem. This scenario is a oversimplification, because each tube
represents a string of short (millimetre) SEs connected by porous
sieve areas in their end walls. It has, however, been shown that
the effect of the sieve areas, as long as flows averaged over the
cross-section of the tube are considered, can be modelled by an
increased effective viscosity (Jensen et al., 2012), which we take
to be 4 × 10−3 Pa-s (Rademaker et al., 2017; Han et al., 2019).
In the following section, one such string of SEs is denoted a
phloem conduit. As explained in Appendix A1, the effective
transport through a needle with such a phloem conduit depends
strongly on its length lN compared with the length leff defined
above in Eqn 1. It is predicted that, for needles longer than leff,
the sugar export occurs primarily in a region of size leff near the
base, whereas the tip region becomes stagnant and cannot export
sugar. The reason for this is that the lower pressure near the base
makes it much easier to draw in water, thereby cutting off the
tip region, where the pressure approaches the osmotic pressure
and water can hardly be drawn in. In our anatomical data, we
found the needles of the longleaf pine (P. palustris), with a mean
length lN = 31 cm, to be about three times longer than
leff ≈ 10 cm. In the Rademaker model, the sugar loading at a
given position x in the conduit (running from x = 0 at the tip
to x = lN at the base) is proportional to coshðx=l eff Þ (see
Appendix A1) and therefore the ratio between loading at the tip
and at the base is c. 1=coshðlN=l eff Þ≈ 1=cosh3≈ 0:1, so that

the sugar export originating from a region near the tip is only
10% of the value of a similar region near the base. This
extremely limited capacity is not likely to justify the resource
investment in the additional needle length, because the addi-
tional photosynthetic capacity could not be used due to feedback
inhibition of photosynthesis resulting from accumulated un-ex-
ported sugars (Stettler et al., 2009).

To include the grouping of phloem conduits discussed above
in the model, we assumed, as shown in Fig. 3, that sugar is only
loaded into each conduit (or groups of conduits) near the tip of
that group, until the next group appears. Therefore, each conduit
would only receive sugar in a loading zone of length lL from its
tip; and with no sugar loaded further downstream, the only sugar
to drive the flow is the sugar that enters through the loading zone
near the tip, which then also is the sugar that is exported. The
question is then how much flow would be generated, considering
for now only the situation in which no sugar is exchanged
between groups.

The simplest way to model this situation is to assume a con-
stant sugar concentration, only in the first part of the conduit,
and a constant sugar flux, the product of concentration and
flow speed, in the rest of the conduit where no more sugar is
coming in. This contrasts the Rademaker model, which
assumes constant concentration through the entire conduit.
Our assumption is consistent with experimental data showing
that sugar concentration slowly decreases from tip to base (Han
et al., 2019). The boundary conditions are specified by requir-
ing the sugar flux (or flow velocity) to vanish at the tip and
the pressure at the base to be some given value pb. As long as
we avoid too large a loading zone, that is as long as l L ≤ l eff ,
there will be essentially no stagnation, and the sugar produced
around this loading zone will be exported from the base of the
conduit.

In this model, we do not include the loading from the meso-
phyll explicitly, but simply assume that the loading mechanism is
able to keep a part of the conduit of length lL near its tip filled
with sugar at a uniform concentration c0. An example of sugar
export from a long needle using this model is shown in Fig. 4,
where we plot S, the sugar flux scaled by the value sR1 given by
the Rademaker model with the same parameters (conduit length
etc.) filled entirely with sugar at the same concentration (Eqn A6
in Appendix A1). The most important parameter is m¼ lN=l eff
and, taking as an example P. palustris with lN = 31 cm and
leff ≈10 cm, we have m ≈ 3. In Fig. 4(a), we show the variation
from tip to base of the sugar flux SðξÞ, where ξ¼ x=lN is the
scaled distance from the tip. The different curves correspond to
different values of g ¼ l L=l eff , the relative size of the loading
zone, and one can see that no sugar is loaded into the conduit
from x ¼ l L and on.

In Fig. 4(b) we show the sugar output S 1 ¼ Sðξ¼ 1Þ: the
sugar exported from the needle through the base as function of g
for various needle lengths (m ranging from 1 to 5). The sugar
export increases with g: the more sugar we put in, the more we
get out. Conversely, l L> l eff (i.e. g > 1) will lead to stagnation
and therefore the maximal output for a well functioning needle
would be expected to occur for l L≈l eff . This means that a
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maximal sugar export of c. 25% of sR1 would be predicted when
m = 3.

This maximal sugar flux can be computed quite accurately for
long conduits. For m¼ lN=l eff ≫ 1, one can show (Appendix
A1) that the model gives:

S 1 ¼ 1þP1

2m
Eqn 2

For m = 3 and P1 = 0.6 this gives S1 = 0.26, very close to the
result quoted above, and it decreases to S1 = 0.16 for a very long
needle with m = 5 (Fig. 4b), which also fits well with the above
formula. By contrast, the sugar flux for a ‘normal’ needle with
lN ¼ l eff (or m = 1) is shown in Fig. 4(b). It reaches S1 = 1 for

l L ¼ l eff , because it then becomes identical to the Rademaker
case.

It is important to note that the sugar export in Fig. 4(b) for
different values of m cannot be used directly to compare different
species, because we have scaled it with the sugar export sR1 of the
Rademaker model at the same parameters (Eqn A6 in Appendix
A1), which depends on m but also on the SE radius r both
directly and indirectly through leff. This strong r-dependence
(SR1~r

5/2) can compensate for the low value of S1. If we, for
instance, compare P. palustris with m = 3 to P. omorika with
m = 1, we get from Fig. S2(c) that the ratio of SE radii is c. 2.
This enhances the sugar export value for P. palustris with a factor
25=2≈5:7, which might compensate for the low value of S1≈0:26
(see Fig. 4a (red curve) and Eqn 2). The values given by Eqn 2,

Fig. 3 Schematic drawing of the theoretical model describing sugar transport in a conifer needle with sugar loading only into the outermost phloem sieve
element (SE) conduit and only within a certain loading zone, going from its tip to the start of the next group. Each of the conduits (blue) are actually strings
of SE separated by porous cell walls, which are only taken into account as an added viscosity. The lowest conduit is the central one running along the entire
needle from tip to base, and new conduits are added on the outer side (upwards on the diagram) of the phloem strand further downstream. The sugar is
loaded into the conduit and is translocated by osmotic uptake of water along the whole length of the conduit through its semipermeable membrane. Sugar
transport is governed by the sugar concentration and the pressure inside the conduit. The yellow arrows indicate the lateral sugar exchange between the
tubes. leff, effective length scale; lL, length of the loading zone; P0, scaled pressure in the loading zone; P1, scaled pressure at the base; c, sugar
concentration; c0, sugar concentration in the loading zone.

(a) (b)

Fig. 4 Sugar flux in and sugar export from a long conifer needle containing one cylindrical phloem conduit of length lN filled with sugar of uniform
concentration c0 in a loading zone of length lL from the tip, scaled by the sugar output for a conduit of same length and radius filled completely with sugar
of the same concentration c0. The velocity in the conduit is assumed to go to zero at the tip, and the pressure at the base is specified (i.e.
pðlNÞ¼pb ¼P1RTc0 with P1 ¼ 0:6). (a) Sugar flux SðξÞ, where ξ¼ x=lN for a needle withm¼ lN=leff≈3, corresponding approximately to P. palustris. The
various curves correspond to different relative loading lengths g¼ lL=leff: g¼0:1 (blue), g¼ 0:2 (yellow), g¼0:5 (green), g¼ 1 (red). The black line at the
bottom marks the length leff=lN ¼m�1 ¼ 1=3. (b) Sugar export S1 ¼ Sðξ¼1Þ form¼ 1(blue circles),m¼3(red circles), andm¼ 5 (yellow circles).
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although considerably less than 1 are large enough to make it
credible that, based on our model, all of these needles would be
able to export sufficient amounts of sugar.

In Fig. 5, we give further details of the sugar export and con-
centrations along the needle. In Fig. 5(a) we show the sugar load-
ing, that is the derivative of the sugar flux shown in Fig. 4(a).
The sugar loading is scaled by the average sugar loading in the
Rademaker model with the same parameters such that
ϒðξÞ¼ S 0ðξÞ¼ s 0ðxÞ

sR1=L
. This shows that a loading length lL smaller

than leff might actually be advantageous. When lL = leff there is
some stagnation in the sense that the sugar loading strength right
at the tip is only c. 70% of its value at the edge of the loading
zone, ξ¼ 1=m. As one can see in Fig. 5(a), the sugar loading near
the tip increases when lL is diminished. This might be the reason
why the distance between the SE groups, which is typically c. 2
cm, is consistently less than leff. Choosing for example g = 0.5 in
the m = 3 case shown in Fig. 5(a) (green curve) we see that the
sugar loading is above the average Rademaker value (i.e.
ϒðξÞ>1) in the entire loading zone. Therefore, with enough SE
groups present, the needle would function efficiently.

Another feature which can be seen from Fig. 5(b) is that the
concentration in the loading zone is higher compared with the
rest of the needle. Outside the loading zone the concentration
drops to somewhere c. 70% of the value near the tip (depending
on the value of g). This is consistent with the values given by Han
et al. (2019) (see Fig. 3 therein).

Sugar exchange between groups of SEs

The theoretical arguments given above were based on a model,
where each of the SE groups are functionally separated from the
others, such that no sugar is exchanged between the different
groups. However, this appears unlikely in the light of the plas-
modesmata-mediated cell coupling between SEs and Strasburger
cells observed in P. sylvestris (Liesche & Schulz, 2012). Further-
more, tests with a fluorescent tracer showed that molecules with
the size of sucrose can, to a certain extent, pass between SE
groups in needles of P. massoniana and P. tabulaeformis (Fig. S3).
Accordingly, we have modified the theoretical model to include
some amount of uptake from the other groups by adding a con-
stant ‘external loading’ ϒe outside the loading zone (note that

efflux out of a given phloem conduit will only enhance the load-
ing capacity at its tip). The effect of external loading is shown in
Fig. 6 for the case corresponding to P. palustris needles (m = 3)
and we see, as expected, that the loading capacity in the tip region
diminishes.

In Fig. 6(a), we see that the effect of sugar uptake outside the
loading region is larger for smaller values of g. For example, with
ϒe ¼ 0:4, the decrease in sugar loading in the loading region goes
from c. 30% for g = 1 to c. 60% for g = 0.1, which shows that
the advantage of higher tip-loading for small g is offset by a
higher vulnerability to downstream sugar influx. For g = 0.5,
close to the value we have estimated from our data for P.
palustris, the decrease is c. 40%. For the latter case, Fig. 6(b,c)
shows the sugar loading and the sugar concentration profile with
ϒe≈0:5, giving nearly the same internal and external loading (or-
ange curves) compared with strong differences with ϒe ¼ 0 (blue
curves). It is notable that even with such strong competition from
external loading, the innermost group in P. palustris is still able to
export c. 40% of the value without external loading. Further-
more, if we look at the total amount of sugar loaded in the load-
ing zone and compare with the amount loaded in the Rademaker
model over the same distance, we find 1.6 times as much, even in
this extreme case where the internal and external loading are
almost the same. We note that, in the modelling of sugar uptake
from other SE groups, we have not taken into account the water
flow between the groups. It is assumed to be a small effect due to
efficient pressure equilibration through the plasmodesmata con-
necting them, making the sugar transport predominantly diffu-
sive, but this might be a point for further investigation.

Diurnal carbon dynamics in long needles

Despite the positive effect of SE grouping, the scaled sugar out-
put of the very long needles of P. palustris would still be signifi-
cantly reduced, especially in the SE group originating near the
tip. As shown above, these differences in export capacity are
probably increased by the lateral influx of sugar outside the load-
ing zone. Principally, the lower phloem loading efficiency could
be offset by some anatomical factors, such as larger number of SE
in the tip region, shorter distance between mesophyll and SEs or
a higher sugar production through increased mesophyll-to-SE

(a) (b)

Fig. 5 Sugar loading and concentration along a phloem conduit for a needle withm¼ lN=leff ¼3, corresponding to the needle of Pinus palustris. The
various curves correspond to different relative loading lengths g¼ lL=leff: g¼0:1 (blue), g¼ 0:2 (yellow), g¼0:5 (green), g¼ 1 (red). The black line at the
bottom with length leff=lN ¼m�1 ¼1=3 marks the loading length for g¼1. (a) Sugar loading along the phloem conduit. (b) Sugar concentration along the
conduit.
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ratio, but, as shown in the data in Fig. S2, this does not seem to
be the case. In P. palustris, SE radius does increase from tip to
base by c. 15% (Fig. S2c), but this does not have a significant
effect on sugar export, as tested by replacing the constant radius
in Eqns A1 and A2 (Appendix A1) with a linearly increasing r(x)
with the same mean value. Measurements of mesophyll area and
sugar levels indicate that sugar is produced at a similar rate in the
tip of long needles as it is in the basal part (Fig. S2a; Fig. 3 in
Han et al. (2019)) and that, considering the symplastic coupling
of mesophyll and phloem in conifer needles (Liesche et al.,
2011), the average amount of sugars loaded into the phloem
must be similar in the tip and the base. One possibility to achieve
this despite the influence of stagnating flow in certain SE groups
would be that the contribution of tip and base regions to sugar
export from the needle alternates over time. Lower sugar loading
into the phloem at the basal part of the needle at certain times
would reduce water uptake, thereby preventing the formation of
stagnant zones and allowing efficient sugar transport from the tip.
We hypothesised that, during the day, sugars are exported pri-
marily from the basal part of the needle, while in the distal part
the photosynthetically produced sugars are stored as starch. At
night, the starch from the distal part could be degraded and effi-
ciently exported with a low starch turnover rate at the base allow-
ing for a strong tip to base gradient.

Short needles, represented here by the 3–5 cm needles of Pinus
mugo managed their starch (carbon storage) as any broad-leaved
plant (Fig. 7a), accumulating starch during the day and degrad-
ing it at night. The same pattern was found in all parts of the
needle, all containing similar amounts of starch (Fig. 7a). As a
consequence, sucrose levels were relatively stable over a 24-h
period and also similar in all parts of the needle (Fig. 7b). By
contrast, in the long needles of P. massoniana, starch accumulated
to much higher levels during the day in the tip compared with
the base (Fig. 7c). Furthermore, the starch peak was shifted
towards sunset (base: noon, middle: afternoon, tip: evening, Fig.
7c). Sucrose levels in P. massoniana needles varied significantly in
all parts of the needle and showed peaks that were shifted simi-
larly to the starch peaks (Fig. 7d). The sucrose peak of the tip sec-
tion was after the onset of night.

Higher starch levels in the needle tip than at the needle base
toward the end of the day were also measured in 23-cm needles
of P. palustris (m = 1.6), but not the short needles of Pinus clausa
(Chapm. ex Engelm.) Sarg. (m ≈ 1) (Fig. S4). Exploration of
diurnal sucrose dynamics in additional species showed no signifi-
cant differences between the needle parts for the short needles of
C. deodara (m ≈ 1). In the 13 cm needles of P. tabulaeformis
(m = 1), sucrose peaked in the tip around dusk, as for P.
massoniana. However, differences among sections were less
prominent (Fig. S4).

The diurnal pattern of carbon dynamics described for long
needles above should be manifested in a corresponding diurnal
pattern of phloem loading. To measure the export of sugars from
the tip of long needles, we pulse labelled the tip of c. 25 cm long
P. palustris needles with 14CO2 and traced the labelled sugars
noninvasively with X-ray detectors positioned close to the needle.
Sugar export rate in the needle tip increased strongly in the dark
or when the lower 10 cm of the needle were shaded (Fig. 8a).
We excluded this, being due to short-term effects of unusual light
pattern or signal artefacts in the labelled portion of the tip by
long-term measurement of the 14C-signal of sugars in the middle
section of P. palustris grown under a 12 h : 12 h, day : night
regime. The observed signal increase during the night indicates a
larger inflow of labelled sugars from the tip region and lower out-
flow to the base region (Fig. 8b). The opposite pattern was
observed during the day, suggesting that export from the tip is
reduced, while it increased from the middle section (Fig. 8b).
These results are consistent with the change in sugar export from
the tip described above. Based on these results, it was concluded
that, in long needles, there are significant differences in carbon
management and sugar export between different parts of the
needle that are compatible with the hypothesis of constrained
sugar export efficiency in the needle tip during the day.

Discussion

By a combination of experiments and theory, we have argued that
the phloem anatomy of long conifer needles (longer than leff
defined according to Eqn 1) does indeed exert a negative

(a) (b) (c)

Fig. 6 Influence on a central phloem conduit, representing one SE group transporting sugar from the tip region, of sugar influx from adjacent SE groups
originating and carrying sugar from positions closer to the base (external loading), withm≈3 corresponding to Pinus palustris. (a) Loading when constant
external loading is ϒe ¼0:4 (full lines) together with the case of ϒe ¼0 0 (dashed lines) taken from Fig. 5(a). The different curves correspond to different
g¼ lL=leff as in Fig. 5(a). It is seen that the loading inside the loading zone (internal loading) is decreased significantly for the small values of g, but much
less significantly for g closer to 1. (b, c) Sugar loading (b) and concentration (c) along the central phloem conduit for g≈0:5, corresponding to P. palustris,
with no external loading (blue curves) and roughly equal strengths of internal and external loading (orange curves).
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influence on the sugar loading efficiency. However, long-needled
species have evolved features that counter this effect. One feature
is the grouping of SE in the phloem, such that only the outermost
group is loaded with sugar at each axial location. Although we

show that this can remove the stagnant behaviour of the sugar
flow near the tip, such SE grouping is apparently not enough to
secure sufficient sugar export in very long needles due to sugar
influx into tip-loaded SE groups in the middle and basal sections.

(a) (b)

(c) (d)

Fig. 7 Diurnal dynamics of starch and sucrose in different parts of needles of different lengths. (a, b) Starch (a) and sucrose (b) levels in needles of Pinus
mugo (average needle length 4.5 cm). (c, d) Starch (c) and sucrose (d) levels in needles of Pinus massoniana (average needle length 20.5 cm). The night
period is indicated below the x-axis. Error bars indicate standard deviation. Samples from 10 needles from one tree were pooled and data from four to five
trees were averaged. Data for additional species are shown in Supporting Information Fig. S4.

(a) (b)

Fig. 8 Sugar transport from the tips of Pinus palustris needles determined noninvasively after feeding of 14CO2 under photosynthetic conditions. (a)
Hourly transport rates determined from the 14C signal decrease at the labelled tip section determined within a few hours after labelling. After labelling, the
light either remained on (Light) for the duration of the diurnal period, was turned off (Dark) or it remained on while the basal 10 cm of the needle was
shaded by covering with a double-layer of masking tape (>99% reduction in photosynthetic radiation) (Shaded base). Average values of Dark and Shaded
base conditions differed significantly from Light conditions (P = 3 × 10−6 and P = 8 × 10−5, respectively). Boxes represent quartiles, x represents mean,
and whiskers equal 95% confidence intervals. n = 43 (Light and Dark), 33 (A, Shaded base). (b) Long-term measurement of the 14C signal at the needle’s
middle section after labelling of the tip during the light period. Orange shading indicates the labelling period. Grey shading indicates periods when the light
was turned off. The black line represents a 1 h moving average. The trace of a similar experiment is shown in Supporting Information Fig. S5
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Therefore, very long needles appear to supplement the SE group-
ing with position-dependent carbon management. The large local
and diurnal variations in starch production and sugar export that
were found specifically in long needles indicated that the tip
accumulates starch in the daytime, when export from down-
stream parts is large, and then exports sugars in the night when
transport is unconstrained. We found this hypothesis to be cor-
roborated by tracing radioactively labelled sugar that showed that
sugar transport out of the needle tip was increased strongly in the
dark or when the needle base was shaded. Furthermore, this
mechanism would be supported by reduced photosynthetic
capacity at the needle base due to significant shading under natu-
ral conditions (Niinemets et al., 2002). Diurnal variation in tran-
spiration rates at the leaf tip might further emphasise changes in
sugar loading, as strong transpiration was proposed to limit
phloem loading (Nikinmaa et al., 2013). However, direct mea-
surements are needed to test if the variation influenced sugar
loading rates under the given conditions.

Phloem anatomy has been found to scale with xylem
anatomy in many tissues and species, including conifers,
although not necessarily at the same rate (Jyske & Hölttä,
2014; Petit & Crivellaro, 2014). Therefore, it is remarkable
that needles form an exception. While the number and diam-
eter of the water-transporting tracheids in the xylem increase
with needle length (Wang et al., 2006; Zwieniecki et al.,
2006), this is not the case for the phloem SEs, as shown by
Rademaker et al. (2017) and here. Why do SE diameters not
increase beyond a certain value? The generally small diameters
of conifer SEs compared with those of angiosperms (Liesche
& Schulz, 2018) suggest a structural limitation. One possibil-
ity is that the cell wall structure does not provide adequate
stability for large diameters. The cell walls of SEs in the stem
of Picea abies and Pinus sylvestris were shown to contain rela-
tively high amounts of pectin, which increase wall flexibility
(Kim & Daniel, 2017).

The ecophysiological consequences of requiring specialised
mechanisms to maintain efficient sugar export in long conifer
needles might be evident in the long-needled species’ intolerance
to shading and drought (Han et al., 2019). Under these condi-
tions, when resources are more limited due to reduced photosyn-
thetic capacity, the ‘costs’ for these compensatory mechanisms
might be greater than the rewards for additional light capture. As
mentioned in the introduction, sugar export capacity could be of
similar importance for angiosperms. It appears unlikely that the
physical link between phloem anatomy and leaf shape found in
conifer needles applies to leaves with reticulate vein pattern fea-
tured by most dicots. However, similarities were found in leaves
with parallel venation, especially those of grasses. As in conifer
needles, the total SE cross-sectional area increased from tip to
base in the leaves of grasses (Fig. 9; Russell & Evert, 1985),
requiring the highest source activity at the very tip of the leaf for
efficient operation of whole-plant phloem transport (Carvalho
et al., 2018). By contrast, total SE area decreased strongly in
angiosperm leaves with reticulate vein patterning towards the
base (Fig. 9; Carvalho et al., 2018), which leads to high sugar
concentrations in the petiole phloem. Thereby, the high concen-
tration to initiate the source-to-sink pressure gradient is gener-
ated independent of loading heterogeneity in the lamina.
Moreover, SE dimensions in the phloem of grass leaves and
conifer needles were similar, with SE radii in loading veins in the
range 3–7 μm (Colbert & Evert, 1982; Russell & Evert, 1985;
Dannenhoffer et al., 1990). In barley, maize and sugarcane, load-
ing veins originating at the leaf tip never ran longer than c. 6 cm
before transforming into transport veins or merging with other
veins (Colbert & Evert, 1982; Russell & Evert, 1985; Dannen-
hoffer et al., 1990). Therefore, it could be hypothesised that the
same physical principles governing the relationship of phloem
anatomy and leaf size in conifers have some applicability in leaves
with parallel venation. Interestingly, higher starch and sugar
accumulation in the tip of maize leaves compared with the basal

(a) (b) (c)

Fig. 9 Scaling of total cross-sectional area of phloem sieve elements between leaf tip/margin and leaf base in plants with different vein patterns. (a) Pine
(Pinus palustris) representing the single-vein anatomy found in gymnosperms with needle-like leaves. (b) Maize representing parallel venation in grass
leaves (data from Colbert & Evert, 1982). (c) Poplar representing the reticulate venation found in most dicotyledonous angiosperms (data from Carvalho
et al., 2018).
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part during the day, and a stronger decrease in sucrose levels at
the tip during the night has been observed (Fig. 3 in Czedik-
Eysenberg et al., 2016).

Looking beyond the leaf, there is the possibility that the
anatomical constraints of sugar transport described here might
also be relevant for tree branches. Studies in numerous tree
species have observed a greater export of photoassimilates from
basal leaves than from apical leaves (Hansen, 1967; Crews et al.,
1975; Isebrands & Nelson, 1983; Lacointe et al., 2002; Vu et al.,
2002; Woodruff, 2014). For example, in apple, radioisotope trac-
ing indicated that leaves at the branch base contributed 80% of
the sugars exported from this branch, while the sugars produced
by leaves at the tip were mainly converted to starch (Hansen,
1967). Lacointe et al. (2002) modelled such results by use of a
measure of proximity and leaf maturity. However, the possibility
of transport limitation and a resulting competition among source
leaves for loading capacity have not been assessed. In this case, in
contrast with conifer needles, the constraint by phloem anatomy
might not be mitigated, but capitalised to induce storage of car-
bon at the site where it is later needed for fruit or new shoot
development. This pattern was observed in red oak seedlings, in
which, after labelling with 14CO2, a larger fraction of the label
remained in leaves of a branch tip rather than in leaves of the
branch base (Dickson et al., 1990). Later in the season, leaves of
the branch tip provided more carbon to acorns that developed at
the tip (Dickson et al., 1990). Seasonal accumulation and utilisa-
tion of sugars and starch in branches has been described in a wide
range of tree species (Isebrands & Nelson, 1983; Goldschmidt &
Koch, 1996; Furze et al., 2018). Detailed anatomical analysis
combined with our theoretical model and measurements of sugar
transport will reveal whether, indeed, the principles described for
conifer needles carry relevance for sugar transport in other groups
of plants.
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Blocking the metabolism of starch breakdown products in Arabidopsis leaves

triggers chloroplast degradation.Molecular Plant 2: 1233–1246.
Stitt M, Bulpin PV, Ap Rees T. 1978. Pathway of starch breakdown in photosynthetic

tissues of Pisum sativum. Biochimica et Biophysica Acta 544: 200–214.
Vincent C, Minchin PEH, Liesche J. 2019. Noninvasive determination of

phloem transport speed with carbon-14 (14C). In: Liesche J, ed. Phloem,
methods and protocols. New York, NY, USA: Springer, 153–162.

Vu JCV, Newman YC, Allen LH, Gallo-Meagher M, Zhang M-Q. 2002.

Photosynthetic acclimation of young sweet orange trees to elevated growth

CO2 and temperature. Journal of Plant Physiology 159: 147–157.
Wang N, Palmroth S, Maier CA, Domec JC, Oren R. 2006. Anatomical changes

with needle length are correlated with leaf structural and physiological traits

across five Pinus species. Plant, Cell & Environment 42: 1690–1704.
Woodruff DR. 2014. The impacts of water stress on phloem transport in

Douglas-fir trees. Tree Physiology 34: 5–14.
Zwieniecki MA, Stone HA, Leigh A, Boyce CK, Holbrook NM. 2006.

Hydraulic design of pine needles: one-dimensional optimization for single-vein

leaves. Plant, Cell & Environment 29: 803–809.A1

Appendix A1

Background for the theoretical modelling

The theoretical results in the Results subsection ‘Sugar
exchange between groups of sieve elements’ are based on the
standard Münch–Horwitz equations for the flow of water and
sugar in the phloem (see for example Jensen et al., 2016). We
modelled a single phloem conduit as a cylindrical tube with
semipermeable walls, allowing water, but not sugar, to pass.
The sugar solution is described by its local concentration and
pressure and is assumed to be in a steady state in which the
temporal for example diurnal variations are slow compared
with the characteristic time scale of the flow. This seems rea-
sonable because it takes c. 1 h for the flow to move from tip
to base of a needle. The driving force for the flow is osmosis,
generated by the concentration differences between the tube
and its surroundings. The basic insight of Ernst Münch was
that osmotically driven flow over metre or centimetre distances
is orders of magnitude quicker compared with molecular diffu-
sion, so the latter we can completely ignored for axial transport
(along the needle). By contrast, molecular diffusion is very
important in the transverse micrometric direction across the
needle, where it ensures uniform concentration in a given
cross-section, and allows the problem to be treated as a one-di-
mensional flow, as explained for example in Jensen et al.
(2016).

The Münch–Horwitz equations couple the water flux q, the
pressure difference p and the sugar concentration difference c across
the semipermeable tube membrane with permeability L p as:

dq

dx
¼ 2πrLpðRT cðxÞ� pðxÞÞ ðosmoticwater intakeÞ Eqn A1

dp

dx
¼� 8η

πr4
qðxÞ ðDarcy’s lawÞ Eqn A2
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sðxÞ¼ cðxÞqðxÞ Eqn A3

υðxÞ¼ dsðxÞ
dx

Eqn A4

where x denotes the position along the tube (where x ¼ 0 is the
tip and x ¼ l is the base), r is the tube radius, η the viscosity of
the phloem sap (ignoring the dependence on concentration), T is
the temperature, and R is the gas constant. The van’t Hoff
approximation RTc was used for osmotic pressure. In Eqn A1 we
assumed that the plasma membrane of sieve elements is com-
pletely impenetrable to sugars, so that only water can flow
through: inward when the concentration inside is larger (osmosis)
and outward, when the pressure inside is larger (reverse osmosis).
This flow through the membrane creates a change in the axial
flux q. The sugar flux along the tube is sðxÞ and υðxÞ¼ sðxÞ is the
loading function: how much each segment of the tube is con-
tributing to the sugar flux.

In Rademaker et al. (2017) such a model was used, assuming
the concentration c ¼ c0 to be constant over the entire tube. In
this case, we can differentiate (A1) once more to get

q 00ðxÞ¼ 2πrLpp0ðxÞ¼ 1
l 2eff
qðxÞ, where the length scale l eff is

defined in (1). The solution with qð0Þ¼ 0 is proportional to

sinhx=l eff , which for x ≪ l eff is linear, but grows exponentially

when x ≫ l eff . The dimensionless Münch number M ¼ 16ηl 2NLp

r3 ,

with m¼ lN
l eff

¼ ffiffiffiffiffi
M

p
as defined above, is the ratio between the

conductivity through the tube surface σs ¼ 2πr l nLp and the

Poiseuille conductivity through the tube interior σi ¼ πr4

8ηlN
, and

determines whether the tube is ‘long’ (large m) or ‘short’ (small
m). For the full solution, the prefactor of sinhx=l eff has to be

determined, which requires an additional boundary condition. A
natural choice is to specify the pressure pðx ¼ lNÞ¼ pb at the base
(end of the tube), and then the solution for the sugar flux
sRðxÞ¼ c0qRðxÞ becomes (Rademaker et al., 2017):

sRðxÞ¼ sR1
sinhðx=l eff Þ
sinhðlN=l eff Þ¼ sR1

sinhðx=l eff Þ
sinhðmÞ Eqn A5

This monotonically increasing function is maximal at the base,
where it gives the sugar export from needle with the value:

sR1 ¼ sRðx ¼ lNÞ¼ 2πrc0Lpl eff ðRT c0� pbÞtanhm Eqn A6

For small m, sRðxÞ grows linearly from tip to base, but for a
long needle with m≫ 1 the exponential behaviour becomes
important making the values near the tip much smaller than
those near the base, where
sRðxÞ≈ sR1 ≈ 2πrc0Lpl eff RT c0� pb

� �
. Similarly, the loading

function υRðxÞ¼ s 0RðxÞ¼ sR1
coshðx=l eff Þ
l eff sinhðmÞ becomes extremely small

near the tip for large m
To remedy this and to take into account the grouping of the

SE, we assumed instead that the concentration is constant (c )
only in a loading zone 0<x< l at the tip of the tube (not neces-
sarily the tip of the needle). In the rest of the tube, we assumed
that no sugar is loaded, that is that the loading function υðxÞ¼ 0
or, equivalently, that the sugar flux sðxÞ¼ const. The correspond-
ing solutions are shown in Figs 4 and 5. In Fig. 6 a solution is
shown in which there is external loading, that is that υðxÞ¼ υ

outside the loading zone, where υ is small compared with the
original loading (coming through the constancy of c inside the
loading zone).

Fig. A1 The pressure variation form¼ 3
corresponding to Figs 4,6. The dimensionless
pressure is P¼ p

RTc0
. As in Fig. 4, ξ¼ x

lN
is the

nondimensional distance along the tube and
the various curves correspond to different
relative loading lengths g¼ lL=leff: g¼0:1
(blue), g¼0:2 (orange), g¼0:5 (yellow),
g¼ 1 (red). The black line at the bottom has
length leff=lN ¼m�1 ¼1=3
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The analytical result given in Eqn 2 is obtained using the fact
that

dq
dx becomes small outside the loading zone (i.e. for

l L<x< lN) in the limit m≫ 1. (A technical comment: This can
be seen by noting that the natural scale for the water flux for large
m is 2πr l effLpRT c0 and letting q ¼ 2πr l effLpRT c0~q,
p¼RT c0~p, c ¼ c0~c and x ¼ lNξ transform (A1 and A2) into
~q 0ðξÞ¼mð~c�~pÞ and ~p0ðξÞ¼m~q, which for large m implies that
~q 0ðξÞ is small and, therefore, that ~c ≈ ~p.) Therefore, from Eqn A1
we get pðxÞ≈RT cðxÞ¼RT sðxÞ=qðxÞ¼RT s=qðxÞ, where we
have used that sðxÞ¼ s is constant in this regime. Solving for
qðxÞ and inserting into Eqn A2 gives:

dp2ðxÞ
dx ¼ const: and

pðxÞ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p x ¼ l Lð Þ2� 1

A
xs

r
Eqn A7

where A¼ πr4=ð16ηRT Þ and pðx ¼ l LÞ is the pressure at end of
the loading zone. At large m this pressure is close to the value at
the tip, pðx ¼ 0Þ, which, for example from Fig. A1, can be seen
to converge to the limiting value RT c0 for a long needle and
l L ≈ l eff . The sugar export is obtained by setting x ¼ lN in A7
and solving for the constant s as:

sðx ¼ lNÞ¼ s ¼ðRT c0Þ2 A
lN

ð1�P2
1Þ Eqn A8

where P1 ¼ pb=RT c0. Scaling this sugar export by the value sR1
for the Rademaker model given above, we get
S 1 ¼ s

sR1
¼ð1þP 1Þ=2m for m≫ 1 as claimed in Eqn 2.

As described above, Eqns A1–A4 are solved with the boundary
conditions such that the flux is zero at the tip, that is qð0Þ¼ 0
and that the base pressure pb is given. In this way, the pressure
pð0Þ can adjust, depending on the concentration and the Münch
number (m). For a large Münch number pð0Þ will approach its
upper limit RT c0. The specification of pb is somewhat arbitrary,
as it is not well known. It should be somewhere between RTc and

0, so that there still is a pressure head left for transporting the
sugar solution all the way down from the base of the needle to
the root of the tree, but because the sieve tubes in the stem are
considerably wider than those in the needle, the pressure drop
along the stem is perhaps not much larger than that along the
needle, despite the much longer distance. We chose the pressure
P1 ¼ 0:6 (i.e. pb ¼ 0:6RT c0) in line with the values calculated
for Scots pine based on osmolality measurements (Paljakka et al.,
2017), but the precise value does not affect our conclusions.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Phloem organisation in conifer needles of various length.

Fig. S2 Anatomical features relevant for sugar loading and trans-
port as measured on cross-sections along the length of conifer
needles.

Fig. S3 Experimental assessment of coupling between groups of
sieve elements in conifer needles.

Fig. S4 Evening starch and diurnal dynamics of sucrose in differ-
ent parts of needles of different length.

Fig. S5 Long-term measurement of sugar transport from the tips
of Pinus palustris needles determined noninvasively after feeding
of 14CO2 under photosynthetic conditions.
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or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist (2021) 230: 1911–1924
www.newphytologist.com

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

Research

New
Phytologist1924


